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Turning Pages (Nobel Lecture)**

Oliver Smithies*™

My fraternal twin, Roger, and | were born prematurely on June

23rd, 1925, in Halifax, England, an industrial town in the West Riding
of Yorkshire, although we lived outside Halifax at 2, Woodhall Cres-
cent on Wakefield Road, a row house rented from the town. My
father, William Smithies, was at that time working for his father, Fred
Smithies, who paid him erratically. My mother, neé Doris Sykes, was a
college graduate and taught English at the Halifax Technical College
(where she met and fell in love with my father, who was one of her
students and younger than she). Not long after our birth, my father
found a regularly paying job selling small life insurance policies to
local farmers and their families. He was a kind and gentle man with
a natural mechanical aptitude that he had inherited or learned from
his father. A car was needed for a person selling insurance to scat-
tered customers. So we were unusual in our neighborhood in the
1930s in having one. Not that the car was very special; it was a two-
cylinder Jowett and was in constant need of repair. | have vivid mem-
ories of “helping” my father, when | was about eight or nine years
old, to select the least-worn exhaust valves to use in keeping it run-
ning. (The stems of the valves wore badly.)

Our sister, Nancy, was five years younger than us, and a welcome
addition to the family. She was a beautiful, fair-skinned, ginger-
haired baby, and we five-year-old twins suggested naming her “But-
tercup”. All three of us were generally healthy and happy, although
Nancy would not have survived infected tonsils without the then
newly discovered miracle antibiotic drug “Prontosil”—the first of the
sulfonamide drugs. | had a similar incident at age seven, but without
the Prontosil, and was bedridden for 10 weeks after a bout with
“rheumatic fever”. This illness left me with what | now know was a
trivial mitral valve murmur. However, at that time, the condition was
considered serious, and | was not allowed to take part in sports for
the next seven years. But in the time that | might otherwise have
spent in competitive sports | learned to enjoy reading and making
things. And sometime before | was 11, | read a comic strip in which
an inventor was the major character. This was what | wanted to
be—an inventor! (I didn’t know the word “scientist”.)

Our mother introduced us joyfully to English literature by reading
out loud to us, which she did beautifully, while we waited for my
father to come home for the midday meal (“dinner”). Kenneth Gra-
hame’s Wind in the Willows and Lewis Carroll’s Through the Look-
ing Glass were favorites. And we heard and enjoyed Chaucer’s Can-
terbury Tales spoken in middle English. We were often happy when
our father was late. A dictionary was a part of our everyday life as
children, and continues to this day to be a constant companion in
our house.

[a] Prof. Dr. O. Smithies
Department of Pathology and Laboratory Medicine
University of North Carolina
701 Brinkhous—-Bullitt, Chapel Hill, NC 27599-7525 (USA)
E-mail: oliver.smithies@pathology.unc.edu
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The location of the house on Wakefield Road was ideal for chil-
dren. Behind it was a long oak wood that covered several square
miles. In the spring the wood was carpeted with bluebells, and in the
fall with acorns. At other times it was a place for children, and lovers.
It was also a source of the leaf mold that my maternal grandfather,
Ben Sykes, and | collected for his garden. He was a highly intelligent
but somewhat short-tempered man who lost his job as a company
manager because he could not get on with the son of his employer,
who inherited the business when his father died. When | knew him,
Grandfather Sykes was working as a paid gardener, which he enjoyed
greatly. To keep his mind active, he began learning to speak French
at age 70 plus. He enjoyed keeping bees too, and taught our father
to love this activity. Later, when father was away in the army, we
looked after his bees, and recovered their swarms. Roger kept bees
for the rest of his life, and was still harvesting honey from hives that
he had in his garden in a London suburb at age 81 shortly before he
died.

Across Wakefield Road from our house was a large field from
which we twins would help ourselves to rhubarb—illegally, of course.
Beyond the rhubarb field were the Calder Valley Canal and the Calder
River, both heavily polluted when we lived there—but now recovering
well. The Calder Valley was even better for children than the long
wood. It had caves in disused quarries; and our childhood girl friends,
Margaret and Joan Smith, had a farm on the side of the valley.
Above the valley was the village of Norland on the edge of a wild
heather-covered moor. This moor was another of our playgrounds,
and was where my father took his bees for them to collect the heath-
er honey.

My father must have enjoyed mathematics, because | have a par-
ticularly vivid memory of him introducing me to decimals at an early
age, writing with his finger on the condensate covering the wall
above the bath that | was taking. | even remember the color of the
wall as being blue. The same love of mathematics was deeply in-
grained in Dr. G. E. (“Oddy”) Brown, who later taught me mathemat-
ics at Heath Grammar School. He conveyed enough of the logic and
principles of mathematics that | didn’t need to take any math courses
at the University. Indeed, the examiners of my entrance examination
to Oxford University commented that my mathematics was “very
promising for a person so young.” | suspect that they liked the com-
ment | added to my answer to their question “How much does a Spit-
fire slow down when it fires its 8 machine guns?” Using their data on
muzzle velocities, weight of a bullet, rate of firing, mass of aircraft,
etc., etc., | calculated that the aircraft would slow down 150 miles
per hour. | tried to calculate this again in several ways, but still got
the same result. So | added the comment: “| don't believe this result. |
think that the correct answer might be around 35 mph.”

[**] Copyright The Nobel Foundation 2007. We thank the Nobel Foundation,
Stockholm, for permission to print this lecture. The Nobel Lectures of
Martin Evans and Mario Capecchi will appear in subsequent issues.
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I have an equally but quite different vivid childhood memory of
being shown, by my Smithies grandfather, how to straighten a bent
nail. He, like me, couldn't resist picking up anything that he found
lying around because “It might come in useful.” This trait was well
recognized by Jean Stanier, one of Sandy Ogston’s graduate students
at the same time as me. Odds and ends of discarded equipment and
the like would be set aside and labeled NBGBOKFO—“No bloody
good, but okay for Oliver.” | still make new devices from what most
people would call “junk.”

My twin Roger and | went to the school in Copley, a village only a
15 minute walk from our Woodhall Crescent house. Our parents de-
cided to let us go to this unpretentious village school rather than
send us to a private school, even though the scholastic levels of the
village school were less than desirable. It worked out well. Both of us
passed the intelligence test used in 1936 as an entrance examination
for acceptance of 11 year olds to a higher level of schooling.

Partly in preparation for this change, we moved to 33, Dudwell
Lane, Halifax, a semidetached house that was part of a collection of
rather well designed but inexpensive new houses. This house was
only a 15 min walk from Heath Grammar School, the school which
Roger and | now attended. Shortly after moving to 33, | met Harry
Whiteley, the only son of the works manager of a local company that
made precision time clocks for factories. Harry’s and my interests
matched perfectly, and we became and still are close friends. Harry's
father had set up in the attic of their house (“the loft”) a lathe, a
good drill press, and the hand tools needed for making many things.
Harry knew how to use them, and the loft became our playground. |
had somewhere read about a radio-controlled boat, and we decided
to make one. For the transmitter we used a spark coil from a T-
model Ford. For the receiver we used a home-made coherer, the
same device as the one that Marconi had used in his first wireless tel-
egraphy receiver. This was radio transmission at its basic minimum—
and we never got it to work. But, encouraged by my grandfather’s
commercially made receiver, which used a crystal in place of the no-
toriously fickle coherer, we progressed to winding our own coils and
made a much more up-to-date crystal set that worked well. This in
turn led to a one-vacuum-tube radio, which I incorporated into my
gas mask case instead of the gas mask that all British children were
required to carry in the early days of World War Il. Our best radio
was a super-heterodyne of an advanced design and had four tubes. It
worked as a “bread board”, but disappointingly not when rebuilt as a
more finished product.

When | was about 16, one of my father’s friends gave me the
engine from a motorcycle. Harry and | made it run, and became in-
terested in owning a complete motorcycle. My first was a 1926 Rudge
Whitworth which was notable for having rim brakes that did not
work when it rained. Harry helped me exchange the front wheel for
one with a safer internal expansion brake, and | used the Rudge regu-
larly to travel to and from college. | also tried, but to no avail, to
make it run on a gasoline-water mixture to eke out the very limited
gasoline ration. Subsequently, by judicious trading, | managed to ac-
quire motorcycles of increasing power, but always old, and they were
an enjoyable and adventurous part of my life for several years. The
cars that succeeded the motorcycles were equally old, and kept up
my skills as a mechanic. Modern cars and laboratory equipment are
unfortunately now only repairable by replacing subassemblies, so the
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current generation has lost this strong incentive to learn how to use
simple tools.

Heath Grammar School was an Elizabethan free school founded in
1597. When we attended the school, it had a superb staff of dedicat-
ed and highly educated teachers. History was taught by C. O. Mackley
who tried, in vain, to persuade me to study history with him in the
sixth form. Chemistry was the task of A. D. Phoenix—who kept order
with the flick of the rubber hose from a Bunsen burner. H. Birchall,
the games master, tried kindly to bring me up to speed in athletics,
but it was a hopeless task with a boy beginning to play games at
age 14. My first year in the sixth form, at age 16, was spent with a
few other pupils in supervised study of physics, chemistry, and mathe-
matics at a more advanced level. The first term of my second year in
the sixth was spent in unsupervised study in preparation for the
Oxford University scholarship exams. | concentrated on physics (I was
thinking of studying the subject at the university, although in the end
| chose medical school), and was fortunate in being awarded a
Brackenbury Scholarship at Balliol College. Consequently, the remain-
ing two terms in the sixth form were a blast in more ways than one.
| was allowed to do whatever | wanted to, which was messing
around (alone) in the laboratory. | synthesized many substances that
caught my fancy, including phenyl isothiocyanate, which my textbook
said was one of the worst smelling substances known to mankind. |
made nitrocellulose (a constituent of Nobel’s smokeless powder), and
mercury fulminate (the detonator for his dynamite). Perhaps from
some innate cautiousness | did not try to make them explode. Quite
the opposite was inadvertently true of the nitrogen tri-iodide that |
prepared. | had spilled traces of it which exploded when Mr. Phoenix
wiped the bench (he was heard to say in an exasperated and loud
voice “Smithies!”). My father had a similar reaction when some that |
had put on the top shelf of our living room sideboard exploded with
a puff of purple smoke as he walked by; it was extremely sensitive
when dry.

I had three remedies for the homesickness that | felt on first going
to Oxford. One was to look out of my college room window in the di-
rection of my home in the north of England. Unfortunately | was ac-
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tually looking south. I never did get the geography of Oxford right
because of this error. The second remedy was to read all the Bronté
novels again. The three sisters lived in Haworth, only a few miles
from Halifax, and their novels were filled with descriptions of the
Yorkshire moors that were such a part of my youth. The third remedy
was to go down to the porter’s lodge and look for a letter from
home. Thereby hangs another tale. Balliol College at that time was
heated only by open fireplaces in individual rooms. I lived in a room
on the second floor reached by a spiral stone staircase. In the cold,
damp weather typical of autumn in Oxford, water would condense
on the walls and trickle down the staircase. My room was narrow
with ill-fitting windows at either end, and with stones covering half
of its floor. It was heated (somewhat) with a small fireplace in which
I could burn my weekly ration of coal—it was war time. On one oc-
casion when | returned from my homesick visit to the porter’s lodge,
the corridor was full of smoke and my fire was gone. | followed the
trail of smoke and found two second year medical students enjoying
my fire in their grate. We immediately became friends. C. G. A. (Geof-
frey) Thomas was one of them—which is how | remember the base-
pairing rules of DNA—C with G and A with T.

A. G. “Sandy” Ogston, who had interviewed me during my scholar-
ship exam, was the normal tutor for Balliol college’s medical stu-
dents, but his wartime duties prevented him from being my first
tutor. David Whitteridge served in his place. Whitteridge was a bril-
liant scientist but a hard-nosed tutor. | remember him saying to the
Master of Balliol (A. D. Lindsay) during our end-of-term meeting that
“Smithies can't spell”. Lindsay’s response “Oh, all interesting people
can't spell,” was encouraging. Whitteridge’s comments “Diffuse, un-
disciplined, and at times inaccurate” written across my term paper
were typically scathing, but deserved. His verbal comment to another
student who had copied part of his weekly essay from a source that
Whitteridge could recognize was equally to the point—“These scissors
and paste jobs will do you no good.” Oxford tutors could be fero-
cious, but that is what made their lessons unforgettable.

| studied anatomy and physiology with a little organic chemistry
for two years as a medical student. | surprised the “real” anatomists
and myself by winning the anatomy prize, | think because of my
answer to one of the exam topics set by Professor Le Gros Clark, who
was a pioneer in what we now call cell biology (he was also famous
for uncovering the Piltdown man fraud, and for helping Leakey with
his prehuman fossils). | almost walked out of the room on reading
the question: “Compare the regenerative powers of muscle, bone and
nerve.” But | suddenly thought of a principle that | thought made
their similarities and differences understandable, and so | stayed. Per-
haps Le Gros Clark enjoyed reading my answer as much as | enjoyed
writing it.

My third year at Oxford was spent in studying for an honors
degree in animal physiology (which included biochemistry). By then
Sandy Ogston was back from his wartime duties and had resumed
teaching and giving lectures on the application of physical chemistry
to biological problems. He was best known for his three-point attach-
ment explanation of how an optically active product can be generat-
ed from a symmetric precursor. My weekly tutorials with him were
always stimulating and led to many memorable incidents. One oc-
curred during the reading needed to prepare for a tutorial essay on
carbohydrate metabolism. After learning something about metabolic
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pathways, | had been struggling to understand the biological “need”
to carry out the complex series of reactions that the body uses to ex-
tract energy from carbohydrates. | found the answer in volume 1 of
Advances in Enzymology in a long article written in 1941 by Fritz
Lipmann. In this article Lipmann describes the difference between
energy-rich and low-energy phosphate bonds, a difference that
makes sense out of the complex series of reactions used to metabo-
lize carbohydrate. | read his article in my Balliol college room with a
level of excitement that | still remember. | even recollect the look of
the glossy paper, the look of the pages, and the color of the cloth
binding of the volume—a very similar feeling to that when | was in-
troduced to decimals by my father.

This introduction to the importance of energy-rich phosphate was
the cause of my later coming to Sandy’s weekly tutorial with a way
to generate an energy-rich phosphate bond from a low-energy phos-
phoester bond by a cyclical oxidation and reduction scheme. Because
my scheme could produce energy for nothing, | knew that it was
wrong—like the Spitfire slowing down 150 mph—but | didn’t know
why. Together, Sandy and I—but mainly Sandy—realized that the
standard free energy of a reaction (at that time used to classify the
energy resulting from a reaction) was not a valid way of calculating
how much energy the reaction would produce within a cell. One
needed to know the actual concentrations of reactants and products
in order to calculate this. My first scientific paper™ was the outcome
of this endeavor. Looking back at the paper, | can see Ogston’s ana-
lytical mind at work—the paper hints at what is now known to be
correct—the need to keep the reactants within a large molecular
complex if realistic rates of reaction are to be achieved. This paper
was the first of about half a dozen hypothesis papers that | have at-
tempted over my scientific life.

My college “fire-stealing” friends were masters of how to study
with the minimum of effort. We learned histology together by playing
a show-and-tell game on Sundays that taught us to recognize the
tissue on a microscope slide after only a second’s glance—just as one
recognizes a face. Once identified in this brief time, one could then
carefully describe from memory what should be there. If the slide was
of liver, for example, we would say “I can see the stellate cells of von
Kupfer etc., etc.” We never did see them, but this technique, passed
on to subsequent generations, meant that Balliol students always
came first in the histology examinations. Organic chemistry was
equally conquerable if one used all one’s senses, as illustrated by
Geoffrey Thomas' finding that all the compounds which we were
likely to be given could be identified by three tests: “taste, smell, and
appearance”. | put his principle to good use in the final practical ex-
amination in Biochemistry. On being presented with a clear colorless,
slightly viscous liquid that smelled of caramel and tasted acidic, |
thought it might be lactic acid. A confirmatory test was positive, and
| finished the exam in less than 10 minutes.

Sandy Ogston’s fascination with the relevance of physical chemis-
try to biological systems was infectious, and | decided to drop out of
medical school and do research in this field. The fourth and fifth
years of my Oxford period were consequently spent in acquiring a
sound background in chemistry. Since | already had a first class
honors degree in physiology | did not have to worry about how well |
would do in the exams. | could therefore pick and choose among the
topics that | would study. | had a grand time. My organic chemistry
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was confined to biological compounds. My inorganic chemistry could
emphasize the simple inorganic materials of biological relevance,
Na*, K*, F~, CI-, etc., rather than rare earths and the like. And |
could emphasize those parts of physical chemistry that | enjoyed or
were particularly relevant to biological systems. | remember well
studying for and writing what | thought was an outstanding twelve-
page essay on “The Pauli exclusion principle and the periodic table”,
which Ronnie Bell, my first tutor in chemistry, had assigned for one of
my early tutorials. | only got half way down its first page when
Ronnie spotted a weak link in my argument. The rest of the hour’s tu-
torial was spent in teaching me that “You never, ever, write down
anything that you do not understand, or cannot justify.”

After completing the undergraduate part of the chemistry degree,
and now in my sixth year at Oxford, | joined Sandy’s lab in the de-
partment of biochemistry as a graduate student. It was a happy
place. The oldest of us was Rupert Cecil (a veteran bomber pilot and
a wing commander in the Royal Air Force). Rupert, in addition to his
own research, managed the complex equipment of the laboratory
with complete confidence. One of his responsibilities was a Svedberg
ultracentrifuge—a large machine built on a concrete pillar and
equipped with a powerful electric oil compressor in a pit below the
floor. | never cared for the beast, and studiously avoided being
sucked into its tentacles. Nevertheless, my thesis topic centered on an
artifactual problem that the ultracentrifuge had generated—"the ap-
parent conversion of the globulin fraction of plasma proteins into the
albumin fraction.” | was to look for some type of disassociation-reas-
sociation reaction by studying the osmotic pressures of mixtures of
proteins. | never did get to that part of my problem, but | had a thor-
oughly enjoyable two years trying. The outcome was a thesis, half of
which was devoted to what are now (to me) un-understandable ther-
modynamic equations. On later rewriting this part of my thesis for
publication | discovered a fatal flaw, so my equations never saw the
light of day. The other half was devoted to my development of an ex-
tremely precise osmometer. The data it produced were so tight that
the line through the experimental points had to be interrupted for
them to show. This work was published,”” although the resulting
paper has the dubious distinction of never being cited by me or by
anyone else. Nevertheless, this thesis work re-enforced my natural in-
clination to pursue experiments to a conclusion with little regard for
the time required to reach this end.

The osmometer required a home-made water bath with its temper-
ature controlled to within 0.001°C. This | achieved by using a sub-
merged electric light bulb as a controlled heater. Sandy’s next gradu-
ate student, Barry Blumberg (Nobel laureate in 1976), inherited my
bench—and the water bath. He is said to have destroyed it in a fit of
rage induced by the repetitious on-off cycle of its light bulb.

When the time came for me to think about post-doctoral work,
Sandy urged me to think about going to the U.S.A. | was not enthusi-
astic—but was persuaded to overcome my prejudices by Sandy and
Robert L. (“Buzz”) Baldwin. Buzz was a Rhodes scholar from Madison,
Wisconsin, working towards his doctorate with Sandy, and he painted
a fine picture of life in Wisconsin. So | applied for and was awarded
a Commonwealth Fund fellowship to continue my education as a
post-doctoral fellow under the guidance of J. W. (Jack) Williams, a
learned physical chemist in the Department of Chemistry at the Uni-
versity of Wisconsin. There were other fine physical chemists in Jack’s
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group, including Bob Alberty, Bob Bock, Dick Golderg, and Lou Gost-
ing. My stay with them increased my knowledge of physical chemistry
greatly, but the work | did was not particularly rewarding; it culmi-
nated in another article that rightly received virtually no attention.”’
In contrast, the reward from the kindness and collegiality of these
colleagues and of the other friends that | made in Wisconsin was
enormous. They completely removed my foolish preconceptions
about “Americans”.

My regard for Americans was further increased by my meeting and
becoming engaged to Lois Kitze, a graduate student working in virol-
ogy. But she was reluctant to cross the Atlantic, as | had earlier been
in the reverse direction. So, because my acceptance of a Common-
wealth Fund fellowship precluded my staying in the United States, |
looked for work in Canada. | was fortunate in finding David A. Scott,
who in 1954 offered me a job in Toronto. “Scottie” was an older man
when | met him, and was winding down a distinguished career in sci-
ence. He was the first person to crystallize insulin as a poorly soluble
zinc salt, which is widely used in the commercial preparation of insu-
lin and still forms the basis for a slow-release form of the hormone.
He was a Fellow of the Royal Society of Canada, and of the Royal So-
ciety of England. When | met him, he was working by himself in a
small room in the Connaught Medical Research Laboratories, a part
of the University of Toronto, and spent his mornings looking for a
protein in plasma which he thought might bind insulin. In the after-
noons, he played golf. He offered me the opportunity to work on any-
thing | wished “as long as it is related to insulin”. After reading the
available literature, | chose to look for a precursor to insulin. | never
found it. But the difficulties | encountered in trying to find it, and a
childhood memory that the starch which my mother used for my fa-
ther’s shirts turned to a jelly when it cooled, led to my invention of
starch gel electrophoresis. The high concentration of starch needed to
make a strong gel introduced a new variable into electrophoresis—
molecular sieving. Finding the best variety of starch and how to pro-
cess it for making the gels became necessary when my supplier’s
stock of processed starch was exhausted. Many hours were spent in
testing all the raw starches that | could buy, and then in grocery
stores finding potatoes from Holland Marsh, New Brunswick, Prince
Edward Island, and Idaho from which to make the raw starch. None
gave as good gels as those made from my first batch. | eventually
found out why: my original supplier had purchased starch processed
by a second company that had used raw starch imported by a third
company from Denmark because of an attack of potato blight in
Canada!

The starch gel method proved very effective. With it | discovered
previously unknown differences in the plasma proteins of normal
healthy persons, which Norma Ford Walker and | showed were inher-
ited**" Many new opportunities were opened up, and my friends sug-
gested that | would be helped by having a technician. Somewhat re-
luctantly | agreed, and was joined part time by Otto Hiller, a young
immigrant from Germany. He proved to be an excellent choice. We
worked together well and soon became friends. Otto had an excellent
mechanical sense, and began to make the starch gel equipment that
I and other scientists needed for our work. He came along to Wiscon-
sin when | moved there in 1960, but not as my technician. Instead he
set up a business to manufacture the plastic equipment and assem-
ble Heathkit® power supplies which were suitable for the gel electro-
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phoresis. He also arranged for a manufacturer in Denmark to pro-
duce a starch suitable for making the gels, and then distributed the
starch to scientists all over the world.

Otto and | spent many Saturday afternoons in his “shop” doing the
same sorts of things that Harry and | had done in the loft. We assem-
bled a Heathkit® digital alarm clock, and found out that it had a
design flaw which caused it to lethally “electrocute” its own Intel
CMOS integrated circuit. We worked out a remedy after several re-
placement chips, and had some enjoyable interactions with the Intel
engineers who we found had drawn a Mickey Mouse on an unused
part of the chip. This led us to try to make our own precision digital
clock, and to attempt bread boarding a microcomputer by using Intel
chips. But our knowledge and bread-boarding technique proved inad-
equate. So Otto bought a mail order kit for an Altair 8800 microcom-
puter, while my interest in making a computer was replaced by using
a time-sharing GE computer located in Milwaukee, 60 miles from
Madison. Communication was by teletype, and the computer lan-
guage was BASIC. The immediacy of a time-sharing computer suited
me, and | subsequently enjoyed directing my student, Bob Goodfleish,
while he wrote a group of programs to extract amino acid sequences
from our Edman sequenator.” Nearly 10 years later | had the same
enjoyment in directing John Devereux during the writing of a group
of programs for analyzing nucleic acid sequences. The resulting
paper” is my most quoted, with > 6000 citations. More recently |
have returned to devising new biological uses of computers, thanks
to the existence of generic programs (such as Stella®) that a person
can use for modeling complex biological systems without the help of
a computer scientist.*” The greatest value of devising these comput-
er models comes, | have found, from their forcing one to clarify
which elements in a complex system are most critical, rather from
their ability to replicate experimental data or make predictions.

The discovery of inherited differences in plasma proteins shifted my
interests towards genetics. This shift, and my wife Lois" homesickness
for the States, led me to return to Madison in 1960 to join the strong
genetics group at the University of Wisconsin. But | continued to col-
laborate with my Toronto friends to decipher the molecular/genetic
basis of the protein differences found in plasma. This work revealed
how homologous recombination could affect protein structure.l'” It
also led me to hypothesize that antibody variability might be ach-
ieved by recombination.'” As a consequence, | had an enjoyable
period devoted to protein sequencing with the automatic Edman se-
quenator.

This protein sequencing period ended with the advent of DNA clon-
ing, which encouraged me to spend a sabbatical year with Fred Blatt-
ner on a floor below mine in the Laboratory of Genetics. During this
time | learned to handle bacteria, bacteriophages and DNA (and took
flying lessons at a small nearby airfield). Fred was deeply involved in
developing safe procedures for cloning DNA, which at that time was
thought might be environmentally hazardous. One of the safety tests
required volunteers, of which Fred and | were two, to drink milk
spiked with a large number of bacteria and then determine how
many survived passage through the gut. The little packages of fecal
material that we had to bring back to the lab were the sources of
much merriment. During this period, | was invited to apply for vari-
ous chairmanships in genetics, biochemistry and immunology. Some-
what selfishly, considering the great contributions that chairpersons
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can make to the scientific welfare of their faculty and students, |
chose to continue my life as a bench scientist. But without this deci-
sion | might not have had the time to start the experiments, begun
at age 57, which led to my best gene-targeting paper, published after
I was 60.1'

In 1978, Lois and I, by mutual and amicable consent, gave up on
our less than ideal marriage. And several years later | followed my
mother’s example by falling for my post-doctoral student, Nobuyo
Maeda. However, we were unable to find a way to continue working
together in Wisconsin. So, after more than 25 years, | left Madison to
accompany Nobuyo to Chapel Hill, North Carolina, where she had
been offered an appointment in the Department of Pathology at the
University of North Carolina. Nearly 20 years have passed since that
move. We have been happy together, and our science has flourished.
The academic environment in Chapel Hill is agreeable and collegiate.
The weather changes more gently than in Wisconsin (except for occa-
sional hurricanes), and the winters are less harsh than in the Mid-
west. As a full-time research professor at UNC | have been able to
spend even more time at the bench; and all my experiments using
gene targeting to generate animal models of human genetic diseases
have been carried out in the nurturing environment of the University
of North Carolina.

AN
At the Bench 2001

Photo by Dan Sears.

Music has been a part of my nonscientific life, beginning quite
early when, as children, Roger and | both sang in the choir at Copley
church. We enjoyed the music and also the camaraderie of boys play-
ing pencil games during the sermons. All three of us children were re-
quired by our parents to learn to play the piano from seven until 11,
at which time we could choose. Roger chose to learn to play the
cello, and he continued playing it and the piano for the rest of his
life. Nancy became a professional musician, and taught music in
high schools. | stopped music lessons, but continued to sing in the
church choir until my voice changed. Later at age 18 during my first
year at Oxford | joined the Balliol college choir. In my second year, |
auditioned for the Oxford Bach Choir with Sir Hugh Allen—a notori-
ously brusque conductor, famous for his sharp tongue. He began the
audition with a comment and a question “You're from Balliol, | see.
This is not your first year, is it?” | agreed. His next question was “Do
you know how | know?” | replied “Yes sir, my tie [a Balliol tie] has
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been washed.” The audition never flagged thereafter, even when he
asked me to sing my lowest note, only to be interrupted by his secre-
tary saying “Excuse me, Sir Hugh, but this gentleman is a tenor”. To
which he responded with “Oh, in that case sing your highest note!”
followed shortly thereafter with “Stop! Stop!! You'll blow your head
off!ll” | sang with his choir for the remainder of my time at Oxford.
And | continued to sing tenor with great pleasure with the Symphony
Chorus during both my times in Madison, and with the Mendelssohn
Choir in Toronto. In Oxford, | learned to play the flute from an ex-
army flute teacher. | was not good enough to play in an orchestra,
but | happily played for many years with several small groups and
with various accompanists.

My interest in flying also began at an early age, before | was 11. |
had read all the “Biggles” books by W. E. Johns—fictional accounts of
a World War | fighter pilot. | had also been entranced by the movie
serial “Tail Spin Tommy” which played at the Saturday morning “Tup-
penny Rush” cinema in Sowerby Bridge, a half hour walk from my
home (the admission charge was two pennies). And | had read
enough about sailplanes and their instruments to dream of flying
them. But World War Il broke out when | was 14, and gliding as a
sport stopped. It was not until | was 38 that | had my first real en-
counter with flying. This occurred in 1963 during a visit to Toronto
which | had made in order to learn from Gordon Dixon how to se-
quence proteins. The required experiments did not suit my tempera-
ment—so instead | went down to the Toronto Island Airport and
spent the next ten days taking flying lessons. Over the course of the
next month, now back in the States, | took enough additional lessons
at Morey Airport in Middleton, Wisconsin, to be able to solo (fly by
oneself). But | did not continue. Not until the late 1970s, when | was
52, was | able to try again, thanks in part to the stimulus to learn
new things that is part of taking a sabbatical year. This time, | took
glider lessons from “Jake” Miller and power plane lessons from Field
Morey. Field, the son of a Lindberg-era pilot, was and still is a world-
class flight instructor, and we have had many hours together as stu-
dent pilot and instructor and many more as friends, including the
time in 1980 when | accompanied him as co-pilot on a record-win-
ning flight for a single-engine aircraft across the Atlantic from Goose
Bay, Labrador, to Rekjavik, Iceland, and then on to Prestwick, Scot-
land. We knew it would be difficult because we did not have special
fuel tanks. So at the end of the runway at Goose Bay and after being
cleared for take off we shut down the engine and topped off the
tanks until, after adding several gallons of gasoline, they literally
overflowed. After flying for 8.5 hours, we landed at Rekjavik with only
three gallons of fuel left, enough to fly for about another 10 minutes!
But we beat the previous record—by 17 minutes. Our record held for
nearly 20 years.

| learned to fly by instruments with Field, and remember rejoicing
with him when “Only one drop dripped” (of sweat from my face).
One of my glider students—who, like me, would sweat profusely
during instruction—came back from his first solo flight with a big

| am fortunate in having been a bench scientist for almost 60
years, and perhaps somewhat prescient in having kept all my
notebooks (of which there are more than 130 since | first
began). Together they are a record of my happy life as a scien-
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midwestflyer.com

Photo from Midwest Flyer magazine. Reproduced with permission.

grin on his face, with his hand on the back of his shirt, and with the
comment “Look Oliver; it's dry!” Learning to fly is learning to over-
come fear with knowledge. This same lesson applies to trying new
things in science, and to life in general. | am forever grateful to Field
for helping me to learn it, and for giving me the joy of flying air-
planes, which still continues after more than 4000 hours of piloting—
in all sorts of weather.

Approaches into airports on cloudy days are carried out with the
help of two needles on a dial, from which indirect evidence the pilot
can infer the position of the aircraft; if the needles cross at right
angles you can infer that you are on the beam. Our first assay for
gene targeting was likewise indirect, being based on finding bacterio-
phages of a specific type; if we found the bacteriophages we could
infer that targeting had occurred. The airplane-instrument approach
and the gene-targeting experiment both have a moment of truth.
When the aircraft comes out of the clouds, either the runway is there,
or it is not. Likewise, when DNA from a cell colony identified by the
indirect bacteriophage assay is tested directly (by a Southern blot),
either the gene is altered or it is not. In 1985, at a Gordon Conference
during which | first described our success in gene targeting, | told the
audience how | was thinking of this airplane analogy while develop-
ing the critical Southern blot autoradiograph. On presenting the posi-
tive result to the audience | said “And there’s the runway!” All the rest
of the speakers at that meeting accompanied their critical data slide
with the comment “And there’s my runway!”

tist. They are also a more or less complete record of the pro-
gression and logic of the work that brings me to Stockholm
today, and of what | expect to continue when | return to North
Carolina. My hope is that in the next 40 minutes or so | can
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share this progression with you by TURNING PAGES in these
notebooks. And | want to talk to a large degree to the people
up in the balconies—the students.

The first group of pages documents my CHANCE invention
of molecular sieving electrophoresis. My first job was in Toron-
to, Canada, and | was looking for a precursor for insulin (which
I never found!). In the course of this work, | was having trouble
in studying insulin with filter paper electrophoresis, as my Jan-
uary 1st, New Year’s Day, 1954 page illustrates. [“Students, note
the day!”] Insulin stuck to the paper and unrolled like a
carpet—the more protein that | used, the further the carpet
unrolled (Figure 1, left).

Then, on January 23rd, 1954 (Figure 1, middle) [“Notice, stu-
dents, Saturday morning!”], | learned of a new method of elec-
trophoresis that used a bed of moist starch grains (which do
not adsorb proteins) for the electrophoretic medium, instead
of moist filter paper.™ But, in order to find the separated pro-
teins when using this method, it was necessary to carry out a
protein assay on each of about 40 slices taken from the moist
starch bed. | had no technical help, not even a dishwasher,
and | couldn't afford the time to do multiple protein assays for
each electrophoresis experiment. Happily, however, when | was
a boy | sometimes helped my mother with the laundry, and
remembered that the boiled starch she used for my father’s
shirts set into a jelly when it was cold. This memory suggested
to me that | could cook the starch grains, make a gel, carry out
the electrophoresis, and then just stain the gel to find the pro-
teins. (Figure 1, right). As a consequence of raids on them
when no one else was around, | knew the whereabouts of the
best stockrooms in the Connaught Laboratory where | worked,
and so | was able to find some starch and test the gel idea
that afternoon. [“Saturday, still!"] The starch gelled only when
its concentration was high, but the result with insulin was, as |
recorded in my notebook, “very promising!”. | later found out
that a high concentration of starch impeded the migration of
large proteins more than small proteins. This need to use a
high concentration of starch was the chance element in my in-
vention of molecular sieving gel electrophoresis.™ [“Molecular
sieving occurs, students, when you use polyacrylamide gels with
proteins and agarose gels with DNA.”]

0. Smithies

Three months later, | tried electrophoresing serum—"*just for
a rough test"—and next day found a total of 11 components.
At that time serum was thought to contain only five compo-
nents (albumin, alpha 1, alpha 2, beta and gamma globulins),
so | knew | was onto something likely to be important. |
stopped looking for the insulin precursor, and began to study
serum proteins.

Over the next seven months | worked the bugs out of the
starch gel electrophoresis method using serum from myself
and from two of my graduate student friends at the University
of Toronto, Gordon H. Dixon and George E. Connell, whom |
co-opted to give blood (Figure 2, left). By the end of October,
1954, | was about ready to publish, when for the first time |
ran a sample from a female, Beth Wade (B.W., Figure 2, right).

My notebook entry on that day (“Most odd—many extra
components”) fails to record that | thought I'd found a new
way of telling males from females! Indeed | called one type M,
and the other type F, and found this designation to be correct
for several male-female comparisons over the next week or so.
But, after a hilarious day when one pair of individuals had the
M versus F electrophoretic patterns reversed, the gender dis-
tinction proved to be incorrect. In its place, | thought it likely
that the differences had a genetic basis. So, | contacted Norma
Ford Walker, at the Hospital for Sick Children in Toronto. She
was a remarkable lady, “one of the founding members of the
institutions of human and medical genetics in North Ameri-
ca”™ and together we showed that the differences in the
electrophoretic patterns of individuals were determined by
common and completely harmless variations in the gene (Hp)
controlling haptoglobin—the chief hemoglobin binding pro-
tein in plasma.””

We identified three common phenotypes (and genotypes):
Hp1-1, (Hp'/Hp"), Hp2-1 (Hp*/Hp') and Hp2-2 (Hp*/Hp?; Figure 3,
left).

This finding opened the next chapter in the book of my sci-
entific life—an OPPORTUNITY to study the genetic differences
in proteins, starting with the haptoglobins. This | undertook in
collaboration with my ex-graduate student friends, Gordon
Dixon and George Connell, who had by then come back to the
University of Toronto as junior faculty members.
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For many years | have advocated and practiced “Saturday
morning” experiments, of which you have already had a
sample. These experiments have the advantage of not needing
to be completely rational, and can be carried out without
weighing chemicals, and so forth. [“But, students, not without
proper lab-book notes.”] And | carried out many of these in
trying to simplify the complex electrophoretic patterns associ-
ated with the products of the Hp? gene. One of them included
the use of phenol. This was short-lived because phenol dis-
solved my apparatus! Reducing the protein with beta-mercap-
toethanol (BME) in the presence of urea, following a sugges-
tion from Gordon, proved to be the key. But not without an-
other hilarious incident that followed my accidental breakage
of a bottle of BME over my shoes. | put them on the window-
sill for a while. But | didn’t have many pairs of shoes, and so |
soon began to wear them again. Several days later, during a
visit for other reasons to the local police station, | heard two
old ladies whispering together. One asked the other, “Do you
smell it?” Her friend responded, “Yes. Do you think it's a
body?” My shoes went outside on the windowsill for a while
longer.

After learning how to separate haptoglobin into its subunits
(alpha and beta), we found that its genetics were more compli-
cated than Norma Ford Walker and | had thought. Thus, when
George began purifying haptoglobin from single bottles of do-
nated plasma, we found (Figure 3, right) that there are three
common haptoglobin alleles (Hp”, Hp"* and Hp?), not two.'®
We also noted that the Hp? gene, the one which is associated
with the complex protein patterns, appeared to produce twice
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as much alpha subunit as the other two genes (Hp" and Hp").
And there were other findings that made us think that the Hp?
gene was more complicated than the Hp'f and Hp™ genes. For
example, when Gordon compared the peptide maps of the
hplFa, hp1Sa, and hp2a haptoglobin subunits, the results
were very puzzling, and we had great difficulty in believing
them—hp2o appeared to contain all the peptides present in
hplFa and hp1Sa, plus an extra one. Then, during a get to-
gether in Toronto in 1961, | remember saying to Gordon and
George, “Let’s believe our own data.” And | suddenly realized
that the Hp? gene was probably the product of some sort of
recombinational event between the Hp" and Hp"® genes that
had generated a partially duplicated fusion gene. The Hp’
gene would consequently produce a larger protein having the
same peptides as a mixture of hplFa and hp1Sa together with
a novel junction peptide, “J”, not present in either hplFa or
hp1Sa (Figure 4, left). We had become the first people to
detect non-homologous recombination at the level of a gene!
We called it “non-homologous”, because the recombination
between the Hp'f and Hp™ genes was within regions that are
unrelated in sequence.

We decided to present our data and our partial gene dupli-
cation hypothesis at the 1961 Second International Conference
of Human Genetics in Rome. We also designed an experimen-
tal test that George was going to do before we each gave our
part of the story at the conference. He would use the ultracen-
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trifuge to determine the sedimentation coefficients of the
alpha subunits with the expectation that the hp2a subunit,
which our hypothesis said was larger than hp1Fa and hp1Sa,
would sediment more rapidly. We met in Rome on the evening
before our talks to review George’s results, and he broke the
bad news—the sedimentation coefficients of the three hpa
subunits did not differ. What to do? Well, we decided, despite
this result, to go ahead with our planned talks, with the under-
standing that in my part of the presentation | would describe
our hypothesis and the experimental test of it that we had car-
ried out. Then | would say “We don’t believe the result, and I'll
go home and invent a new method for determining molecular
sizes.” The next two pages in my notebooks (Figure 5) show
the implementation of that plan."” [“Notice, students, that you
shouldn’t always believe your results!”]

The new method showed that hp2a was bigger than hplFa
and hplSa. (Later, when George got rid of aggregation by
adding urea, the ultracentrifuge gave the same result.) Togeth-
er we published our conclusion that the Hp? gene was a partial
gene duplication resulting from a non-homologous crossing-
over event between the Hp" and Hp” genes in a heterozygous
individual, Hp"/Hp".'®

The next part of this chapter in my science concerns the
clear distinction between the randomness of non-homologous
recombination and the predictability of homologous recombi-
nation. When | told Professor James H. “Jim” Crow, Chairman
of Genetics at the University of Wisconsin, about our results,
he referred me to some beautiful classical work involving the
genes controlling the development of the eye of the fruit fly,
Drosophila. In succession over a period of over 20 years, Tice
(1914),"8 Zeleny (1919)," Sturtevant (1925),*” and Bridges

0. Smithies

(1936)?" provided evidence that a unigue, non-homologous
recombinational event, which occurred only once, had gener-
ated a duplication on the X chromosome of the fruit fly that
changed the shape of the eye. They also showed that this du-
plication enabled unequal but homologous recombinational
events that occasionally gave rise to a triplication or to a
return to the unduplicated chromosome. We extrapolated this
result to the haptoglobin genes, and expected that the same
type of event would occur with them—namely that unequal
but homologous recombination within the duplicated region
of the already larger Hp? gene would likewise lead repeatedly
to a still larger triplicated gene (Figure 4, right). And we found
this larger gene as an uncommon variant (Hp®, but historically
called Hp?) that had arisen independently in all parts of the
world where the Hp? gene was already in the population. This
was my first real understanding of the fundamental difference
between the unpredictable nature of non-homologous recom-
bination and the predictability of homologous recombination.

Later, in the late 1970s, | spent a sabbatical period in Fred
Blattner’s laboratory in the same building as my own laborato-
ry, and learned how to work with DNA and with bacterial and
bacteriophage mutants (and, as a concurrent sabbatical activi-
ty, learned to fly!). Then, when Fred’s Charon bacteriophages
were judged to be safe enough for use in cloning human
genes, our groups collaborated in isolating and characterizing
the two closely related genes that code for the human fetal
globins, “y and “*y.?>?¥ Subsequently, when we sequenced
these two genes, we found clear evidence that DNA had been
exchanged between them as a result of another type of ho-
mologous recombination, “gene conversion”.*¥ So, homolo-
gous recombination was very much a part of my scientific ge-
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stalt. And, not surprisingly, having worked with globin genes, |
kept thinking that it ought to be possible to use DNA coding
for the normal human f globin gene, which was now readily
available, to correct the mutant human f globin gene that
leads to sickle cell anemia, the most frequent disease caused
by a single gene in people of African descent. But no one had
demonstrated that such an event (now called “gene targeting”)
was possible with a genome as large as that of humans and
other mammals, although it was known to occur in yeast,*>®
with a genome of less than one hundredth the size.

Then, in 1982, while teaching a graduate course in molecular
genetics at the University of Wisconsin, | came across a beauti-
ful paper that catalyzed me to start writing the next chapter in
my book of science—"“PLANNING” to use homologous recom-
bination to correct a mutant gene in the human genome. The
catalytic paper was published in Nature on the 1st of April,
1982.%" In this paper, the investigators described an elegant
gene-rescue procedure to isolate a transforming gene from
human T24 bladder carcinoma cells. This gene-rescue proce-
dure depended on using mutant lambda bacteriophages that
had a lethal amber chain-termination mutation which could be
suppressed if the bacteriophages picked up a copy of supF (a
mutant tRNA gene able to suppress amber chain-termination
mutations). The amber mutant bacteriophages would not
grow otherwise. The procedure was complicated, and | had to
study the paper carefully in order to use it in teaching. This
effort had, however, an unanticipated benefit. During the next
three weeks | realized that | could use a modified form of
Goldfarb’s gene-rescue procedure in an assay to determine
whether it was possible to place “corrective DNA in_the right
place” in the human genome.

On April 22nd, 1982, on page 13 of my y notebook
(Figure 6), | summarized my idea under the heading “Assay for
gene placement” (now called “gene targeting”). | proposed to
make a DNA construct that included a large fragment of DNA
covering the human beta-type globin genes, together with the
supF gene and the thymidine kinase gene, TK. | would then in-
troduce this DNA into human cells that were TK, select for
transformants that had become TK'", and then use gene
rescue to look for a recombinant fragment in which the supF
gene was now next to the P-globin gene. This would prove
that the incoming DNA had been inserted into the correct
place. | was confident that | could detect gene targeting, even
if it was extremely rare, because | had three levels of selection:
selection in the eukaryotic TK~ human cells of transformants
that had picked up the TK gene and so could grow in a HAT-
containing medium; selection in the prokaryotic E. coli cells of
mutant bacteriophages that could grow because they had
picked up DNA fragments containing the supF gene; and se-
lection by autoradiography of bacteriophages that also had (-
globin sequences. Only homologous recombination could gen-
erate the diagnostic recombinant fragment containing both
the supF gene from the incoming DNA and the [3 globin gene
from the target locus.

At that time DNA sequencers and DNA synthesizers were
not yet available, so making the large targeting construct was
difficult, and | had to clone it as a cosmid, which | called
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Cosos 17. Making this cosmid took me seven months. Some
idea of the complexity of this task is apparent from the next
notebook pages that | show but will not attempt to explain
(Figure 7).

By the end of 1982 | had sent Cosos 17 to my collaborator
Raju Kucherlapati at the University of lllinois. He was to make a
calcium phosphate precipitate with this DNA for transfection
into another human bladder carcinoma cell line, EJ. Meanwhile,
| began work on what turned out to be a scientifically danger-
ous experiment: | carried out a plasmid-by-plasmid recombina-
tion experiment to test whether the gene-rescue assay would
work. The tester plasmid was AB17, a small precursor of
Cosos 17. The mock target contained the human f-globin
gene. The good news was that both the recombination and
the bacteriophage gene-rescue assay worked.”™ The unfore-
seen bad news was that bacteriophages containing the diag-
nostic recombinant fragment were now present in the lab.

In May of 1983 Raju sent back to us the first DNA sample,
RK41, from a gene-targeting experiment with Cosos 17 and
the human EJ bladder carcinoma cells. On June 23rd (my 58th
birthday), | started the bacteriophage assay phase of this first
real test of the overall scheme. 288 bacteriophages grew; 104
(34%) contained some [-globin sequences; but, birthday or
not, none hybridized to the critical § globin-IVS2 probe!
(Figure 8) So this first real experiment failed to provide any evi-
dence that homologous recombination had occurred.

Over a period of almost a year, my lab and Raju’s lab contin-
ued experiments with the EJ cells, but without success. These
negative results led my graduate student Karen Lyons to sug-
gest that the failure might be because the drug-resistance
gene, Neo®, which we were now using instead of TK, might not
be transcribed when incorporated into the [-globin locus of a
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bladder-related cell that does not express 3-globin. [“Students,
you should keep going when things don’t work; but you should
also think carefully about what might be wrong.”] Two alterna-
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tives were available. We could
retain the drug selection, but
use cells that expressed human
B-globin; or we could continue
to use the EJ bladder carcinoma
cells but without using drug se-
lection. One of our earlier col-
laborators, Art Skoultchi, gave
us a cell line which he had
made that was suitable for the
first type of experiment. It was a
mouse-human hybrid erythro-
leukemia cell line (which we
called Hul11l) that carried a
human chromosome 11 and ex-
pressed human f-globin.*® Un-
fortunately the erythroleukemia
cells grew in suspension, and
could only be transformed by a
newly devised procedure—elec-
troporation®”—and no electro-
porator was then commercially
available. So | spent the next
few months designing and test-
ing a homemade apparatus,

which was constructed inside a baby bathtub from part of a
plastic test tube rack and electronic parts from the local Radio
Shack store. The final version of the apparatus, illustrated in
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Figure 9.

schematic and real form in Figure 9, does not look impres-
sive—but it worked, and was subsequently used for all the de-
finitive experiments.

[“Students: never make a complex piece of apparatus that can
be bought in order to save money; but by all means make it to
save the time that you will have to wait before some manufac-
turer makes it."]

Meanwhile Raju did an experiment of the second type,
using the EJ bladder carcinoma cells without drug selection.
This experiment also used a different targeting construct,
AB117, illustrated in Figure 10.28 AB117 was the recombina-
tion tester plasmid Af17 which | had modified so that it could
be cut (with BstX 1) in the region of homology. This type of cut,
we had already shown, increases the frequency of homologous
recombination in mammalian cells, as it does in yeast.®" Raju
treated the bladder carcinoma cells with BstX I-digested

3 B
Target Locus Bl ; I
Xbal BstX! Xbal
o 111 kb 5
Ap
Targeting Construct, AB117 (Enm Bstxi
A,
Neo
Modified Locus J/ :

B AB A
—e ) 25 (i
Xbal Bstxl Xbal  BstXI v Xoal
+ 16.5kb —TT—— i

Figure 10.
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AB117, grew them up without any drug selection, and then
sent us DNA from the cells. My technician, Mike Koralewski,
tested this DNA with the bacteriophage assay in late August,
1984. He found one IVS2-positive bacteriophage, which | puri-
fied and showed to have the hoped-for recombinant DNA frag-
ment with supF next to  globin IVS2. This was good news.

But we began to have worries. One worry was that this
single bacteriophage could have been a contaminant from our
recombination tester experiment. (We had had a contamina-
tion problem in some earlier gene cloning experiments.) An
even more serious worry was that the recombinant fragment
present in the bacteriophage might have been formed by
recombination in the bacterial cells used in the gene rescue
assay, rather than in the mammalian cells used for the transfor-
mation. We were discouraged!

Fortunately, however, | had recently bought an airplane, and
had flown it to Florida for a short sailing vacation with my
pilot friends. This vacation re-energized me sufficiently that |
could face starting the AP117 experiments again—with two
important changes. First, my postdoctoral fellow, Ron Gregg,
who had been trying unsuccessfully to inactivate the Hprt
gene in human fibroblasts, would electroporate BstX I-digested
AB117 into the Hull cells that express the human 3 globin
gene. Second, after Ron had isolated DNA from drug-resistant
transfectants, | would digest it with Xbal and size separate the
restriction enzyme products into two fractions. One fraction
would cover the size range 5.5-8.5 kb, and another would
cover the range 8.5-16.5 kb. This fractionation had two pur-
poses. It would reduce the amount of DNA to be packaged
into bacteriophages; and, more importantly, it would separate
Xbal fragments that were 7.7 kb long (the size of the Xbal re-
combinant fragment) from any fragments that were 11 kb long
(the size of the Xbal fragment from the unaltered target locus).
If the recombinant fragment was already present in the DNA
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from the Hu11 cells before the DNA had been exposed to bac-
teria, the 5.5-8.5 kb DNA fraction would give IVS-2-positive
bacteriophages. If the recombinant fragment was the result of
a recombinational event occurring in the bacteria, the 8.5-
16.5 kb DNA fraction would give IVS-2-positive bacteriophages.
In early 1985, this fractionation experiment was completed
using size-fractionated DNA from a flask containing ~1000
drug-resistant colonies. Two IVS-2-positive phages were ob-
tained with the 5.5-8.5 kb fraction (Figure 11, top). Now we
believed our results.
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Figure 11.

It took three more months for me to iron out various prob-
lems with the gene-rescue assay, and for Ron Gregg to gener-
ate pools of individually cloned Hu11 transformants. But by
April we had identified a pool of about 300 cloned Hu11 trans-
formants that gave three IVS-2-positive phages. And, in May,
DNA from 30 subcloned Hu11 transformants from the 300 pool
gave us eight IVS-2-positive phages (Figure 11, bottom). This
meant that at least one of the 30 subclones was correctly tar-
geted, and we could now use a direct test for recombination
(a Southern blot of DNA from each colony) in place of the indi-
rect bacteriophage assay. On May 18th, 1985 [“Saturday, yet
again!”], | Southern-blotted Ron’s electrophoresis gel of DNA
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from 11 of these 30 colonies (Figure 12). On May 20th, | noted
on page 134 of my k notebook that subclone “#20 is it!"—
three years and one month and seven notebooks after the
original idea. In September of 1985, the paper,'? which | imag-
ine the Nobel Committee considered my most important, was
published-after | was 60!

| have already referred to all who contributed to this paper
except one—Sallie Boggs. She was a visiting professor from
the University of Pittsburgh. She chose, as her part in the
work, to ensure that we had a “back-up” to the bacteriophage
assay, in case it did not succeed. To implement this, she carried
out Southern blots of DNA from 243 individual Hul11l trans-
formants without ever using the phage gene-rescue assay. Al-
though the phage assay, in the end, led to a correctly targeted
colony before Sallie found a positive transformant, her work
established that the electroporator we had made could intro-
duce single copies of DNA into the cell genome without any
other detectable changes in about 80% of transformants.®?

At this point, it was clear that gene targeting was impractical
for any near-term use in the gene therapy that | had initially
hoped. The frequency of targeting was too low. The bacterio-
phage assay we had used to detect targeting was desperate
(indeed nobody, including me, ever used the assay again). But
these experiments had told us that gene targeting was possi-
ble. We now knew that we could introduce DNA into a chosen
site and alter a target gene in a preplanned way. So, what to
do? Well the first thing was to find a simpler system in which
to improve the procedure. And towards this end several inves-
tigators in the field independently began experiments with
genes that had a directly observable phenotype. Ron Gregg in
our group chose the Hprt gene, which makes cells resistant to
HAT selection when it is normal, and makes them resistant to
6-thioguanine when it is disabled; Mario Capecchi also chose
the Hprt gene; Raju Kucherlapati chose the TK gene. But suc-
cess was slow in coming.

Then | heard about Martin Evans’ work in isolating what we
now call embryonic stem (ES) cells and using them to generate
mice, and | immediately began to think about using gene tar-
geting in these cells to modify genes in the mouse. Since ES
cells grow rapidly and can be cloned from single cells, a low
frequency of gene targeting would not be an issue. We could
therefore modify a gene in the ES cells, and use the targeted
cells to make animal models of human genetic diseases for
study and for testing therapeutic procedures. As a step to-
wards this end, in November 1985 Martin personally brought
some of his cells to our lab (Figure 13). [“Students: Don’t be shy
about asking other scientists for reagents or help!”]

Martin also put us in touch with Tom Doetschman who had
experience with ES cells, which need to be handled correctly if
they are to be capable of generating mice. In December of
1987, we published our first use of gene targeting in ES cells—
to correct a mutation in the Hprt gene of E14TG2a ES cells that
had been isolated by Hooper etal®’ The DNA construct,
made by Nobuyo Maeda, worked the first time that Tom used
it! The big colonies resulting from gene-corrected cells were
easy to distinguish from the tiny residues left from cells in
which the mutant gene had not been corrected (Figure 14).
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Targetted Correction of a Mutant HPRT Gene in
Mouse Embryonic Stem Cells

Thomas Doetschman,|Ronald G. Gregg, Nobuyo Maeda,

Martin L. Hooper, David W. Melton, Simon Thompson
and Oliver Smithies.

Nature 330 576-578 (1987) |

(By HAT Selection)

Figure 14.

Mario Capecchi independently contacted Martin Evans for
help with ES cells within weeks of our contacting him. And his
group'’s paper, describing a knock out of the normal Hprt gene
in ES cells,*¥ and ours describing correction of a mutant form
of the gene,* were also within weeks of each other. Both had
used drug-selection procedures to isolate the targeted cells,
based on the enzymatic activity of HPRT.

However, a procedure was needed for targeting genes that
did not have a directly selectable product. A big help would
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be to have a simplified recombinant-fragment assay. The poly-
merase chain reaction (PCR) described by Kary Mullis at Cold
Spring Harbor in 1986°¢ looked to be eminently suitable for
this purpose (Figure 15, left), and | began to work on this idea
a few months after hearing Kary talk. Again, no suitable appa-
ratus was commercially available. So Hyung-Suk Kim and |
made our own PCR machine, which 1 still use (Figure 15, right).

Time does not permit me to describe many of the animal
models that we have since made using gene targeting in ES
cells, with the help of our PCR method of detecting the diag-
nostic recombinant fragment,”*” together with the powerful
positive—negative selection method devised by Mario’s group
in 1988 as a “general approach for producing mice of any
desired genotype”.®® But | can highlight some of them.

Bev Koller, as a post doctoral fellow in my laboratory, was
the first to make a mouse model of cystic fibrosis, the most
common single gene defect in Caucasians (Figure 16).5%4

Nobuyo Maeda and her colleagues made a mouse model of
atherosclerosis™" that became a best-seller at Jackson Labora-
tories; it is an inspiring model of this genetically complex
human disease that causes around 30% of deaths in advanced
societies (Figure 17).

John Krege led me into a very productive investigation of
genetic factors important in another very common disease—
high blood pressure.***! For this work we used a computer-
ized blood-pressure-measuring apparatus made by John
Rogers, who was at that time one of my glider pilot stu-
dents.* | chose him to make the new machine (Figure 18) be-
cause he had told me about a computerized device that he
had designed and built to detect the stones left in pitted cher-
ries, which cause lost teeth in the eaters and lawsuits against
the suppliers!

Marshall Edgell helped me to use a different sort of mouse
in computer simulations that explored how genetic factors
influence blood pressure (Figure 19).
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An Animal Model for Cystic Fibrosis
Made by Gene Targeting

John N. Snouwaert, Kristen K. Brigman, Anne M. Latour, Nadia
N. Malouf, Richard C. Boucher, Oliver Smithies
and|Beverly H. Koller

Science 257 1083-6 (1992) | (By PCR)

Figure 16.

Spontaneous Hypercholesterolemia and Arterial
Lesions in Mice Lacking Apolipoprotein E

Sunny H. Zhang, Robert L. Reddick, Jorge A. Piedrahita,

| science 258 468-471 (1992) |

Figure 17.
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Angiotensin-Converting Enzyme Gene
Mutations, Blood Pressures, and Cardiovascular
Homeostasis

John H. Krege, |[Hyung-Suk Kim, Jeffrey S. Moyer, J. Charles
Jennette, Li Peng, Sylvia K. Hiller and Oliver Smithies

| Hypertension 29 150-157 (1997) |

Importance of Quantitative Genetic Variations in
the Etiology of Hypertension

Oliver Smithies, Hyung-Suk Kim, Nobuyuki Takahashi and

Kidney International 58 2265-80 (2000) |

Figure 18.

Devising these and other simulations has helped me to un-
cover unexpected relationships and has stimulated ideas that |
might not have had without this work. In saying this, | stress
that the greatest value of these relatively simple computer
simulations does not stem from their ability to replicate experi-
mental data, or even make predictions; rather it comes from
forcing one to clarify which elements in a complex system are
most critical, and how these elements integrate into a logically
consistent whole. [“Students, try a simulation yourself; suitable
generic programs for model building are available (for example
Stella®) that you can use without being a computer expert”.]

Figure 19.

Before closing, | want to mention a previous visit to the Kar-
olinska Institut on September 6th, 2002. During that visit, |
heard Dr. Karl Tryggvason, who is here today, give a fascinating
talk on how the kidney separates large molecules from small
molecules. But | didn't quite agree with him. And so after-
wards, in the corridor, | asked him, “Why doesn’t it clog?” His
response was, “That’s a good question!” which is the one most
of us give when we don’t have an answer. Suddenly | thought
that | already knew the answer, as a result of having recently
written a scientific memoir of my undergraduate tutor, thesis
advisor, and lifelong friend, A. G. “Sandy” Ogston.” In one of
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Figure 21.

his papers, Sandy had derived an elegantly simple equation
[f=e ™72 that very accurately describes the behavior in
gels of molecules of different sizes.*® So, on my return to
North Carolina, | wrote a brief communication on the topic
and sent it to Nature (Figure 20).

It was rejected, I'm glad to say, because this caused me to
write a better paper that described not only my hypothesis,
but also a computer simulation of this aspect of kidney func-
tion [“Another simulation, students!”], and some testable predic-
tions based on these ideas.”” My personal scientific efforts are
currently directed towards testing the predictions. And the last
pages that | turn for you (Figure 21) illustrate the sequencing
of a DNA construct made to implement this work.

[“At 82 it is still possible to work at the weekends!”]

What's on the next page?

| don't know!!

But that's what makes science exciting!!!

Finally, in closing, | emphasize the importance of choosing a
branch of science that makes your everyday work enjoyable, as
mine has been. [“Students: when it was not, | changed it!"] |
also emphasize the importance for a scientist to have other in-
terests for diversion (mine is still flying) when science is being
fickle. A happy relationship (mine is with my wife Nobuyo
Maeda) can also be a source of comfort at such times—and
can provide a captive audience with whom to share science’s
much less frequent times of bliss. Scientific happiness is in
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sharing ideas and the daily excitement of new results with
students, colleagues, and other scientists. My adviser, Sandy
Ogston, had it right when he summarized his view of our disci-
pline. His words are the theme of my visit to Sweden. They
capture better than | can what it means to spend a life doing
science.””
“For science is more than the search for truth, more than a
challenging game, more than a profession. It is a life that
a diversity of people lead together, in the closest proximi-
ty, a school for social living. We are members one of an-
other.”
A. G. Ogston
Australian Biochemical Society Annual Lecture
August 1970, Search Vol. 1, No. 2, 60-63.

Keywords: DNA - embryonic stem cells
gene targeting - Nobel lecture
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Searching Combinatorial Libraries for Native Proteins with

Novel Folds

Jennifer L. Watkins and John C. Chaput*®

Nature uses a large but finite number of
protein folds to achieve and sustain life.
Whether additional folds exist beyond
the set found in nature remains an inter-
esting question with important funda-
mental and practical implications. By
studying how proteins evolve in synthet-
ic systems, we can begin to understand
certain underlying aspects of the chemi-
cal basis of biological evolution, which in
turn will allow us to constrain models
that describe the evolution of biological
proteins. One such question involves the
long-standing debate over contingency
versus determinism in natural selection.™
Is life the result of a series of unantici-
pated events or the inevitable conse-
quence of antecedents? Since it is im-
possible to rewind the evolutionary
clock of time, methods that simulate this
process in the laboratory have the ability
to shed new light on questions that are
otherwise difficult to address. Evolution-
ary strategies can also lead to new
routes for creating novel synthetic pro-
teins with tailor-made properties. The
emerging field of synthetic biology
promises to create living systems that
synthesize chemicals, fabricate materials,
produce energy, and improve the human
condition and our environment. The
extent to which we are successful in
these areas will depend on our ability to
look beyond the set of proteins found in
nature and ask not what exists, but what
is physically possible?

At present, all of the structures found
in the protein structure data bank (PDB)
can be organized into one of about 1100

[a] J. L. Watkins, Prof. J. C. Chaput
Center for BioOptical Nanotechnology
The Biodesign Institute
Department of Chemistry and Biochemistry
Arizona State University
Tempe, AZ 85287-5201 (USA)
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different protein-fold families.?® These
are small proteins or domains of larger
proteins that fold independently and
descend from a common evolutionary
ancestor. Some protein families contain
many members and these are appropri-
ately termed “superfamilies”. Most fami-
lies contain just a few representative
members, and in some cases just one.
Since these folds represent nature’s set
of combinatorial building blocks, under-
standing their distribution in biological
systems allows us to hypothesize about
the origins of the protein repertoire.
Given that one-half of the sequences in
known genomes are homologous to pro-
teins of known structure,” it seems likely
that the total number of protein folds
will remain small. One interpretation of
this observation is that biological pro-
teins arose from a small set of primitive
domains, which over time recombined
to form larger structures of increasing
complexity.>® In this scenario, structures
not easily derived from the initial set of
protein folds would be absent from the
set of proteins we see today in the
PDB.”

Learning how to search large combi-
natorial libraries for new protein folds is
a problem analogous to finding a needle
in a haystack. This is because the
number of amino acid sequences that
are capable of folding into physically re-
alistic structures is extremely small rela-
tive to the total number of protein se-
quences possible. Even modestly sized
proteins have so many sequence combi-
nations that it would be impossible to
synthesize one molecule of each. For in-
stance, a library of all possible 100-
amino-acid proteins would contain 20'®
different sequences, which far exceeds
the largest library sizes that are currently
possible with modern molecular biology
techniques (~10"-10"). To solve this
problem, scientists have created combi-

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

natorial strategies that enable them to
search large regions of sequence space
more efficiently.® The goal of these stud-
ies is to design amino acid libraries with
the highest probability of yielding folded
proteins.

Early efforts in this area focused on
the development of synthetic libraries
that encoded only subsets of amino acid
residues. In a classic study, Davidson and
Sauer reported that proteins with native-
like properties occur frequently in
random libraries composed of mainly
glutamine (Q), leucine (L), and arginine
(R).”! Unlike natural proteins, the QLR-de-
rived proteins were highly insoluble and
hyperstable. It was later learned that
QLR libraries with lower hydrophobic
content could be used to isolate synthet-
ic proteins that fold cooperatively in the
presence of chaotropic agents."” Hecht
and co-workers developed an alternative
approach to generating folded pro-
teins." Using a technique called binary
patterning (Figure 1A), they created li-
braries of amino acid sequences in
which groups of polar and nonpolar resi-
dues are positioned in a pattern that
mimics the natural periodicities of a-heli-
cal and p-sheet secondary structures.
The basic premise of this strategy is that
protein folds are highly degenerate,
meaning that many different sequences
can adopt the same shape, and therefore
the ability of any given sequence to fold
into a compact globular structure de-
pends on how well individual residues
will fit together to form a collapsed pro-
tein core. This strategy was used to
make a library of amino acid sequences
that was designed to fold into a four-
helix bundle™ Their first attempt at
these structures resulted in four-helix
bundles that were molten globules,
which are proteins that have discrete
secondary structures, but no tertiary
structure. A second-generation library
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Figure 1. Strategies for building combinatorial libraries based on secondary structural elements.

A) Binary patterning is a technique that positions polar and nonpolar residues in arrangements that
favor a-helix or -sheet formation. This strategy can be used to identify novel sequences that fold into
predetermined structures."” B) Schultz and co-workers developed an alternative approach for creating
designed libraries.”® With their technique, structural elements of natural proteins recombine to make
libraries of DNA that code for novel arrangements of a-helices, f-sheets, and loops. These libraries can
be used to identify amino acid sequences with the potential to fold into stable structures of any topolo-
gy accessible to nature’s set of secondary structures.

was constructed in which the helical re-
gions were extended to improve the sta-
bility of the fold."? This library gave rise
to a stably folded four-helix bundle pro-
tein whose structure (Figure 2A) has
now been solved by solution NMR.!"
While focused libraries provide access
to regions of sequence space with high
likelihoods of finding stably folded struc-
tures, less constrained libraries allow re-
searchers to explore new areas of the
protein universe. In an attempt to under-

stand how frequently natural selection
would have produced proteins that
could fold themselves into a shape with
a known function, Keefe and Szostak
evolved a series of ATP-binding proteins
from an unbiased pool of 4x10"
random sequences." After many iter-
ative rounds of in vitro selection and
directed evolution, several proteins
emerged that bound ATP with high affin-
ity and specificity.'>'® The three-dimen-
sional structure (Figure 2B) of one of

Figure 2. Examples of synthetic proteins whose structures have been solved by NMR or X-ray crystallog-
raphy. A) A designed four-helix bundle protein created by binary patterning (PDB ID: 1P68)." B) An
ATP binding protein evolved from an unconstrained library of 4x 10'? random sequences (PDB ID:
2P09).1%""® C) An a/B-protein obtained from a library of computational sequences (PDB ID: 1QYS)."
The two a/B-proteins fold into novel topologies. This figure was generated by using PyMOL.2"
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these proteins has now been solved by
solution NMR and X-ray crystallography,
and reveals a novel zinc-nucleated o/f
fold with a unique topology."*'® A fun-
damentally different approach to gener-
ating proteins that fold into structures
with novel topologies was developed by
Baker and co-workers."” Here, a general
computational strategy was developed
that iterates between protein sequence
design and protein structure prediction
to create a 93-residue o/f} protein with a
novel topology. To test the accuracy of
their design strategy, the three-dimen-
sional structure (Figure 2C) of the pro-
tein was determined by X-ray crystallog-
raphy. The resulting structure had a root-
mean-square deviation of 1.2 A relative
to the designed structure, thus indicat-
ing that in this particular case the experi-
mentally determined structure closely
matched the design prediction.

In a recent paper published in the
Journal of the American Chemical Society,
Schultz and co-workers report a new
strategy for generating water-soluble
proteins from large pools of semirandom
sequences.”” The authors describe a
protein evolution approach (Figure 1B)
in which defined secondary structural el-
ements were used to assemble a combi-
natorial library encoding randomly dis-
tributed regions of a-helices, B-sheets,
and loops. The library was constructed
from the nucleic acid sequences of 190
nonredundant Escherichia coli proteins of
known structure. The set of parent pro-
teins represent the four classifications of
protein fold topologies, namely all-a, all-
B, a/p, and a+ 3 protein conformations.
Combinatorial assembly of the different
secondary structures with chain initiators
and terminators resulted in a library of
double-stranded DNA that coded for
proteins with shuffled secondary struc-
tures. The pool was inserted into the
enhanced green fluorescence protein
(EGFP) fusion vector and sorted by fluo-
rescence-activated cell sorting (FACS) to
identify individual proteins that remain
soluble when expressed as GFP-fusion
proteins in vivo. Additional screening
steps were then used to identify four
clones that express in soluble form and
have significant secondary structure. Al-
though most of the clones shared no se-
quence homology to any known protein,

ChemBioChem 2008, 9, 1361 - 1363
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one clone did show strong homology to
a domain of aspartate racemase from an
unrelated bacterium. This unexpected
result suggests that their starting library
was large enough to explore new re-
gions of protein shape space, but small
enough to rediscover a natural protein
fold.

The strategy taken by Schultz and his
team of researchers is particularly excit-
ing as it provides what appears to be a
remarkably efficient method for finding
proteins with the freedom to fold into
any topology that is accessible to the
structural elements found in nature.””
Assuming these proteins can be evolved
to adopt discrete tertiary structures, this
approach would dramatically accelerate
the rate at which novel protein folds are
discovered. Whether their library design
will be able to sample folds with more
diverse arrangements of secondary struc-
tures remains to be determined. One
could imagine, for example, that proteins
identified from a library of known secon-
dary structures would be biased toward
solutions found in nature. If this turns
out to be true, then less biased libraries
will be needed to find proteins with
more diverse topologies™ while fo-
cused libraries could be used as rapid
starting points for generating new func-
tion.

Looking ahead to the future, combina-
torial protein libraries will almost certain-

ChemBioChem 2008, 9, 1361 - 1363

ly continue to play an important role in
our quest to understand the distribution
of protein folds in sequence space. As
progress continues, it will be interesting
to see which technique or combination
of techniques leads to the most efficient
routes for generating new protein struc-
tures and functions. Perhaps one day
enough information will be gained from
these studies that we will be able to
make tailor-made proteins from scratch.
Until then, combinatorial libraries pro-
vide a useful tool for studying how se-
quence information relates to structural
topology.
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Generation of shRNA Pool Library: A Revision of the Biological Technique

from the Viewpoint of Chemistry

Demin Zhou,*® Cuiying Wang,”” Jing Zhang,”” Josh Bliesath,” Qiuchen S. He,”’ Ning Ke,” Dehua Yu,”

Qixiang Li,® Li-He Zhang,” and Flossie Wong-Staal®

RNA interference (RNA)) is the process of using a small double-
stranded RNA (siRNA) to knock down the expression level of
sequence-homologue genes. The selective and robust effect
of siRNA on gene expression makes RNAi one of the most im-
portant technological breakthroughs in modern scientific histo-
ry.?) Short hairpin siRNA (shRNA) is the most widely used form
of expressed siRNA in which RNA duplexes are tethered
through a small loop.®! Currently the use of individual shRNA
to study gene function is commonplace. The newest trend is
to use siRNA/shRNA libraries to perform reverse-genetic
screens of hundreds or even thousands of different genes in a
single experiment.”

Three major factors limit the broad application of synthetic-
array-based siRNA libraries: the enormous cost of genome-
wide siRNA libraries and the expensive robotic liquid handling
systems for high-throughput screening as well as the difficul-
ties in performing transfections reproducibly.”® A much easier

of this method, however, no follow-up application has been
reported. Here, we revise the feasibility of this step from the
viewpoint of chemistry.

The goal of primer extension is to disrupt intramolecular
base pairs within the highly stable hairpin DNA template, and
to synthesize a complementary single-stranded DNA as shown
in Figure TA. It should be noted that the newly synthesized
single-stranded DNA is not only complementary, but more im-
portantly, sequence-identical to its template, and thus their an-
nealing product is a palindromic DNA, except for the small
loop portion. However, the fundamental concern is whether
this reaction, that is, the displacement of intramolecular base
pairs with intermolecular base pairs, is energetically favorable,
or which form in this conversion, hairpin or the double strand,
is more stable.

In order to clarify this point, we tested the thermostability of
palindromic DNA. A pool of double-stranded DNA (the siRNA-

alternative is to prepare an

siRNA library that is first ex-

pressed in transduced cells, then A) prl_mir ~21bp B)

the cells that have the desired N S’Wﬁ\l’:ll Nocose Ith!\IIO i Sl W i
phenotype are selected, and the 3'=——=TTNNN......NNN

siRNA sequence that is con- b
tained within the selected cells L .. .n a
is identified. Several groups have 5

reported a technique for the \44"4! "'arbp

construction of such a shRNA 'V C)

pool library™ The key step in Sﬁ‘,“f',w”—m“,","o

this technique is to convert a Y -+ NNN E

pool of single-stranded hairpin

DNA into a pool of double- L

stranded DNA (shRNA templates) b ~21bp i ~21bp b
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ure 1A) prior to cloning into ex-
pression vectors (see Figure S1
in the Supporting Information).

Given the enormous advantage action of primer extension.
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Figure 1. A) Schematic of the reported protocol for the conversion of a pool of hairpin DNA (a) into a pool of
palindromic dsDNA (b) via primer extension. B) Thermostability of the palindromic dsDNA (b) monitored by 2%
agrose gel. C) Generic potential energy diagram of the hairpin DNA (a) and the palindromic dsDNA (b) in the re-

coding sequences within this pool are completely randomized,
see below) was heated at 50°C or 90°C for 5 min and then
cooled to room temperature (25°C) or left at 25°C for one
month. As shown in Figure 1B, more than half of the double-
stranded DNA transforms into hairpin DNA when heated at
50°C, and this trend becomes more evident at 90°C—all of
the DNA exists in a hairpin form. These results strongly suggest
that the palindromic DNA is less stable than its constituent
hairpin DNA (Figure 1C) and cannot be prepared by routine
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DNA denaturing and annealing. The thermostability test also
suggests that conversion of a palindromic DNA from a double-
stranded form into a hairpin form is a spontaneous reaction;
this is supported by the slow conversion at room temperature.
This is reasonable from the viewpoint of chemistry because in-
tramolecular base-pair formation (hairpin DNA) is always faster
and more efficient than intermolecular base pair formation
(double-stranded DNA).®! Therefore, the step in the reported
biological technique, that is, the conversion of hairpin DNA
into double-stranded DNA, is unlikely to be feasible from a
thermodynamical point of view, and experimentally it proved
to be inefficient in our hands.”

Primer extension is a common method that is used in DNA
sequencing, and self-ceasing is an intrinsic obstacle for se-
quencing long palindromic DNA;” this hurdle was encoun-
tered in the currently reported technique. The role of DNA
polymerase in primer extension is to react with dNTP to form
an intermediate that subsequently condenses with the 3'-hy-
droxyl group at the end of the extending DNA, to form a new
base pair with the template.!’ Although special DNA poly-
merases, such as the reported Bst or phi29, which have the
ability of strand displacement™ might provide an alternative
route to products, as catalysts they cannot make energetically
unfavorable reactions possible. In chemistry and biology, cata-
lysts have no effect on the
chemical equilibrium of a reac-

2) extend the 3’-ends of the obtained oligo complex 3 by the
Klenow fragment to form an open dual-hairpin (oligos 4) with
an unligated gap between the extended 3’-end of oligo 2 and
the 5’-end of the oligo 1, and a mismatched flap between the
extended 3'-end of oligo 2 and the 5’-end of oligo 2; 3) ligate
the gap in the dual-hairpin structure 4 by T4 ligase to form a
longer single-stranded DNA 5; 4) extend the 3’-end of the long
DNA along itself by a DNA polymerase to form a more stable
and longer hairpin DNA 6; 5) cleave the long hairpin DNA by
the restriction enzyme BamHI at low temperature (37 °C) to re-
lease the double-stranded palindromic DNA. The sequence of
palindromic DNA is confirmed by sequencing when ligated
into shRNA expression vectors (Figure S3).

In this approach we utilize a hairpin primer that is ligated
with the siRNA-coding hairpin DNA template to form an open
dual-hairpin DNA (5). Introduction of the second loop converts
the unlikely primer extension in the original intramolecular
base-pairing reaction into a kinetically favorable intramolecular
primer extension. The product from this intramolecular reac-
tion is a single hairpin DNA that contains the palindromic
dsDNA segment rather than an unstable palindromic dsDNA.
The added loop gives the palindromic product more thermo-
stablility than the corresponding hairpin DNA template, and
thus the extra energy upon the reaction drives the equilibrium

tion because the rate of both A) ~21bp

the' forward and the reverse re- 1 s E;am!l\AGNN......NNN B)

action are equally affected. The - + S’EQ 1 2 3 4 5 8 b
net free energy change of a re- 2 I 5 Xba

action is the same whether a

catalyst is used or not. There- " # Annegling

fore, if the equilibrium is greatly 3 ( :: -3 \ﬁ?MGNN ---NNNID

displaced in one direction, the s ¥

reaction is effectively irreversible # Extenslon

and the enzyme only catalyzes 3\’_I_AAGNN _.NNN c) Taq 35‘ phi2d@ RT
the reaction in the thermody- 4 ‘ Erre l ! ' ' ! I..'..|..ININ'N_O _
namically allowed direction. In 5’

this case, the preparation of pal- # Ligation

. . I 3)5’

indromic DNA from hairpin DNA : . All\GNI"l ______ NNN

i i i- AR RN NN
is clearly in the unfavorable di 5 R ¥ v

rection; this cannot be altered
by any enzyme.

Here, we report an approach Primer
that converts the impossible re- extension
action of primer extension into
a thermodynamically favorable

BamH |

one. The scheme of our ap-
proach and experimental results 6
are shown in Figure 2A and B,
including 5 steps: 1)anneal a
partial randomized hairpin DNA
(oligo 1) to a hairpin primer
(oligo 2), wherein the 5-end of
the oligo 2 is annealed to the 5’

T g 100P
' AAGNN ...... NNN— NNN ..

yi'-h‘ ol L RN AN L AR

~21b
-..AAGM
Commai i)
frrrrrvrrerrerer i
T TCNN ...... NNN

~21bp
loop—"— BamH |

——t—
AAGNN ...... NNN——=NNN ...... NNCTT—— 3

L I W T O O |
TT CN

N ..... . NNN-—+NNN ......NNGAA——— &
BamH |
~21bp ~21bp

. NNCTL—3°

end of oligo 1 with its terminal
base mismatched (Figure S2);
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Figure 2. A) Schematic outline of the present approach for the 5-step conversion of a pool of hairpin DNA into a
pool of palindromic DNA. B) PAGE of the DNA products during the course of reactions. C) Primer extension cata-
lyzed by different enzymes.
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to the opening of a highly stable hairpin DNA template; this
makes a significant contribution to the primer extension. The
first four steps in our approach can be combined into a one-
pot reaction without purification or separate processing, and
the sequence of the hairpin loop can be further optimized."”
We tested four different polymerases for primer extension, in-
cluding the reported Bst and phi, and found that all enzymes
work efficiently as shown Figure 2C. It should be noted that
once the palindromic DNA is produced, it should be immedi-
ately ligated into a shRNA expression vector or stocked at low
temperature to prevent the automatic conversion into hairpin
DNA.

In summary, the reported biological technique for shRNA li-
brary construction is unlikely to be feasible from the viewpoint
of chemistry, and this issue is addressed by converting an
intermolecular primer extension into an intramolecular exten-
sion. This new approach will enable most labs and researchers
to generate shRNA pool library, which can be used to perform
reverse-genetic screens for genome-wide evaluation of human
genes.

Experimental Section

Please refer to the Supporting Information for a more detailed de-
scription of the oligo sequences. The typical procedure for oligo
denaturing, annealing, and extension is described as following: a
mixture of oligos 1 and 2 in a molar ratio of 1:1 in the correspond-
ing DNA polymerase buffer was heated at 95°C for 10 min and
then gradually cooled to room temperature. The various DNA poly-
merase plus 200 um dNTP were added, and the solution was
heated to the required temperature for primer extension (72°C for
Taq, 65 °C for Bst, 30°C for phi29 and Klenow Fragment).
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NMR-Guided Fragment-Based Approach for the Design of AAC(6')-1b

Ligands

Thomas Lombeés,” Guillaume Bégis,”™ Frédérique Maurice,” Serge Turcaud,” Thomas Lecourt,”

| *[b]

Frédéric Dardel,*® and Laurent Micouin*®

Aminoglycosides are potent, broad-spectrum antibiotics of
major clinical importance." Unfortunately, the emergence of
resistance is increasingly restricting their use as antibacterials.””
Among the common mechanisms of resistance, enzymatic
modification of aminoglycosides by N-acetylation at the 6'-po-
sition is one of the most widespread. Two functional classes of
N-acetyltransferases (AAC(6')) have been described: AAC(6')-I,
which confers resistance to amikacin but not to gentamicin,
and AAC(6')-ll, with the reciprocal selectivity. Among these
two classes, the aminoglycoside 6'-N-acetyltransferase type li
(AAC(6')-1) has been intensively investigated, with the crystallo-
graphic determination of its structure and the design of several
bisubstrate inhibitors.”). Moreover, the first inhibitor of this
enzyme active in cells has recently been reported, providing
the proof of concept for the pharmaceutical potential of such
compounds.” The structure of AAC(6')-ly has also been report-
ed.”

As part of a general program on the fragment-based design
of aminoglycoside mimics,® we have been interested in the
study of another AAC(6')-1 subclass: AAC(6)-Ib. Unlike in the
cases of AAC(6')-li and ly, which are chromosomally encoded
(and hence confined to a single bacterial species), the gene for
AAC(6')-lb is carried by mobile elements such as the integrons,
and is present in over 70% of AAC(6')-producing Gram-nega-
tive clinical isolates.”” Furthermore, some isoforms of this class
have recently evolved in clinical isolates to provide resistance
to both amikacin and gentamicin® or to some fluoroquino-
lines.”’ The low sequence identity (<20%) of ACC(6')-Ib with
the well-characterized ACC(6')-li and ACC(6')-ly prompted us to
evaluate a fragment-based approach for the design of ligands
of this enzyme, rather than a rational design based on the
structural data available for ACC(6')-li and ACC(6')-ly enzymes.
Our aim was to design ligands that were structurally distinct
from aminoglycosides, which would be less likely to be deacti-
vated by other resistance enzymes."” Here we report an NMR-
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guided design of micromolar ligands for this enzyme, as well
as their conversion into a bisubstrate inhibitor.

In preliminary studies, we used NMR detection techniques
to identify compound 1 (Scheme 1) as a primary fragment for
the design of ligands." This compound is readily available

H, N\Q,NHZ HZN@,NH2 H,N @,NHZ HZN\Q
HO'
o Q
1 15 4
41+ 3 um 57 £6 um 23+2um 20+£1.2 um

Scheme 1. Dissociation constants of selected ligands determined by fluores-
cence spectroscopy experiments.

from cyclopentadiene on a large scale in a racemic or enan-
tioenriched form.'” Both saturation transfer difference (STD)"?
and reverse n.O.e. pumping experiments"'” were used to verify
its ability to mimic the central desoxystreptamine core of kana-
mycin binding to the enzyme (Figure 1). Furthermore, the spe-
cificity of this binding was confirmed by a substantial decrease
in the STD signal of compound 1 when the experiment was
conducted in the presence of kanamycin, showing competitive
binding of this fragment to the active site of the enzyme (for
details see the Supporting Information).

Compound 1 was then coupled through ether or ester link-
ages with several substituted aromatic moieties capable of
mimicking ring 1 of aminosides, leading to racemic neamine
analogues (Scheme 2).

All the compounds were then evaluated by reverse n.O.e.
pumping experiments for their ability to bind AAC(6')-1b.

It was expected that the common aminocyclopentanic
moiety would bind in most cases, leading to intermolecular
n.O.e. transfers, whereas efficient n.O.e. transfers from the aro-
matic appendage would only occur with the best ligands
(Figure 2). This NMR screening provided a qualitative estima-
tion of binding affinity for all the compounds, which can be
classified into three groups: no signals from the aromatic com-
ponents were observed with compounds 5 and 13, whereas
weak n.O.e transfer onto the aromatic components of com-
pounds 14, 15, 8, 18, 12 and 11 could be detected, and strong
n.O.e. transfers were observed with compounds 7, 4, 6, 16 and
9. Although this “ligand-observe” set of experiments provided
a qualitative affinity score for the enzyme, we could not at this
stage exclude the possibility that the binding might be occur-
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Figure 1. STD analysis of the binding of kanamycin (bottom) and diamino-
cyclopentanol 1 (top; the water signal has been removed for clarity) to
AAC(6')-1b. The boxed peaks correspond to the cyclic methylenic protons
located between the two amino groups. In each case, the

shaded box corresponds to the proton syn to the amines and

shows the strongest STD signal.

ring out of the enzyme active site. Since the size of
AAC(6')-b (43 kD, 2% 196 amino acids) precluded the
direct investigation of foot-printing by “target-ob-
serve” 2D NMR techniques (such as HSQC or TROSY
experiments), the binding of representative ligands
was then investigated by fluorescence spectroscopy.
We indeed observed that binding of compounds 1,
15, 4 and 9 induced strong quenching of the fluores-
cence of tryptophan residues (50-70%). As AAC(6')-I
enzymes share conserved tryptophan residues within
their active sites, on which the 2-DOS moiety has
been observed to stack, this fluorescence quench
might be indirect evidence that these compounds
are indeed interacting with tryptophans located in
the AAC(6')-Ib active site. Furthermore, it allowed the
calculation of their dissociation constants by titra-
tion. Thus, K; values were established to be 41+
3 um for compound 1, 57+6 pum for compound 15,
23+ 2 um for compound 4, and 20+ 1.2 um for com-
pound 9 (Scheme 1).

This correlates very well with the NMR results, as
the additional interactions observed with 4 and 9
result in a twofold improvement of affinity, whereas
the small loss observed with 15 is correlated with
very weak intermolecular n.O.e. transfer.

The final validation of this NMR-guided ligand op-
timization was performed by preparing a bisubstrate
ligand from compound 9. For this study, we decided

one-pot procedure recently reported by Auclair and co-workers
(Scheme 3).

The dissociation constant of compound 24 was then evalu-
ated by fluorescence titration as 9504+ 190 nm, showing an im-
proved affinity relative to the starting optimized fragment 9.
Standard AAC(6')-Ib inhibition essays with kanamycin as a sub-
strate showed that compound 24 is an inhibitor, with a K;
value of about 5004300 nm, whereas neither CoA nor com-
pound 9 showed any significant inhibitory properties. No syn-
ergistic activity could be observed when 24 was tested in com-
bination with kanamycin against a E. coli strain harbouring the
AAC(6')-Ib encoding gene, as would be expected with a com-
pound bearing an unmodified CoA moiety."

In conclusion, we have shown in this work that “ligand-ob-
serve” NMR techniques such as reverse n.O.e. pumping can be
used to drive the detection and optimisation of ligands for
AAC(6')-Ib, one of the most clinically important resistance en-
zymes to aminoglycosides. Interestingly, this fragment-based
approach has been conducted without any need for NMR

MM»WMM
MMM
e Tov—

1"
7
WMA‘LM\—L“

to resynthesise this compound in enantioenriched 9

form, since the coupling of a racemic material with
the CoA moiety would deliver diastereomers
(Scheme 3). Compound 22 was then selectively re-
duced, deprotected and coupled with CoA by the

ChemBioChem 2008, 9, 1368 - 1371
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d (ppm)

Figure 2. Qualitative binding analysis by reverse-n.0.e pumping experiments of com-
pounds 4-18. Spectra are ordered by increasing affinities. The water signal (4.7 ppm) has
been removed for clarity.
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Scheme 2. a) Boc,0, NaOH, dioxane/H,0, 84 %; b) KHMDS, THF, ArF, 66-88 %;
c) DCC, cat. DMAP, CH,Cl,, ArCOOH, 47-66 %; d) HCl (gas), AcOEt, quantita-
tive; e) H,, 10% Pd/C, AcOEt or THF, 43-93 %.

@ a) AE\NCOan b)  HO
NCO,Bn

NCO,Bn
21

BocHNﬁ,NHBoc
P

/NCOan c), d)

structural assignment of the target, with the validation of the
binding site for the ligands by fluorescence spectroscopy and
the preparation of a bisubstrate inhibitor. Despite the modest
inhibition constant of compound 24 in relation to bisubstrate
inhibitors described for AAC(6')-li, this result shows that ligands
and inhibitors of AAC(6')-lb can be constructed from non-ami-
noglycoside-like fragments, and that NMR can be a powerful
tool for qualitatively estimation of their binding affinities to
the enzyme. The design of more drug-like, nonbisubstrate
inhibitors, as well as cocrystallisation studies, are underway.
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The Fluorescent Amino Acid p-Cyanophenylalanine Provides an Intrinsic

Probe of Amyloid Formation

Peter Marek, Ruchi Gupta, and Daniel P. Raleigh*®

Amyloid formation has been implicated in more than fifteen
different human diseases including Alzheimer’s disease, Parkin-
son’s disease, prion-based diseases, and type 2 diabetes."?
The kinetics of amyloid formation are complex, and typically
consist of a lag phase during which little fibrillar material is
produced followed by a rapid growth phase. Characterization
of the kinetics of amyloid formation and the nature of any in-
termediates that are formed have emerged as critical topics in
the field since there is growing evidence that prefibrillar inter-
mediate structures might be the toxic species.” Unfortunately,
a limited set of low resolution spectroscopic methods can be
applied to study the kinetics of amyloid formation and resi-
due-specific information is generally not obtainable.

Amyloid formation, in vitro, is traditionally followed by fluo-
rescence detection in thioflavin T-binding experiments. The
fluorescence of the dye significantly increases upon binding to
the amyloid fibril. The assay is simple to execute, however, it
does suffer from some noticeable drawbacks.” First, the exact
mechanism for the fluorescence enhancement is not complete-
ly understood, hence, it is not completely clear what the dye
binding probes. Second, the dye does not bind to prefibrillar
intermediates and thus cannot be used to follow their forma-
tion. A third extremely important but somewhat subtle issue
involves the study of inhibitors. Some compounds can bind to
amyloid fibrils and displace bound thioflavin T without inhibit-
ing amyloid formation.” In these cases thioflavin T assays lead
to the incorrect conclusion that the compound is an amyloid
inhibitor. Fourth, the dye is an extrinsic probe and there is
always the risk that the kinetics of assembly could be affected
since the assay is conducted by adding the dye to the peptide
solution and it binds to the fibrils as they are being formed.

In principle, intrinsic protein fluorescence could be used to
follow amyloid formation since Trp fluorescence is sensitive to
the local environment. However, a surprising number of impor-
tant amyloidogenic polypeptides lack Trp including A, a-syn-
uclein, and IAPP (amylin), the causative agents of amyloid for-
mation in Alzheimer’s disease, Parkinson’s disease, and type 2
diabetes, respectively. Furthermore, the addition of Trp by mu-
tagenesis often represents a nonconserved mutation. Tyr fluo-
rescence might be useful, but it is less sensitive than Trp fluo-
rescence and its interpretation is much less straightforward. It
would clearly be desirable to have access to another fluores-
cent amino acid that could be used as a probe of amyloid for-
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mation. An ideal amino-acid analogue should exhibit a large,
easily interpretable change in fluorescence during the process
of amyloid formation, but represent only a small perturbation
on the structure and hydrophobicity of one or more of the
twenty genetically encoded residues, and thus allow for con-
servative substitution. p-Cyanophenyalanine (p-cyanoPhe) ap-
pears to meet all of these requirements.” Its fluorescence
quantum yield is very sensitive to solvent interactions and is
decreased significantly in a hydrophobic environment com-
pared to its value in water; this makes it a sensitive probe of
the local environment. Importantly, it has a blue-shifted ab-
sorption band, which allows its fluorescence to be selectively
excited in the presence of Tyr or Trp. The cyano group is a hy-
drogen-bond acceptor, but it has the very desirable feature
that it is readily accommodated in the hydrophobic core of
proteins since its polarity is intermediate between that of an
amide and a methylene.” It is also considerably smaller than
Trp, which makes it a very conservative replacement for either
Phe or Tyr.

In the present work we demonstrate the use of p-cyanoPhe
fluorescence to probe amyloid formation using islet amyloid
polypeptide (IAPP, amylin) as a test case. IAPP is responsible
for the formation of pancreatic islet amyloid in type 2 diabetes.
Islet amyloid formation plays a role in the pathology of the dis-
ease by killing pancreatic f3 cells, and contributing to the loss
of B cell mass and the decline in insulin secretion.” IAPP is
37 residues in length, contains a disulfide bond that links resi-
dues 2 and 7, and has an amidated C terminus. It does not
contain Trp, but does have two Phe residues at positions 15
and 23 and a single Tyr at its C terminus. We replaced Tyr37
with p-cyanoPhe. The peptide is denoted hIAPP-Y37F._y. The
sequence of the wild-type human peptide—denoted here
hIAPP—is:

KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY

In vitro assays of amyloid formation often involve solubilizing
the peptide of interest in a fluorinated alcohol, typically hexa-
fluoroisopropanol (HFIP). The fibrillization reaction is initiated
by diluting the stock solution in aqueous buffer. p-CyanoPhe
fluorescence is sensitive to the hydrogen-bonding properties
and polarity of the solvent, thus it is important to test whether
or not this protocol significantly affects its fluorescence. We
prepared a small, soluble p-cyanoPhe containing peptide (Gly-
Phe._y-Ala-Ala) for the control studies. The fluorescence inten-
sity was the same in water, 2% HFIP, and was very similar in
100% HFIP; this indicates that there are no problems associat-
ed with standard fibrillization protocols. 4-CyanoPhe fluores-
cence is quenched by chloride ions and many biological buf-
fers are made from chloride salts, thus we tested if Tris-HCI
(20 mm) significantly affected the fluorescence. The fluores-
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cence intensity was reduced by approximately 30%. This does
not present any significant problems since the fluorescence of
4-cyanoPhe will decrease much more if it is buried in a hydro-
phobic environment.

We next compared the time course of amyloid formation for
wild-type peptide and hIAPP-Y37F._y in order to test if the re-
placement of the phenolic OH group by a cyano group had a
significant effect. Standard thioflavin T kinetic assays demon-
strated that the time course of fibril formation by wild-type
hIAPP and hIAPP-Y37F._y are essentially identical. Quantitative
analysis of the data shows that the ts, times (the time for the
reaction to reach 50% of the maximum fluorescence) are virtu-
ally the same: (960+60) s for wild-type peptide and (1130t
100) s for hIAPP-Y37F._y. The time of the growth phases, here
defined as the time required to go from 10 to 90% of the max-
imum fluorescence, was (208 £13) s for the wild-type peptide
and (247 +12) s for the variant. The final values of thioflavin T
fluorescence were identical. The observation of identical values
of thioflavin T fluorescence at the end of the reaction suggests
that the p-cyanoPhe substitution does not significantly affect
the morphology of the fibrils. This was confirmed by transmis-
sion electron microscopy (TEM). TEM images of hIAPP and
hIAPP-Y37F._, were indistinguishable (Figure 1). CD spectra of
hIAPP and hIAPP-Y37F._, were also identical (see the Support-
ing Information). The kinetic, spectroscopic, and TEM studies
all demonstrate that p-cyanoPhe substitution for Tyr is indeed
very conservative.

Having confirmed that hIAPP-Y37F._, forms amyloid depos-
its that are similar to the wild-type peptide, we turned to ki-
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Figure 1. A) Comparison of the time course for thioflavin T fluorescence for
wild-type hIAPP (@) and hIAPP-Y37F._y (0). The data were normalized on
a scale from 0.0 to 1.0. TEM images of the fibrils formed by B) wild-type
human IAPP, and C) the Y37F._, variant; scale bar represents 100 nm. Ex-
periments were performed in 2% HFIP, 20 mm Tris-HCl, pH 7.4.
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netic investigations using p-cyanoPhe fluorescence. There is a
large change in fluorescence between the soluble form of the
peptide and the fibril form (Figure 2). Figure 3 compares the
time course monitored by using p-cyanoPhe fluorescence to

6x10° -
5x10°
4x10°
3x10%4

2x10°4

Fluorescence/a.u.

1x10°

0x10° 4

Figure 2. p-CyanoPhe fluorescence emission spectra of hIAPP-Y37F._, at the
start of the fibrillization reaction (@) and at the end of the reaction (0). Ex-
periments were performed in 2% HFIP, 20 mwm Tris-HCl, pH 7.4.

Intensity/a.u.

2000

3000

Figure 3. Comparison of the time course of thioflavin T fluorescence (e) at
480 nm and p-cyanoPhe fluorescence (0) at 296 nm for hIAPP-Y37F._ at

pH 7.4, 25°C. The data were normalized so that the total signal change is
displayed on a scale of 0.0 to 1.0. The molecular representation of 4-cyano-
Phe is shown as an insert. Non-normalized data are included in the Support-
ing Information.

the time course monitored by using thioflavin T fluorescence.
The same stock solution and the same cuvette were used for
both measurements. This is important because the time course
of amyloid formation is sensitive to the shape of the cuvette
and volume of solution used. The ability to conduct experi-
ments under absolutely identical conditions by using the same
instrument is a key advantage. The plot of thioflavin T fluores-
cence versus time showed the characteristic sigmoidal curve
observed in studies of amyloid formation. The time course of
p-cyanoPhe fluorescence was identical to that observed in the
thioflavin T experiment. The midpoints (t5,) of the two experi-
ments were identical: (1100 £ 100) s as determined by p-cyano-
Phe fluorescence and (1130+100) s from thioflavin T fluores-
cence. Likewise, the times of the growth period determined by
the two methods were the same: (248+12) s as determined
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by p-cyanoPhe fluorescence and (247 +12) s from thioflavin T
fluorescence.

The experimental results demonstrate the utility of p-cyano-
Phe fluorescence as a probe of IAPP fibrillization, and impor-
tantly, provide new insight into amyloid formation by IAPP. The
data here show that burial of the C-terminal aromatic side
chain does not occur during the lag phase, but rather occurs
concomitantly with fibril assembly during the growth phase.
Tyr-Phe fluorescence energy transfer studies have been inter-
preted to indicate that hIAPP forms a collapsed conformation
during the lag phase.® Our results demonstrate that the C-ter-
minal residue is buried on the same time scale as fibril forma-
tion; this rules out prefibrillar intermediates in which the C-ter-
minal side chain is buried. The data presented here also show
that the C-terminal side chain is partially sequestered from sol-
vent. This offers an explanation for the apparent elevated pK,
for Tyr37 in the fibril.®

A number of important amyloidogenic polypeptides contain
Phe and/or Tyr, but lack Trp. These include AB;_s, APi_s calci-
tonin, insulin, and a-synuclein. Thus, p-cyanoPhe substitutions
are expected to be a generally useful approach to probe amy-
loid formation, especially considering that the derivative can
be readily incorporated into proteins by chemical synthesis or
by recombinant methods.®? The IAPP analogue described
here should be a useful reagent for studies of fibrillization in-
hibitors since it avoids the problems associated with the use of
extrinsic probes.'

Experimental Section

Wild-type hIAPP, hIAPP-Y37F._, and the Gly-Phe._\-Ala-Ala tetra-
peptide were synthesized as described." The disulfide bond in
IAPP was formed by using DMSO-based oxidation."" Fmoc-4-cya-
noPhe was obtained from NovaBiochem. Peptides were purified by
reverse phase HPLC and the identities confirmed by MALDI mass
spectroscopy.

Thioflavin T fluorescence experiments were performed as de-
scribed."™ p-CyanoPhe was excited at 240 nm and fluorescence
was detected at 296 nm with slit widths of 10 nm by using an
Applied Photon Technologies fluorimeter. Stock solutions of hIAPP
in HFIP (1.58 mm) were prepared as described." Fibrillization re-
actions were initiated by diluting the stock 50-fold in buffered
(20 mm Tris-HCl, pH 7.4) aqueous solution. Final conditions were
hIAPP (32 um), Tris-HCI (20 mm, pH 7.4), HFIP (2%), and thioflavin T
(32 um), when present.

TEM was performed at the University Microscopy Imaging Center
(State University of New York, Stony Brook). Samples (4 pL) from
the wild-type and hIAPP-Y37F._y reaction solutions were placed
on a carbon-coated 300-mesh copper grid and negatively stained
with saturated uranyl acetate.

Far-UV CD experiments were performed at 25°C by using an
Aviv 62A DS CD spectrophotometer. For far-UV CD wavelength
scans, an aliquot from the peptide stock was diluted into Tris-HCl
buffer (20 mm, pH7.4). The final peptide concentration was
0.1 mgmL™". The spectrum is the average of three experiments in
a 0.1 cm quartz cuvette, which were recorded over a range of 190-
250 nm, at 1 nm intervals with an averaging time of 3 s per scan. A
background spectrum was subtracted from the collected data.
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Dehydrophenylalanine (APhe) as a [ Breaker: Extended Structure
Terminated by a APhe-Induced Turn in the Pentapeptide Boc-Phe1-Ala2-

lle3-APhe4-Ala5-OMe

Madhvi Gupta,”” Rudresh Acharya,™ Aseem Mishra,”” Suryanarayanarao Ramakumar,” Faizan Ahmed," and

Virander Singh Chauhan*®

Amyloid is a highly insoluble, aggregated state of certain poly-
peptide sequences associated with a range of debilitating dis-
eases. A key step in amyloid formation is the transition of a
protein from its native structure to a -sheet arrangement; this
suggests that the prevention of the ability of amyloidogenic
proteins to adopt a -sheet conformation would be useful as a
way to impede the amyloid self-assembly process. The use of
[p-breaker residues is one approach for the development of
peptide-based fibrillization-inhibiting drugs. Soto et al. demon-
strated that the incorporation of 3-sheet-breaker elements into
short peptides composed of the recognition sequence of the
amyloidogenic proteins inhibited amyloid formation.'“? In this
context, [3-sheet-breaker residues, such as proline and a-ami-
noisobutyric acid (Aib), which is an unnatural amino acid resi-
due, have been found to inhibit amyloid fibril formation.?*-<
o,-Dehydrophenylalanine (APhe) is an analogue of phenyla-
lanine, but it has a double bond between the Ca=Cf} atoms,
which leads to an extended conjugation with the ; electrons
of the ring; this makes APhe a planar residue. APhe induces
B turns in short peptides (even as short as tripeptides) and
3,0 helices in long peptides.®*® In this regard APhe and Aib
show similar conformational behavior.?“*¥ The potential of Aib
as a B-sheet-breaker residue is already known.?*? Thus, the
present study is an endeavor to explore the potential of APhe
as a B-sheet-breaker residue. Earlier studies from our laboratory
have shown that the incorporation of APhe along with pro-
tein-coded helix-forming residues induces 3, helical struc-
tures.’® In this study, a peptide, Boc-Phel-Ala2-lle3-APhe4-
Ala5-OMe (1), which contains two f-strand-preferring amino
acids (Phe1, lle3)," was synthesized, and its molecular confor-
mation was studied by using X-ray crystallography (Figure 1).
Table S1 in the Supporting Information shows the crystallo-
graphic details of the peptide. The stretch, Phe1-Ala2-lle3, has
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Figure 1. The molecular conformation of peptide 1 (Boc-FAIAFA-OMe).

an extended (f strand) conformation, and has average ¢y
values of (—125° 114°). By assuming a helical conformation,
however, APhe4 terminated strand propagation. The important
torsion angles for the peptide are shown in Table S2. The tert-
butoxycarbonyl (Boc) group conformation is characterized by
C1-01-C5-N1 (0") and O1-C5-N1-C1A (w,) torsion angles. It is
generally noted that Boc groups with a trans-trans conforma-
tion permit the carbonyl oxygen O2 to act as an acceptor for
the first 4—1 hydrogen bond in helical peptides.”’ In the pres-
ent peptide, Boc has a trans—trans conformation (0'=—176.1
(3)°, w,=—166.9 (3)°), and 02 is involved in a N—H--O intermo-
lecular hydrogen bond with a symmetry-related parallel strand
in the crystal lattice. All the peptide units are in the trans con-
formation (Table S2). As expected, the APhe4 side chain is
planar, as indicated by the angles y'=-5° and y*=-24°
(Table S3). It is noteworthy that chain termination and turn for-
mation occur together with the presence of C—H--O hydrogen
bond between atoms Cy2 of lle3 and carbonyl oxygen of Ala5
(Table S3). In the crystal packing, B strands are arranged both
in parallel and antiparallel orientations (Figure 2A and B). The
 strands extend approximately along the crystallographic
c axis. Parallel (3 strands are related by translation symmetry
along the crystallographic a axis and they define f sheets in
the a-c plane, which are stabilized by a network of interstrand
N—H--O and Co—H--O hydrogen bonds (Figure 3). The pattern
of interstrand hydrogen bonds is similar to that seen between
parallel B strands in proteins.” Antiparallel strands are related
to each other by a 2, screw axis along the b direction, and
they are stabilized mainly through aromatic-aromatic and van
der Waals interactions. (The results of a search carried out in
the PDB database for proteins that contain side-chain to main-
chain hydrogen bonds, similar to the arrangement seen in the
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B)

0 c

Figure 2. A) Parallel and B) antiparallel orientation of f§ strands in the crystal
packing of peptide 1.

Figure 3. The network of N—H--O and Ca—H--O hydrogen bonds between
parallel 3 strands in the crystal packing of peptide 1.

present pentapeptide, is shown in Table S4.) The present pep-
tide provides the first example of an extended structure that is
terminated by a APhe residue; this led us to design peptide-
based inhibitors of amyloid-fibril formation.

Alzheimer’s disease is the most common form of dementia
and is associated with the deposition of senile plaques that are
formed by the aggregation of B-amyloid polypeptide (39-
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42)72" Through peptide array technology, a central region
(AP1s_20) that mediates intermolecular interactions between
APB1_40 (AP) monomers to form amyloid fibrils, has been identi-
fied."? Short synthetic peptides that contain B-sheet-breaker
residues have been shown to inhibit AB-induced fibrilliza-
tion."“*’d |n this context, the specific role of APhe as a P-
sheet-breaker residue was investigated by incorporating it in
the 16-20 segment of the AP sequence. Three peptides,
AcKLVFFNH, (2; AP0 With N- and C-terminal acetylation and
amidation), AcKLAFVFNH, (3), and AcKLVAFFNH, (4), were syn-
thesized by using SPPS chemistry. The synthetic peptides were
purified by using RP-HPLC and characterized by using mass
spectrometry and CD spectroscopy. Their amyloidogenic
nature was determined by using transmission electron micro-
scopy (TEM). We wanted to establish if the designed peptides
would inhibit fibrillization of the Ap peptide. We first examined
whether the peptides (Af, 2, 3, and 4) would form fibrils spon-
taneously by using TEM (Figure 4). As expected, A} demon-
strated amyloid-like, long, unbranched fibrils whereas 2 dem-

Figure 4. Electron micrographs of peptides Af, 2, 3, 4 alone, and Af incu-
bated with peptides 2, 3, and 4 separately.

onstrated fibrils, but with a reduced density compared to A
alone.® Peptide 3 did not demonstrate any fibrillar material. In
peptide 4, although no fibrils were seen, a few ribbon-like
structures were noticed. There was no change in the appear-
ance of the electron micrographs of the peptides even after
long periods of incubation (up to one month). The addition of
peptides 2, 3, and 4 to AP had a dramatic effect on the mor-
phology of AP fibrillar aggregates. Incubation of A with 2
reduced the density of fibrils.”! The fibrils were completely
absent after incubation of Ap with 3. Incubation of preformed
Ap fibrils with peptide 3 led to complete disintegration of the
fibril structure (data not shown). These results indicate that 3
can be a potent fibrillogenesis inhibitor, and might have a
more potent antifibrillizing activity than the native peptide 2.
After incubation of AP} with peptide 4, the fibrils were less
numerous and more thread-like; this suggests that 4 can also
partially prevent fibrillization.

CD spectra of the peptides were acquired in trifluoroethanol
(TFE; Figure 5). Peptide 2 displayed a relatively strong negative
band near 200 nm that was accompanied by a weak negative
band or shoulder at ~223 nm. This type of CD curve (class U
spectrum) is generally characteristic of aperiodic conformers.”
The CD spectrum of peptide 3 revealed a positive band at
~195 nm and two minima at ~228 and ~205 nm; the CD spec-
trum of peptide 4 revealed a positive band at ~195 nm and
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Figure 5. CD spectra of peptides 2, 3, and 4 in trifluoroethanol.

two minima at ~228 and ~210 nm. This type of spectrum is
suggestive of 3;4-helical structure. The CD studies are sugges-
tive of helical structures for peptides 3 and 4. In this regard,
Aib-containing helical peptides have been shown to not only
disrupt B-sheet structures in a large number of peptides, but
also inhibit fibrillization.?*

The work by Soto etal. has demonstrated the remarkable
potential of pentapeptide, LPFFD, in inhibiting fibrils formed
by AB(1-40) and (1-42); LPFFD exhibits high solubility, and low
immunogenicity."”? However, one major drawback with the use
of peptides as drugs in neurological diseases is their rapid me-
tabolism by proteolytic enzymes.'%*® The ability of APhe-con-
taining peptides to resist enzymatic (chymotrypsin) degrada-
tion has been shown by using RP-HPLC, in which a single
intact peak of similar intensity was seen before and after incu-
bation of peptides 3 and 4 with the enzyme (data not shown).
In this context, the stability of APhe residue to enzymatic deg-
radation could be an added advantage." Moreover, the po-
tential of APhe residue to control not only A amyloid aggre-
gation but also inhibit amyloid formation by other polypep-
tides (hIAPP) has been observed (unpublished results). Taken
together, these results suggest a new strategy for the develop-
ment of amyloid-formation inhibitors by using APhe as a f3-
breaker residue. This finding might be of relevance to chemists
and biochemists in designing peptide-based antifibrillization
drugs that are resistant to enzymatic degradation in vivo.

Experimental Section

Peptide synthesis: Pentapeptide 1 was synthesized by standard
solution-phase procedures by using Boc chemistry. Amino acid
couplings were performed by using the mixed-anhydride method.
Trifluoroacetic acid (TFA) was used to remove the N-terminal Boc
group in the peptide fragments. The dehydration of p,L-3-phenyl-
serine was carried out by using fused NaOAc and Ac,O to obtain
the APhe moiety. All reactions were monitored by thin layer chro-
matography (TLC) on precoated silica plates by using a CHCly/
MeOH (9:1).

ChemBioChem 2008, 9, 1375-1378
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Boc-lle-(f-OH)-Phe-OH: N-methylmorpholine (2.62 mL, 20 mmol)
and IBCF (2.78 mL; 20 mmol) were added to a precooled solution
(—20°C) of Boc-lle-OH (4.62 g, 20 mmol) in THF (30 mL). After
being stirred for 30 min, a precooled solution of b,L-Phe-(3-OH)
(3.982 g, 22 mmol), NaOH (0.88 g, 22 mmol), and H,O (30 mL) was
added, and the mixture was stirred at 0°C for 1 h, and at room
temperature, overnight. The organic solvent was removed under
reduced pressure and the aqueous phase was acidified with citric
acid to pH 3.0 and extracted with EtOAc (3x15 mL). The EtOAc
layer was washed with H,O, dried over anhydrous Na,SO, and
evaporated to yield a cream-colored, powdery compound; yield:
6.9 g (88%), R;=0.3, m.p. 85°C.

Boc-lle-APhe-azlactone: Boc-lle-(3-OH)-Phe-OH (5.91 g; 15 mmol)
was treated with anhydrous NaOAc (1.599 g, 19.5 mmol) and fresh-
ly distilled Ac,0 (30 mL) for 36 h at room temperature. The mixture
was poured over crushed ice; the resultant precipitate was washed
with cold H,O and finally recrystallized from acetone/H,0; vyield:
6.3 g (88%), R;=0.6, m.p. 95°C.

Fmoc-Val/Leu-APhe-azlactone: This was synthesized by using a
similar method as described above.

Fmoc-Val-(3-OH)-Phe-OH: Yield: 9.17g (20 mmol; 91.4%), R=
0.30, m.p. 72-74°C.

Fmoc-Val-APhe-azlactone: Yield: 4.33 g (10 mmol; 93 %), R;=0.95,
m.p. 102-104°C.

Fmoc-Leu-(-OH)-Phe-OH: Yield: 9.8 g (20 mmol; 95%), R;=0.36,
m.p. 82-84°C.

Fmoc-Leu-APhe-azlactone: Yield: 4569 (10 mmol; 95%), R=
0.82, m.p. 164-166°C.

Synthesis of peptide 1: The tripeptide Boc-lle-APhe-Ala-OMe was
first synthesized. Ala-OMe-HCl (2.196 g, 15.8 mmol) was added to a
solution of Boc-lle-APhe-Azl (5.656 g, 15.8 mmol) in CH,Cl, (20 mL),
then Et;N (2.15 mL, 15.8 mmol) was added, and the mixture was
stirred at room temperature for 30 h. The solvent was removed
under reduced pressure, and the aqueous phase was washed once
with EtOAc and acidified with solid citric acid. The EtOAc layer was
washed with H,0, dried over anhydrous Na,SO,, and evaporated to
yield the desired product. The tripeptide Boc-lle-APhe-Ala-OMe
was deprotected at its N terminus by using a mixture of TFA in
CH,Cl, (1:1, v/v) at room temperature for 30 min. Excess acid was
removed in vacuo, and the residue was triturated with dry Et,0
and filtered. Dicyclohexylcarbodiimide (DCC) (0.42 g, 2.1 mmol) and
1-hydroxybenzotriazole (HOBT) (0.33 g, 2.1 mmol) were added to a
precooled solution of Boc-Ala-OH (0.397 g, 2.1 mmol) in DMF
(20 mL), and the mixture stirred for 30 min. The trifluoroacetate
salt of the tripeptide in DMF and Et;N (0.28 mL) was added, and
the mixture was stirred at room temperature for 16 h. The precipi-
tated dicyclohexylurea was filtered off, and the solvent was re-
moved in vacuo. The reaction was worked up as above to yield
the tetrapeptide Boc-Ala-lle-APhe-Ala-OMe. The Boc group of the
tetrapeptide was deprotected by using TFA in CH,Cl,, and the de-
protected peptide was coupled with Boc-Phe-OH by using DCC
and HOBT as above, to finally yield the cream-colored Boc-Phe-Ala-
lle-APhe-Ala-OMe. The pentapeptide was purified by RP-HPLC with
a Waters C18 column (300 mmx3.9 mm) by using a MeOH/H,0O
gradient; yield: 700mg (80%), R;=0.81 (CHCl;/MeOH, 9:1), m.p.
165°C (from MeOH). Peptide identity was confirmed with ES-MS;
m/z calcd for C34H,oNsOq: 679; found: 702 [M+Na] ™.

Synthesis of peptides 2, 3, and 4: Fmoc-protected amino acids
(Fmoc: 9-flourenylmethyoxycarbonyl) for solid-phase peptide syn-
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thesis were obtained from Novabiochem (India). The three penta-
peptides were synthesized manually on a 0.5 mmol scale. Fmoc-
rinkamide p-methylbenzhydrylamine (MBHA) resin (0.5 mmolg™")
was used to afford the C-terminal primary amides. Couplings were
performed by using carbodiimide. Solution-phase methodology
was used to introduce the APhe residue in the pentapeptides as a
dipeptide block by dehydration of Fmoc-aa-b,L-threo-f3-phenylser-
ine (where aa is either valine or leucine) by using fused NaOAc and
freshly distilled Ac,O as reported earlier. Fmoc deprotection was
performed with piperidine (20% in DMF). After the addition of the
final residue, the N terminus was acetyl capped, and the resin was
rinsed with DMF/CH,Cl,/MeOH, and then dried. The final peptide
deprotection and cleavage from the resin was achieved with TFA/
H,O/TIS 95:2.5:2.5 (10 mL) for 2 h. The resin was filtered and the fil-
trate was concentrated, after which the crude peptides were pre-
cipitated with cold diethyl ether. The supernatant was decanted,
and the crude peptides were suspended in H,0 with a minimal
amount of acetonitrile (ACN), then frozen and lyophilized to dry-
ness. The crude peptides were purified by reverse-phase HPLC by
using a TFA (0.1%) in H,O/ACN on a Waters Deltapak C18
(19 mmx300 mm). A linear gradient of ACN from 5 to 80% over
80 min at a flow rate of 6 mLmin~" was used. Physical characteriza-
tion of the synthesized peptides was as follows: 2: yield: 325 mg
(94%), m.p. 170-175°C, tz 54 min, m/z 693.5 Da; 3: yield: 304 mg
(889%), m.p. 180-185°C, t; 57 min, m/z 691.2 Da; 4: yield: 307 mg
(899%), m.p. 189-194°C, t; 57 min, m/z 691.3 Da.

X-ray crystallography: The purified peptide was crystallized from
MeOH by using the slow evaporation method over a period of
three months. The X-ray diffraction data were collected by using a
Bruker APEX CCD diffractometer equipped with Mo-K, radiation.
The structure was solved by using the direct method employed in
the SHELXS 97 program. The refinement of the structure was car-
ried out by using full-matrix least-squares refinement on F2 imple-
mented in SHELXL 97 software.

Transmission electron microscopy: The synthetic AP, was dis-
solved in H,O prior to dissolution in PBS buffer (Af} has low solubil-
ity in buffers) to produce a 0.5 mm stock solution. Lyophilized pep-
tide ligands were dissolved in 100% hexafluoroisopropanol (HFIP)
at a concentration of 100 mm. To avoid preaggregation, fresh stock
solutions were prepared for each experiment. Peptide stock solu-
tions were diluted with PBS to a final concentration of 10 mm. The
AP peptide sample was incubated either with or without peptide
ligands for 10 days at room temperature. A sample (10 mL) was
placed on a 400-mesh copper grid covered with carbon-stabilized
formvar film. After 1 min, the excess fluid was removed and the
grid was negatively stained by treatment with 2% uranyl acetate
in H,0 for 2 min.

Circular dichroism studies: The spectra were acquired between
190-330 nm (0.1 cm cell, peptide concentration ~100 mm) at
0.1 nm intervals with a time constant of 4s and a scan speed of
200 nmmin~', and averaged over six separate scans. The spectra
were baseline corrected and smoothed. The peptide concentration

was determined by using the molar extinction coefficient of APhe
(~19000 M~'em™).
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Contribution of Fluorophores to Protein Kinase C FRET Probe Performance

Christiane A. Jost,”™ Gregor Reither,”” Carsten Hoffmann,”™ and Carsten Schultz*®

Intracellular signaling is frequently monitored by using fluores-
cent molecules, especially when high temporal and spatial res-
olution is required.""? The various designs include simple
fusion proteins that translocate from the membrane to the
cytosol or vice versa,®™ sensors that change in fluorescence
intensity after binding to a ligand,’ or probes with two fluoro-
phores that exhibit Forster resonance energy transfer
(FRET).27® The last kind can be used for ratiometric imaging,
which has the advantage of being fairly independent of probe
concentration.”) Many FRET probes consist of a construct with
two genetically encoded fluorescent proteins, most often ECFP
and EYFP"*"! All naturally occurring fluorescent proteins have
the tendency to oligomerize, with varying affinities and distinct
stoichiometry. Concern has been raised that this characteristic
could negatively influence probe performance.® Fluorescent
proteins from the Aequorea family, including CFP and YFP, have
been widely used in probe design, because of their relatively
low tendency to dimerize. Introduction of a single point muta-
tion, A206K, renders these fluorescent proteins monomeric
while retaining the same photophysical properties, thus
making them ideal for use in many biological applications."”
Alternatively, extensive modifications of the originally tetramer-
ic Discosoma sp. red fluorescent protein DsRed have generated
a number of monomeric proteins fluorescing in the red area of
the optical spectrum.l'®'?

Recently, we developed two FRET probes, KCP-1 and KCP-2,
for monitoring protein kinase C activities in living cells. Both
are based on a pleckstrin fragment sandwiched between two
fluorescent proteins, GFP? and EYFP.?*?" The probes comprise
a N-terminal pleckstrin homology domain (PH1) linked to a
DEP domain by a PKC-sensitive substrate loop and a C-terminal
linker region (KCP-1: aa 1-239; KCP-2: aa 1-221; Figure 1A). In
in vivo measurements, the EYFP/GFP? emission ratio is fol-
lowed over time. The longer construct, KCP-1, responds to
phosphorylation by protein kinase C with an increase in emis-
sion ratio of about 10-15% which is fully reversible by adding
the PKC inhibitor G66983 (Figure 1B). Mutants in which all
PKC-sensitive phosphorylation sites "Ser, "*Thr, and 'Ser
were replaced by alanine residues were nonresponsive.”” The
shorter version, KCP-2, lacking the C-terminal linker region, dis-
plays a decrease in emission ratio of 15% upon PKC activation.
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The dimerization constant of the two fluorophores in solution
is expected to be around 110 um."” Intramolecularly, the effec-
tive concentration of fluorophores is much higher and dimeri-
zation is more relevant. It was previously shown that the use
of monomeric fluorescent proteins resulted in improved FRET
probe performance, for example for monitoring mechanotrans-
duction with a Src sensor.”? However, in other cases, the dime-
rization of fluorophores might be beneficial, as was shown for
the protease sensor CLY9.”' Therefore in this work, we ex-
plored the effect of dimerization on PKC probe performance.

We first equipped both constructs, KCP-1 and KCP-2, with
nondimerizing fluorophores by introducing an A206K muta-
tion. The fluorescent proteins carrying the mutation were
named mGFP? or mYFP” respectively. Surprisingly, mutants
carrying A206K mutations in both or only one fluorescent
protein were close to nonresponsive. As depicted in Figure 1B,
the original KCP-1 probe showed an increase of emission ratio
whereas the original KCP-2 probe responded with a decrease
in emission ratio upon PKC stimulation by a phorbol ester
(PMA). Nondimerizing KCP-1, however, resembled KCP-2 in its
response pattern, albeit with a smaller amplitude. Monomeric
sensors based on KCP-2 did not change the direction of the
signal, but gave a much weaker signal than the original KCP-2
probe (Figure 1B). These observations were independent of
which of the fluorescent proteins (or both) was monomeric. In
addition, when the monomeric fluorescent proteins mOrange
and mCherry"™ were used, no significant FRET change was
observed in either the KCP-1 or KCP-2 constructs (Figure 1C).
These results suggest that fluorophore dimerization significant-
ly contributes to probe performance of KCP-1 and KCP-2. The
mOrange/mCherry FRET pairs exhibited low starting FRET (Fig-
ure S1C), which probably further prevents significant ratio
changes by this FRET pair.

By performing acceptor photobleaching experiments in
living cells,”” we confirmed that KCP-1 has higher FRET effi-
ciency after phosphorylation (27 %). Before this event, FRET is
reduced to the level of nondimerizing fluorophores (17%;
Figure 2). Original KCP-2 gave higher starting FRET efficiencies
than after phosphorylation or in its monomeric versions, likely
due to initial dimerization of the fluorophores. The original di-
merizing KCP-2 has a FRET efficiency of 28%, which decreases
to 17 % after phosphorylation. Monomeric constructs of KCP-2
exhibited FRET levels of 19-20% and no significant change fol-
lowing phosphorylation. This corresponds well with the idea of
a sensor molecule in which fluorophore dimerization serves as
a clamp pulling both ends of the molecule together. Phosphor-
ylation breaks the pulling force and the fluorophores separate
from each other leading to a decrease in FRET (Figure 3C). In
KCP-1, however, the fluorophores are initially unable to dimer-
ize in a fashion favorable for FRET (see below). Only after phos-
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Figure 1. A) Scheme of the PKC-sensitive FRET probes KCP-1 and KCP-2. In both probes, the dimerizing fluoro-
phores, EYFP and GFP? were replaced by monomeric mutants by introducing a single A206K mutation (mY and
mG?, respectively) and compared to the original probes in live cell imaging experiments. B) Experiments were per-
formed in N1E cells on a Zeiss/Visitron widefield microscope. PKC activity was stimulated by addition of PMA and
inhibited by addition of G66983 10 min later, as indicated. The EYFP/GFP? emission ratio of different probes was
plotted against time. Probes unable to dimerize showed very little FRET changes. C) In similar experiments, sensors
with EYFP replacing mCherry and EGFP? replacing mOrange, were compared to KCP-1 and KCP-2. Both constructs
showed no change in FRET, probably due to a lack of fluorophore dimerization and/or the small FRET efficiency
(Figure S1). These experiments were performed in Hela cells on a Leica SP2 AOBS confocal microscope. Each
graph is an average of at least ten cells from at least three independent experiments.
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Figure 2. Comparison of FRET efficiencies of KCP-1 and KCP-2 and their mon-
omeric or partially monomeric constructs, as measured by acceptor photo-
bleaching. FRET efficiencies were compared in at least ten different untreat-
ed or PMA-stimulated Hela cells and subsequently fixed. mY indicates the
A206K mutant of EYFP, mG? the same mutant of GFP2

phorylation is steric restriction absent and fluorophore dimeri-
zation possible (Figures 3A and B).
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phores to dimerize, potentially
for steric reasons. Phosphoryla-
tion results in a rearrangement
of the DEP-PH interaction, per-
mitting the fluorophores to
adapt a proximal position that
permits FRET. For all monomeric
KCP-1 molecules the starting
FRET levels are similar to the
original probe but lack the FRET
increase upon phosphorylation,
because in this case the struc-
ture is entirely opened. The stretching of the substrate linker
then leads to a slight decrease in FRET. This explains why fluo-
rophore dimerization is essential for the performance of KCP-1.
We favor the second model because preliminary NMR data of
the nonphosphorylated DEP-PH construct without fluoro-
phores show a closed conformation (Simon, Stier, Sattler, un-
published results). This would be in opposition to model A.

It appears that removal of the C-terminal amino acid se-
quence 222-239 (the difference between KCP-1 and KCP-2)
will avoid the steric hindrance and thus permit initial fluoro-
phore dimerization (Figure 3C). The difference likely relates to
the fact that in KCP-2 the PH-DEP domain interaction is pre-
vented because several amino acids at the Cterminus of the
DEP domain fold (aa222-229) are missing. The presence of
these residues may place the C-terminal YFP domain in a dif-
ferent position in KCP-1 compared to KCP-2.2>2

In summary, KCP-1 appears to have a mechanism of action
opposite to that of KCP-2. Both sensor actions rely mainly on
the dimerization of fluorophores and the concomitant confor-
mational changes (Figure 3B) or the opening and closing of
the structure (Figure 3C). KCP-1 action is governed by an addi-
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Figure 3. Proposed mechanisms of action of KCP-1 and KCP-2. For KCP-1 two models are
conceivable: A) Two interactions are crucial for the mechanism of action, the dimeriza-
tion of the genetically encoded fluorophores and an interaction between the PH and
DEP domains of the pleckstrin. Only upon phosphorylation, is the PH-DEP interaction ef-
ficient enough to permit dimerization and an increase in FRET. B) Alternatively, there is in-
itially close interaction between the PH and DEP domains but in the nonphosphorylated
state the adopted conformation prevents parallel fluorophore dimerization resulting in a
lower starting FRET efficiency. Phosphorylation leads to intramolecular rearrangement
and an increase in FRET efficiency. C) The model for KCP-2: The compromised DEP do-
main (DEPA) permits parallel fluorophore arrangement, but phosphorylation breaks the
protein—protein interaction and the fluorophores turn further apart, resulting in a de-
crease in FRET. With nondimerizing fluorophores the DEP-PH interaction is too weak to

keep the fluorophores in close proximity.

tional interaction between the PH and DEP domains which ap-
parently leads to an orientation of the fluorophores unfavora-
ble for dimerization, resulting in a lower starting FRET. Phos-
phorylation results in an intramolecular rearrangement, which
then improves the orientation of the transition dipoles of the
fluorophores (Figure 3B). In cases of monomeric fluorophores,
where dimerization is impossible, phosphorylation leads to a
slightly larger separation of fluorophores similar to KCP-2 and
a minor reduction in FRET.

Considering the importance of fluorophore dimerization for
probe performance, the experiments shown above could also
be interpreted as fluorophore interaction between different

ChemBioChem 2008, 9, 1379 - 1384
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probe molecules.”” To determine whether fluoro-

phore dimerization in KCP-1 and KCP-2 happened
intra- or intermolecularly, we designed a set of ex-
periments in which FRET was not possible within a
molecule but only between different probe mole-
cules. In the first experiment, KCP-1 and KCP-2 were
equipped with one nonfluorescent (blinded) mutant
(Y66S) of GFP? or EYFP, respectively (Figure STA). Al-
ternatively, we used homotagged KCP-1 and KCP-2
constructs which contained either two GFP? or two
EYFP molecules (Figure S1B). When co-expressing
both versions of the blinded or the homotagged con-
structs in Hela cells, no FRET change was detectable
after PKC stimulation (Figure 4A and B). Accordingly,
FRET between two probe molecules was not ob-
served in acceptor photobleaching experiments (Fig-
ure S1C). Therefore, contributions by intermolecular
FRET could be excluded.

We wondered whether significantly reducing the
size of the construct would overcome the need for
dimerization and result in a useful sensor independ-
ent of fluorophore dimerization. Shortening of the
construct is difficult because of the rigid domain
structure (Figure 1A) required for responses to phos-
C T phorylation. A solution was to replace one of the
bulky fluorescent proteins with a small molecule dye.
A method providing a small, yet specific tag for pro-
tein labeling is Roger Tsien’s FIAsH technology.”-*¥
FIAsH, a bisarsenite fluorescein derivative, recognizes
and binds specifically to a tetracysteine motif which
can easily be introduced into proteins. We replaced
GFP? with a tetracysteine sequence, FLNCCPGCCMEP,
at the Cterminus of the ECFP-pleckstrin construct
aal1-229 (Figure 5C).” This novel construct is about
the size of KCP-1 without the second fluorescent pro-
tein, contains all amino acids necessary for full DEP
domain folding,”® and is called KCP-F. It was ex-
pressed in various cell lines and labeled with FIAsH-
EDT, following a known protocol.”® KCP-F was ho-
mogeneously expressed in the cytosol and the nu-
cleus similar to KCP-1. Background staining of nonex-
pressing cells was determined to be approximately
6% of intensity compared to specific staining in KCP-
F expressing cells (Figure S4). Stimulation of PKC ac-
tivity with phorbol ester in HEK293 cells resulted in a
decrease in the FRET ratio of about 20%, roughly the same
amount that was observed with KCP-2 (Figure 5A). This result
supports the hypothesis that PH-DEP domain interaction plus
fluorophore dimerization is necessary to yield an increase in
FRET. Introduction of a triple alanine mutation replacing the
PKC-sensitive phosphorylation sites (KCP-F-AAA) showed no
change in the FRET ratio, as expected (Figure S3). KCP-F exhib-
ited substantial FRET efficiencies of 35-45% (Figure 5B) as
could be shown by addition of the thiol-reactive compound
BAL, which released FIAsH from the construct (Figure S2). The
fluorophores seem to be close enough to the Forster radius
(R,) to monitor subtle changes in distances even without the
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Figure 4. To discriminate between inter- and intramolecular FRET, we designed two experiments, in which FRET
can only occur between different molecules, not within the same molecule (see Figure S1 for the experimental
set-up). A) KCP-1 and KCP-2 were modified to code for identical fluorophores at both termini. EYFP-KCP-1-EYFP
and GFP>-KCP-1-GFP? or EYFP-KCP-2-EYFP and GFP?-KCP-2-GFP? were co-transfected into N1E cells and imaged on

equipped with a strong 514 nm
laser for photobleaching and using
the FRET acceptor photobleaching
module provided by the Leica soft-
ware.

a Leica SP2 confocal microscope. Cells were chosen that expressed both individual constructs at the same level.

PKC activity was stimulated as indicated. Original traces from KCP-1 and KCP-2 probes are plotted as controls.
B) In a second experiment, a single Y665 mutation was introduced to either EYFP or GFP% This mutation renders
the fluorophores nonfluorescent. Constructs were co-transfected into HelLa cells with the respective reciprocal
constructs: EYFP-Y665-KCP-1 and GFP2-Y665-KCP-1 or EYFP-Y665-KCP-2 and GFP>-Y66S-KCP-2. Cells were chosen
that expressed both individual constructs to a similar degree and imaged on a Leica SP2 confocal microscope.

PKC activity was stimulated as indicated.

dramatic effect of breaking fluorophore dimers. These results
suggest that FRET in KCP-F is due to the nearness of the ac-
ceptor to the fluorescent protein, made possible by the small
size of one fluorophore. The changes in FRET ratio in KCP-2
and KCP-F both rely on an alteration of the distance between
the two fluorophores: phosphorylation results in a stretching
of the molecule, thereby increasing the distance between both
fluorophores. In KCP-2, however, this effect is only possible
through fluorophore dimerization which serves as a clamp and
increases the difference between the phosphorylated and non-
phosphorylated states. When nondimerizing A206K fluoro-
phores were used, stretching of the molecule is barely detecta-
ble because the two fluorophores are already in a more
random orientation. The size of KCP-F is below 50 kDa, which
will potentially allow observation of its mode of function in
response to phosphorylation using NMR in the future.

It should be mentioned that KCP-F is one of the first FRET
sensors using FIAsH technology.®™® The FIAsH technology
might be generally useful to overcome size problems in FRET
sensors,®" especially when the latter arise from the dimensions
of the fluorescent protein f-barrels. In addition, the develop-
ment of new biarsenical dyes with higher quantum vyield,
better photostability, and new colors will increase the applica-
bility of FIAsH labeling for probe development even further.®?

In conclusion, we have demonstrated that probe perfor-
mance depends on subtle changes in the sensor structure. It
would be interesting to investigate the effect of other structur-
al alterations, such as circulatory permutations, in the future.*®
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First, pictures of the two fluoro-
phores were taken at their excita-
tion maxima (GFP?: 405 nm, EYFP:
514 nm). Subsequently, the accept-
or was bleached at 514 nm until
fluorescence could not be distin-
guished from background. Finally,
images of both fluorophores were
taken again at their excitation maxima. Each picture always consist-
ed of an average of four scans.

Data were analyzed using an ImagelJ plugin that takes the pre- and
postbleaching pictures of the donor, subtracts the background,
and then runs a median filter with two iterations to remove noise.
Finally, the FRET efficiency was calculated as the percentage of the
total excitation energy transferred from donor to acceptor, as mea-
sured by the emitted fluorescence.

FIAsH labeling: FIAsH labeling was performed according to proto-
cols published before.” Transfected cells were grown on cover-
slips for 24-48 h. Cells were washed twice with Hank’s balanced
salt solution (HBSS) containing 1 gL' glucose and incubated with
500 nm FIAsH-EDT, in HBSS and 12.5 um EDT at 37°C for 1 h. After
incubation, cells were washed twice with HBSS and incubated with
HBSS containing 250 um EDT for 10 min. Cells were washed again
twice with HBSS to reduce nonspecific labeling. Cells were kept at
37°C and 5% CO, until imaging. FIAsH binding to the tetracysteine
motif was destroyed by adding 10 mm British-Anti-Lewisite (BAL,
2,3-dimercaptopropanol). Addition of BAL enables determination
of FRET efficiency. FRET efficiency was calculated as the percentage
of the total excitation energy transferred from donor to acceptor,
as measured by the emitted fluorescence. FIAsH was prepared by
A. Schleifenbaum or was purchased as Lumino Green from Invitro-
gen.

Fluorescence microscopy: Cell medium was replaced by HEPES
buffer 1 h prior to the experiments. Cells were kept at 37°C and
5% CO,. Compounds for addition were prepared as 1000x stock
solutions in DMSO or water according to the protocol of the sup-
plier. The compounds were predissolved in 50 uL buffer immedi-
ately before addition.

ChemBioChem 2008, 9, 13791384
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Fluorescence imaging of FIAsH la-
beled probes was performed on a
Zeiss Axiovert 135 inverted micro-
scope equipped with a Zeiss Plan-
Neofluar 100x/1.3 Oil objective at
room temperature. Samples were
excited at 420/20 nm (dichroic
450 nm) with light from a poly-
chrome IV (Till Photonics). The
light source settings were con-
trolled by Till pmc communications
software version 1.0.5. The emis-
sion ratio (FIAsH over ECFP) was
measured with emission filters
480/40 nm (ECFP) and 535/30 nm
(FIAsH), beam splitter dclp 505 nm.
Signals detected by avalanche
photodiodes were digitized using
an AD converter (Digidata1322 A,
Axon Instruments) and stored on a
) PC using Clampex 8.1 software
(Axon Instruments).

mKCP-F

The emission ratio was corrected
O for bleed-through of ECFP into the
FIAsH channel to give a corrected
emission ratio (bleed-through of
FIAsH into the ECFP channel is
negligible). FIAsH emission at
490 nm was determined in order
to subtract direct excitation of
FIAsH.

Figure 5. A protein kinase C FRET probe based on KCP-2 was designed, in which the acceptor fluorescent protein
was replaced by a tetracysteine motif (FLNCCPGCCMEP). The latter was labeled by FIAsH in living cells. CFP or

nondimerizing mCFP served as a donor fluorophore. A) HEK cells were transiently transfected with KCP-2, KCP-F
(CFP-KCP2-FIAsH), or mKCP-F (mCFP-KCP2-FIAsH). PKC activity was stimulated as indicated. The FIAsH/CFP emis-
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sion ratio was plotted against time. B) Comparison of FRET efficiency of KCP-F and mKCP-F: FRET efficiency was

calculated as the percentage of the total excitation energy transferred from donor to acceptor, as measured by
the emitted fluorescence (see Figure S2). C) Proposed function of the FIAsH-based PKC probe KCP-F: Phosphoryla-
tion of the probe by PKC results in stretching of the pleckstrin insert, thereby increasing the distance between

the fluorophores and decreasing the high initial FRET efficiency.

Confocal imaging was performed on a Leica SP2 AOBS system at
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The Wall Teichoic Acid Polymerase TagF Efficiently Synthesizes
Poly(glycerol phosphate) on the TagB Product Lipid Il
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Our understanding of the function of cell-wall teichoic acid
polymerases such as TagF from Bacillus subtilis has been limit-
ed by the tools available for a functional assay. Teichoic acid
polymerase activity has previously been studied by using
crude membrane preparations as a source of substrate(s).
Thus, an understanding of the most basic features of the tei-
choic acid polymerization has eluded characterization. Here we
make use of a soluble synthetic glycolipid to provide the first
demonstration that TagF polymerizes glycerol phosphate di-
rectly on the product of TagB—teichoic acid lipid lll—at a rate
approximately 100 times higher than observed with crude
membrane preparations. Interestingly, polymer length was de-
termined by the ratio of glycolipid acceptor to CDP-glycerol,
implying that polymerization occurs in a distributive manner.
This work provides new insights into the reaction catalyzed by
TagF, a prototypic teichoic acid polymerase.

The bacterial cell wall has been a popular target for the
design of antibacterial agents. Nevertheless, cell wall-active an-
tibiotics have exclusively targeted peptidoglycan synthesis and
thus overlook other cell wall components. In Gram-positive
bacteria, cell wall teichoic acids are a chemically diverse group
of phosphate-rich polymers that are covalently linked to pepti-
doglycan. Wall teichoic acid accounts for up to 60% of the
Gram-positive cell-wall dry weight.!" Indeed, wall teichoic acid
has recently been shown to be essential to the proper rod-
shaped morphology of Bacillus subtilis® and a key virulence
determinant for the human pathogen Staphylococcus
aureus.®¥ Wall teichoic acid synthesis is thus an emerging
target for the development of new cell wall-active antibiotics.

Teichoic acid polymers in B. subtilis 168 consist of repeats of
glycerol phosphate linked through a phosphodiester bond
from the 1-position carbon to the terminal phosphate.”’ The
polymer is covalently attached to the cell wall peptidoglycan
through a disaccharide phosphate “linkage unit” that bridges
the 6-hydroxyl of muramic acid and the poly(glycerol phos-
phate) polymer (Scheme 1A). Collectively, sequence-based
homology analysis of teichoic acid gene clusters, studies of re-
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combinant Tag proteins, and analyses of the chemical structure
of wall teichoic acid have begun to describe the biosynthetic
pathway for wall teichoic acid biogenesis.”’ Synthesis is initiat-
ed on the cytoplasmic face of the membrane on an undecap-
renyl phosphate molecule, through a stepwise addition at the
non-reducing end, of N-acetylglucosamine-1-phosphate (TagO),
N-acetylmannosamine (TagA),”® and a single residue of glycer-
ol phosphate (TagB)"? to produce an undecaprenyl glycolipid
that has been dubbed the teichoic acid linkage unit"” or lipid
Ill, following a more recent naming scheme for teichoic acid in-
termediates proposed by Ginsberg et al. (Scheme 1B)."”’ The re-
maining and still enigmatic functions in teichoic acid synthesis
are the assembly of a complete poly(glycerol phosphate) poly-
mer on lipid lll and its transfer to peptidoglycan. While there
are no candidate genes for the latter transferase activity, tagF
has long been associated with the poly(glycerol phosphate)
polymerase function."'? The TagF protein, however, has no
significant sequence homology to proteins of known function,
and so characterization of the role of this novel protein in
poly(glycerol phosphate) synthesis remains a key landmark in
understanding of teichoic acid biogenesis.

Advancement of the study of cell wall teichoic acid poly-
merases such as TagF has been hindered by a lack of the nec-
essary chemical tools for a functional assay. The association of
TagF to the intracellular face of the membrane bilayer™® along
with the intermediates of teichoic acid biosynthesis has com-
plicated purification of assay components. Previously, mem-
brane preparations were necessary as a source of substrate(s)
to investigate the function of teichoic acid polymerases. Using
this crude substrate source, our laboratory has collected con-
siderable evidence suggesting that the TagF enzyme plays a
role in the formation of the glycerol phosphate polymer.'>'
In that work, we showed that recombinant purified TagF pro-
tein could potentiate the incorporation of a glycerol phos-
phate polymer into B. subtilis membrane preparations when in-
cubated with CDP-glycerol."? While these experiments failed
unequivocally to define the protein and substrate complement
required for teichoic acid polymer synthesis, they were never-
theless consistent with a role for TagF as the poly(glycerol
phosphate) polymerase. Because of the undefined natures of
the substrates, however, we could not rule out other possible
factors in polymer synthesis. TagF may have formed a polymer
of glycerol phosphate directly on lipid Ill or perhaps onto a
separate undecaprenyl phosphate moiety with subsequent
transfer of the polymer to lipid Ill. Similarly, soluble assembly
of a glycerol phosphate polymer before incorporation into a
membrane precursor was also a plausible scenario. The possi-
ble mechanisms of TagF polymerization and incorporation of
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Scheme 1. Reaction catalyzed by TagF. A) Structure of wall teichoic acid
linked to the 6-hydroxyl of muramic acid in peptidoglycan. B) Structure of
TagB product lipid lll. C) Possible mechanisms of polymerization by TagF:

a) polymerization of glycerol phosphate onto an undecaprenyl phosphate
carrier with subsequent addition to lipid lll by an unknown protein, b) direct
polymerization of glycerol phosphate onto the product of TagB, lipid Ill, and
¢) soluble polymerization on a nucleotide activated carrier with subsequent
enzymatic addition to lipid IIl.

glycerol phosphate into a membrane fraction are summarized
in Scheme 1C.

Soluble substrate analogues have been opportune for the
study of cell wall enzymes with substrates that contain isopre-
noid membrane anchors. Peptidoglycan lipid | analogues have
been created to study the glycosyltransferase activity of
MurG,">'® and more recently peptidoglycan lipid Il analogues
have been adapted to a soluble assay of PBP1A transglycosy-
lase activity from Escherichia coli and Aquifex aeolicus."’'®
These molecules have been instrumental in the study of sub-
strate specificity for peptidoglycan glycosyltransferase/poly-
merases. Here we describe the use of a teichoic acid lipid Il
analogue for the study of TagF in a defined assay system.

1386

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In testing the hypothesis that lipid Ill is the sub-
strate for the TagF protein we employed a substrate
analogue in which the Cgs undecaprenyl group of lip-
id lll was substituted with a 13-unit saturated hydro-
carbon. Previous work had shown that this poly-iso-
prenoid mimic significantly increased the solubility of
the glycolipid and maintained the chemical reactivity
of the associated carbohydrate functionality.”®
Figure 1 shows our efforts to test the dependence of
the transfer of glycerol phosphate from CDP-glycerol
to this pseudosubstrate both on time and on TagF
concentration through an HPLC assay that monitors
CMP production. The assay showed a strict linear
time dependence with saturating substrates, and the
rates of TagF-catalyzed glycerol phosphate transfer
were directly proportional to the TagF protein added
to this reaction mixture (Figure 1). Indeed, this rela-
tionship allowed for the estimation of a turnover
number of 27 s™' for TagF with this substrate. This
rate represents a turnover 100 times greater than
that determined previously by use of inverted mem-
brane vesicles (16 min™)" as a crude, undefined
substrate. Furthermore, the experiments here have
employed a chemically defined system containing
only TagF, CDP-glycerol, and a lipid lll analogue, im-
plying that neither accessory membrane components
nor proteins were required for this activity.

To investigate the acceptor specificity of TagF we
have tested a wide variety of acceptor substrates in-
cluding farnesol, farnesyl phosphate, geranylgeranyl
phosphate, glycerol, and glycerol phosphate. Incuba-
tion of TagF and CDP-glycerol with these compounds

140 7 446
120 { £12
z8
'IOO—:)4
s 180
\180 2 0 2 4 6 38
5 [TagF]/ nm —>
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o]
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2 40 -
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Figure 1. Dependence of TagF polymerase activity on time and enzyme con-
centration. TagF activity was assayed by monitoring CMP release from CDP-
glycerol during polymerization. In a reaction mixture containing Tris (pH 7.5,
50 mm) and MgCl, (30 mwm), TagF [2 nm (@), 4 nMm (0), 6 nMm (¥), and 8 nm
(V)] was incubated for 2.5-10 min with CDP-glycerol (1 mm) and lipid Ill

(20 um). Reactions were quenched with urea (4 m). Turnover of CDP-glycerol
to CMP was monitored by absorbance at 271 nm after separation by paired-
ion HPLC. Inset: Derived initial velocities plotted as a function of TagF con-
centration. The calculated turnover from the slope of the regression line was
27 s7'. Reaction rates were linear as a function of time and as a function of
the concentration of the TagF protein.
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did not produce any detectable glycerol phosphate transfer.
We also tested the product of the TagA reaction as a potential
substrate and found no evidence of glycerol phosphate trans-
fer to this substrate by TagF (Figure S3). These data suggest
that TagF has a strict specificity for an acceptor substrate that
has been primed by the addition of a single glycerol phos-
phate residue. Interestingly, this is consistent with the genetic
indispensability of the tagB gene in teichoic acid biosynthe-
sis.?

The suitability of the lipid Il analogue as a substrate for TagF
was further evaluated through the determination of steady-
state Michaelis constants. Figure 2 outlines the dependence of
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Figure 2. Dependence of TagF polymerase initial velocity rates on concentra-
tion of CDP-glycerol and lipid Ill. All reactions were carried out with TagF
(2.5 nm), Tris (pH 7.5, 50 mm) and MgCl, (30 mm). A) The apparent K, for
CDP-glycerol was determined to be 15248 um by plotting of initial rates as
a function of CDP-glycerol concentrations; lipid Il was maintained at the sat-
urating concentration of 20 um, and CDP-glycerol was varied from 25 um to
1000 pm. B) The apparent K, for lipid Ill was determined to be 2.6 +0.2 um
by plotting of initial rates as a function of lipid Ill concentrations. CDP-gly-
cerol was maintained at 400 pm, and lipid Ill was varied from 0.25 um to

32 um. Insets: double reciprocal plots of 1/v versus 1/[S] for each substrate.
All data were fitted by nonlinear least-squares regression to the equation

v =V, [SI/(K,,+I[S]) by use of Sigmaplot 8.0 (SPSS Inc., Chicago, IL).

TagF reaction velocity on the concentrations both of CDP-glyc-
erol and of lipid lll. The apparent K,, of 1524+8 um for CDP-
glycerol (lipid Il fixed at 20 um) was consistent with our pub-
lished observations (K, =340 um) made with recombinant TagF
and crude membrane preparations.'? That the K, value for
CDP-glycerol was largely unchanged in our chemically defined
system provides some comfort that the reaction catalyzed by
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TagF with the lipid lll analogue was comparable to that ob-
served when TagF was assayed with the use of membrane vesi-
cles. Perhaps most importantly, we now have, for the first time,
a sense of the Michaelis parameters for the acceptor lipid Ill.
We determined an apparent K, value for the lipid Il analogue
of 2.6 +£0.2 um (CDP-glycerol fixed at 400 pum), a value 60 times
lower than that of CDP-glycerol. The high specificity constant
for the lipid lll analogue (k,/K,=1.1x10"m's™") is a strong
argument that lipid Ill is indeed the physiological substrate for
TagF. Similarly, these findings suggest that the lipid Il analogue
used in this work is a suitable synthetic pseudosubstrate for
lipid lll. We cannot rule out the possibility that the kinetic pa-
rameters may differ in catalysis of polymer formation on the
membrane-embedded physiological substrate. It has previously
been shown, however, that enzymes involved in teichoic link-
age unit synthesis fractionated with undecaprenyl-linked inter-
mediates in sucrose density centrifugation, while enzymes
involved in the main chain teichoic acid synthesis (TagF) were
not associated with these lipid-tethered molecules."® Hence
enzymes involved in lipid Ill synthesis may be more sensitive
to modification in the lipid region than TagF. For example, the
enzyme TagA showed a preference for longer aliphatic
chains.® Conversely, the undecaprenyl tether of lipid Il and
the peripheral membrane association of TagF likely function to
colocalize enzyme and substrate at the membrane; chemical
recognition of lipid [l by TagF is therefore expected to be
mediated by the dissacharide-glycerol phosphate moiety. Sub-
stitution of the natural undecaprenyl moiety with a 13-unit
saturated hydrocarbon may therefore have had little impact on
substrate binding and specificity. In sum, the work here pro-
vides strong evidence for a model in which TagF catalyzes the
polymerization of poly(glycerol phosphate) directly onto lip-
id Il (Scheme 1C, model b.).

Size exclusion chromatography was used to evaluate the
poly(glycerol phosphate) polymer length formed by the TagF
enzyme on lipid Ill. A C radiolabel present exclusively on the
ManNAc of the glycolipid acceptor or on the glycerol of CDP-
glycerol was used to differentiate between the lipid Il sub-
strate and the poly(glycerol phosphate) components of teicho-
ic acid during chromatography. The use either of ["*C]lipid Ill or
of ["C]JCDP-glycerol produced a radiolabeled polymer in the
TagF reaction, confirming that glycerol phosphate is polymer-
ized on lipid lll. Varying ratios of lipid Il analogue (2.5-250 um)
to CDP-glycerol (1 mm) were incubated until only trace
amounts of CDP-glycerol remained (1 h). Figure 3 shows the
retention times for TagF reactions with the different ratios of
lipid Il to ["“CICDP-glycerol on a Waters ProteinPak SW300
(Mississauga, ON) size exclusion column (0.1% NH,HCO,/10%
MeCN, 0.5 mLmin™"). Single-stranded deoxyribonucleic acids
(ssDNAs) were used as calibration standards. A single nucleo-
tide in the phosphodiester backbone of the ssDNA represents
an appropriate metric for a single glycerol phosphate unit of
teichoic acid as the two repeating units contain an identical
number of bonds between the phosphodiester linkages.

From calibration with polynucleotide standards it is clear
that the polymer length can be controlled by varying the
ratios of substrates. A ratio of four CDP-glycerol molecules per
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Figure 3. Size exclusion analysis of the TagF polymer product with varying
ratios of CDP-glycerol to the lipid lll analogue. CDP-glycerol was varied from
four to 400 equiv of lipid Ill, and the reaction was left to go to completion.
All reaction mixtures contained CDP-glycerol (1 mm) and TagF (100 nm). The
black trace indicates the elution for [*CICDP-glycerol, the brown trace indi-
cates the polymer elution for a reaction with a 4:1 ratio of CDP-glycerol to
lipid 1l (250 um), the blue trace for a reaction with a 40:1 ratio of CDP-glyc-
erol to lipid Ill (25 pum), and the green trace for a reaction with a 400:1 ratio
of CDP-glycerol to lipid Ill (2.5 um). Vertical dotted lines indicate retention
times for single stranded nucleotide (nt) calibration standards.

lipid Ill analogue forms a polymer eluting between the 5-unit
and 10-unit standards. This retention time is consistent with
the expected size of four glycerol phosphate units plus lipid Ill
analogue; the lipid lll analogue is approximately the length of
four glycerol phosphate units as judged by the number of
intramolecular bonds in the linear molecule. Similarly, the incu-
bations of 40 CDP-glycerol molecules per lipid lll analogue
eluted between the 30-unit and the 94-unit ssDNA standards,
a retentio time consistent with polymers containing approxi-
mately 40 glycerol phosphate residues. Incubations of 400
CDP-glycerol molecules per lipid lll eluted in the column void.
This would be consistent with the migration of a large polymer
approximately 400 units in length. Control of polymer length
by substrate availability as seen with TagF is indicative of a
distributive mechanism of polymerization. A distributive poly-
merase repeatedly dissociates from and reassociates to the po-
lymer, adding only as few as one unit in each binding event,
while a processive polymerase will remain associated with the
growing polymer and will catalyze many additions in a single
binding event.” A processive mechanism would form equiva-
lently long polymers from both high and low ratios of CDP-
glycerol to lipid lll as the ratio of the effective concentration of
TagF-lipid 1ll complexes to CDP-glycerol would be identical and
independent of lipid lll concentration, provided that TagF con-
centration is limiting. Further biochemical studies are necessary
to determine the factors controlling polymer length and
whether TagF exhibits any degree of processivity.

The large polymers seen in our in vitro sizing studies with
recombinant TagF and defined substrates are curious in light
of the well established polymer size of 45-60 glycerol phos-
phate units for teichoic acid in the cell wall of B. subtilis in
vivo.2" Perhaps length regulation is determined by membrane
association of the TagF enzyme, or a chemical modification of
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the terminal residue by a proteinaceous factor as seen in LPS
O-antigen biosynthesis.”” Indeed, poly(glycerol phosphate) tei-
choic acid is thought to be modified at the 2-position on the
cytoplasmic face of the cell membrane by a glucosyltransferase
encoded in tagE."*® Glucosylation of the terminal residue of the
teichoic acid chain by the TagE enzyme possibly provides a
length-determining modification to prevent re-binding and fur-
ther polymerization by TagF. Alternatively, length may be de-
termined by intracellular substrate concentrations. It has been
shown in vivo and in vitro that capsular polysaccharide length
can be determined by availability of nucleotide activated pre-
cursors in Streptococcus pneumoniae.?**! In the experiments
reported here for the TagF reaction, we have shown that the
relative proportion of substrates CDP-glycerol to the lipid Il
analogue could determine polymer length in a reaction that
went largely to completion. Where the next step in wall teicho-
ic acid biogenesis is export by the ABC transporter TagGH, it is
conceivable that the kinetics of poly(glycerol phosphate) syn-
thesis and the general flux of metabolites through this biosyn-
thetic pathway govern substrate availability and play a domi-
nant role in polymer length.

Wall teichoic acid synthesis is an emerging target for the de-
velopment of new cell-wall-active antibiotics. Sequence-based
homology analysis of teichoic acid gene clusters, studies of re-
combinant Tag proteins, and analyses of the chemical structure
of wall teichoic acid have begun to describe the biosynthetic
pathway for wall teichoic acid biogenesis. The remaining and
still enigmatic functions in teichoic synthesis are the assembly
of a complete poly(glycerol phosphate) polymer on lipid Il
and its transfer to peptidoglycan. The TagF enzyme has long
been associated with the poly(glycerol phosphate) polymerase
function, but has no significant sequence homology to pro-
teins of known function. Previously our laboratory has shown
that recombinant purified TagF protein was able to potentiate
the incorporation of a glycerol phosphate polymer into B. sub-
tilis membrane preparations when incubated with CDP-glycer-
ol. While these experiments were consistent with a role for
TagF as the poly(glycerol phosphate) polymerase, we could
not define the protein or substrate complement necessary for
polymer synthesis. Here we describe the use of a teichoic acid
lipid Il analogue for the study of TagF in a chemically defined
assay system. We have shown for the first time that the TagF
protein alone polymerizes glycerol phosphate onto the lipid Il
analogue without a requirement for exogenous protein factors
and establishes lipid lll and CDP-glycerol as the sole substrates
required for this reaction. Finally we have shown that TagF cat-
alyzes the poly(glycerol phosphate) synthesis in a distributive
reaction in which the size of the polymer is governed by the
ratio of the substrates CDP-glycerol and lipid lll. The assay
system presented here for TagF opens the door for more de-
tailed studies of the kinetics and chemical mechanism of this
enigmatic polymerase and related enzymes. Furthermore, the
chemically defined assay system shows promise for high-
throughput screening for the discovery of small molecule
inhibitors that may serve as probes for TagF mechanism and
function, and also as leads for new antibacterial drugs.
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Experimental Section

General methods: All reagents were purchased from Sigma-
Aldrich (Mississauga, ON) unless otherwise specified. Scintillation
fluid and ["*C]-UDP-GIcNAc (288 mCimmol™") were purchased from
Perkin-Elmer Life Sciences (Boston, MA). [“*CICDP-glycerol (20
mCimmol~") was synthesized as previously described."” TagB and
TagF were purified as previously described.”'? Chromatography
was performed on a Waters HPLC system (Mississauga, ON). All
cloning was performed in E. coli Novablues cells (EMB Biosciences,
Mississauga, ON). For plasmid selection, kanamycin (50 pgmL™")
and ampicillin (50 pgmL™") were used.

Cloning, expression, and purification of Staphylococcus aureus
TagA: S. aureus tagA was PCR amplified by use of the Roche High
Fidelity PCR System™ (Roche, Laval, QC) with primers tagA For (5'-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAGAAGGAGATAGAACCA-
TGACTGTTGAAGAAAGATCC-3) and tagA Rev (5-GGGGACCACTT-
TGTACAAGAAAGCTGGGTCCTAGTGATGGTGATGGTGATGTTTCGCCTT-
TTTTATTTTTCTTTTTGC-3'). The PCR product was subsequently
cloned into pDONR201 followed by pDEST14 by use of the GATE-
WAY PCR and Expression Cloning Systems (Invitrogen, Burlington,
ON). The resulting plasmid pDEST14-TagAHis was transformed into
a BL21-Al cell line (Invitrogen, Burlington, ON) for protein expres-
sion, resulting in strain EB1245.

For isolation of His-tagged TagA, LB medium (4 L) was inoculated
(1:100) with an overnight culture of EB1245 and grown at 37°C
(250 rpm). The cultures were allowed reach an ODgy, of 0.4 before
induction with arabinose (0.2%). After 3h of induction (37°C,
250 rpm), the cells were harvested by centrifugation (7000g for
15 min) and washed with saline. The resulting pellet was suspended
in buffer A [25 mL, NaH,(PO,) (20 mm), NaCl (500 mm), and glycerol
(10%), pH 7.4] with imidazole (15 mm) containing EDTA-free Com-
plete™ protease inhibitor (Roche, Laval, QC) and passaged three
times through the French press (69 MPa). The debris was separated
by centrifugation (40000g for 30 min) followed by filtration through
a 0.45 um filter. The resulting solution was purified over a HiTrap
Ni?* chelating column (1 mL, Amersham, Baie d'Urfe, QC) with use
of a gradient from 15-100% buffer B [NaH,(PO,) (20 mm), NaCl
(500 mm), glycerol (10%), and imidazole (500 mm), pH 7.4]. The re-
sulting fractions were analyzed by SDS-PAGE, and fractions contain-
ing TagA were pooled at a concentration of 2.58 um.

Cloning, expression, and purification of Bacillus subtilis MnaA:
B. subtilis mnaA was amplified by polymerase chain reaction with
Vent DNA polymerase (New England Biolabs, Beverly, MA) and pri-
mers mnaAforl (5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAAA-
AAAACTAAAAGTGATGACCG-3) and mnaArevl (5-GGGGACCACTT-
TGTACAAGAAAGCTGGGTCTTATTTGCCTGTAAATGAATCCGG-3)). The
PCR product was subsequently recombined into pDONR201 fol-
lowed by pDEST17 with the aid of the GATEWAY™ PCR and Expres-
sion Cloning Systems (Invitrogen, Burlington, ON). All cloning pro-
cedures were carried out in Escherichia coli Novablue strain (EMD
Biosciences, Mississauga, ON). The resulting plasmid pDEST17-
mnaA has an amino-terminal hexahistidine fusion and has the ad-
ditional residues MSYYHHHHHHLESTSLYKKAGL at the amino termi-
nus. This plasmid was transformed into the E. coli BL21 (DE3) cell
line for protein expression resulting in strain EB594.

For isolation of hexahistidine-tagged MnaA, LB medium (4 L) was
inoculated (1:100) with an overnight culture of EB594 and grown
at 37°C at 250 rpm for 3 h. The cultures were induced with isopro-
pyl B-p-thiogalactoside (1 mm) and incubated for 16 h at 16°C and
200 rpm. The cells were harvested by centrifugation (7000g for
15 min) and washed with saline. The resulting pellet was suspend-
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ed in lysis buffer [30mL, NaH,(PO, (20 mm), pH 7.4, Nacl
(500 mwm), glycerol (10%), DNAse (10 ugmL"), RNAse (10 ugmL™"),
EDTA-free Complete™ protease inhibitor (Roche, Mississauga, ON)]
and lysed by passage through a French Pressure cell. The debris
was separated by centrifugation (40000g for 30 min), and the
resulting supernatant was loaded onto a HiTrap Ni*' chelating
column (1 mL, Amersham Biosciences, Baie D'Urfe, PQ) with use of
a discontinuous gradient of imidazole (15 mm to 500 mm). Frac-
tions were analyzed by SDS-PAGE, and those containing MnaA
were pooled at a concentration of 61.76 pm.

Synthesis of teichoic acid lipid lll: A soluble analogue of the prod-
uct of the TagO reaction (C,sPP-GIcNAc) was synthesized as previ-
ously described.” '8 Fyrther details of the chemical synthesis
can be found in the Supporting Information. UDP-ManNAc was en-
zymatically synthesized from UDP-GIcNAc by use of the enzyme
MnaA.”* Synthesis of the TagA product and the TagB product lipid Il
was monitored either by absorbance (210 nm) or by incorporation
of radiolabeled ManNAc and glycerol phosphate onto the lipid carri-
er by in-line scintillation counting after separation by a linear gradi-
ent of NH,HCO; (0.1%, Fisher Scientific, Ottawa, ON) and MeCN on a
30 cm C18 Symmetry column (Waters, Mississauga, ON). A one-pot
coupled reaction was used to synthesize the lipid Ill analogue. UDP-
GIcNAC (1 mm), C5PP-GIcNAc (1 mm), alkaline phosphatase (20 units,
Roche, Indianapolis, IN), MnaA (1.2 um), and TagA (0.25 pm) were all
placed in a single reaction vessel. Without further purification the in-
termediate (C,;PP-GIcNAc-ManNAc) was converted into the TagF
substrate by addition of TagB (1.3 um) and CDP-glycerol (1 mm). The
lipid Il analogue was synthesized to a final concentration of 700 um.
The reaction scheme is depicted in the Supporting Information. Pro-
teins were removed by passing the reaction through an Ultrafree-
MC 5000 NMWL centrifugal filter (Fisher Scientific, ON). Radiolabeled
C,3PP-GIcNAc-ManNAc or lipid Il was made by the addition of ['*C]-
UDP-GIcNAc or ['*C]-CDP-glycerol.

TagF assay: Substrates and products of the TagF reaction were
separated by reversed-phase chromatography on a Waters Nova-
pak C-18 column (Mississauga, ON) with the ion pairing agent tet-
rabutylammoniumhydrogen sulfate (TBAHS). Product CMP eluted
after a short retention in buffer PicA [potassium phosphate
(15 mm), TBAHS (10 mm), pH 7] and the substrate CDP-glycerol
eluted at the start of a 4 min linear gradient to PicB [potassium
phosphate (35 mm), TBAHS (10 mm), acetonitrile (30%), pH 7]. Sub-
strates and products were detected by absorbance at 271 nm, and
turnover was calculated on the basis of the ratio of the integrated
peaks. Reactions were quenched by addition of urea (4 m).
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Covalent Fluorescence Labeling of His-Tagged Proteins on the Surface of

Living Cells

Martin Hintersteiner,”” Thomas Weidemann,” Thierry Kimmerlin,™ Nimet Filiz,”’ Christof Buehler,” and

Manfred Auer*®

Mechanistic studies in living cells require fluorescent labeling
of the proteins of interest. The widespread application of GFP
variants in combination with fluorescence microscopy has had
an immense impact on our understanding of the dynamic pro-
cesses in living cells. Due to the recent progress in detection
technologies and microspectroscopy, the expansion of the
available labeling strategies to more photostable, smaller, mul-
ticolor reagents has become an active field of research.™® The
majority of these new fluorescent tags are small chemical enti-
ties that bind with various affinities to genetically fused pep-
tide stretches in the protein of interest.”'¥ Confocal images
provide snapshots of dynamic molecular rearrangements. How-
ever, the observation of such processes by medium to high-
affinity fluorescent ligands can be complicated because of a
floating background inherent to the limited stability of the
complex. Thus, covalent, site-selective protein-labeling tech-
niques offer improvements in separating cellular from tag-spe-
cific biochemical events. Up to now much emphasis has been
given to covalent-labeling strategies that rely on enzymatic
couplings;"* only recently has a novel nonenzymatic pro-
tein-labeling concept been described.*”

Herein we present an alternative strategy that combines the
reversible binding of a medium affinity probe with a photo-
reactive moiety to generate a covalent linkage in the proximity
of the tag. Substituted arylazides have been widely used in
protein-interaction studies for photoaffinity labeling.”"?*? Pho-
toactivation is well suited for generating covalent bonds be-
cause of the simplicity of the activation procedure, good effi-
ciencies, and short timescales of the reaction.”>?* The combi-
nation of a photocrosslinking moiety and an oligohistidine di-
recting Ni-NTA group has previously been exploited for in vitro
protein functionalization to build self-assembling protein
arrays.”” Reasoning that this method could provide a simple
means of covalently tagging proteins on living cells, we syn-
thesized a trifunctional labeling tag that consists of a fluoro-
phore, a Ni-NTA moiety, and a photoactivatable arylazide. Our
labeling strategy comprises two steps: reversible binding at
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the His-tag of a target protein followed by irreversible photo-
linkage at the binding site (Figure 1). Irreversible crosslinking
to a recombinant His-tagged GFP was demonstrated in vitro

His ,-directing functionality

H H et Ni
N. N/\/Nm/- g
0 H )
*zN
H =N
N@'N
o

/ HO

Photoreactive crosslinker

Reporter
group

Ue'QIOJd_QS!H

Figure 1. The principle of an irreversible NTA probe for labeling of His-
tagged proteins in vitro and in living cells is based on the combination of a
histidine directing NTA functionality with an activatable (photo-)crosslinker.
The mono-NTA group reversibly binds to the oligohistidine-tagged protein
and introduces specificity into the otherwise unspecific crosslinking reaction.
The ideal crosslinker should be of moderate reactivity to avoid nonspecific
labeling. It must be sufficiently reactive to achieve high levels of labeled
product. In addition, a suitable tripodal backbone has to be chosen for link-
ing the NTA and crosslinker moiety to a fluorophore and for appropriate po-
sitioning of the three elements.

by fluorescence spectroscopy and quantitative SDS-PAGE. As
the main proof of concept of the new tagging technology for
microspectroscopy, a His-tagged chain of a single pass trans-
membrane receptor was covalently labeled and quantitatively
characterized on a living cell.

The synthesis of trifunctional His-directed labeling probes
started from the previously described tert-butyl protected NTA
1® (Scheme 1). Amidation with benzylethane-1,2-diamine was
followed by the introduction of an orthogonally protected
lysine (Boc-Lys(2)-OH) as flexible branching point. After hydro-
genolytic Z-deprotection, the hydroxy-arylazide crosslinker
(ASA) was coupled to the g-amino group of the lysine back-
bone, using succinimidyl activated ester. Subsequently the tert-
butyl and tert-butoxy protecting groups were removed with
trifluoroacetic acid (TFA) and the fluorescent dye TMR or the
quencher QSY7 was coupled to the remaining a-amino group.
Finally, complexation of the mono-NTA moiety with Ni** and
purification by preparative HPLC yielded probes NTA-ASA-TMR
5 and NTA-ASA-QSY7 6.

First the binding and fluorescence properties of compounds
5 and 6 were investigated by conventional fluorescence spec-
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Scheme 1. The synthesis of the irreversible NTA-ASA probes 5 and 6 starts from the commercially available tert-butyl-protected amino acid 1. Conjugation of
educt 1 to Z-protected diaminoethane yielded the elongated fully protected NTA 2. Compound 3 was obtained after hydrogenolytic deprotection of the elon-
gated NTA and coupling to Boc-Lys(2)-OH. Again, hydrogenolytic deprotection and coupling of the resulting intermediate to ASA-SE afforded the key inter-
mediate Boc-NTA-ASA 4. Deprotection of all protecting groups on compound 4 with TFA and conjugation to TMR or QSY7 yielded the final irreversible NTA-

ASA probes 5 and 6, respectively.

troscopy. We used a FRET-based assay system, as described by
Guignet et al.”’ A purified recombinant GFP with a C-terminal
His-tag, GFP-C-His, served as a FRET donor for NTA-ASA-TMR 5
or NTA-ASA-QSY7 6, the acceptors. Quenching of the donor
because of energy transfer directly reflects the fraction of com-
plexed GFP-C-His (Figure 2A). The affinity was determined by
measuring the degree of donor quenching under equilibrium
conditions for increasing ligand concentrations (Figure 2C).
NTA-ASA-TMR 5 showed an equilibrium dissociation constant
of Ky=140.07 um. For comparison, the K; values of previously
described compounds NTA-I and NTA-Il were also determined
(see the Supporting Information). Without photoactivation,
binding of probes 5 and 6 to oligohistidine-tagged proteins is
reversible and mediated by a d® coordinated Ni**. Thus, ethyl-
enediaminetetraacetate (EDTA), added in excess (>250-fold),
competes for free Ni** ions, and binding is successively re-
versed. The time course of this competition reaction critically
depended on the substituents of the NTA. For example, un-
quenching was complete for NTA-l after 5 min, for NTA-ASA-
TMR 5 after 10 min, and the release of NTA-ASA-QSY7 6 took
more than 1h under similar conditions (Figure 2B). The
amount of fluorescence recovered by EDTA was about 90% for
NTA-I, whereas for the NTA-ASA derivatives only 60-70% was
recovered. The data suggest that a large excess of NTA-ASA
probes 5 and 6 versus GFP-C-His in this assay (1000-fold) pro-
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motes residual His-tag-independent binding. In contrast to dis-
sociation, binding of the compounds is completed within sev-
eral seconds. To finally demonstrate the covalent linkage, we
included a photoactivation step between binding and EDTA
mediated release of the NTA-ASA probes 5 and 6. As expected,
the UV-irradiated samples showed only 10% EDTA-mediated
fluorescence recovery as compared to nonirradiated controls
(Figure 2 A). It is noteworthy that photoactivation (120 mJ) of
NTA-ASA-TMR 5 in the absence of protein reduces the fluores-
cence to about 55%, whereas free TMR-COOH control showed
no bleaching. We therefore assume that the activated arylazide
might, to a certain extent, self-react and thereby destroy the
integrity of the conjugated m-system. Moreover, the molecular
brightness of Ni** complexed NTA-ASA-TMR 5 at 543 nm exci-
tation was determined by confocal fluorescence correlation
spectroscopy and compared to the molecular brightness of
the free dye TMR-COOH in phosphate-buffered saline (PBS;
Table S1). The data indicate a moderate quenching effect of
Ni** on the fluorescence emission of TMR, resulting in a 30%
decrease in molecular brightness, as compared to the unconju-
gated dye.

To prove that photoactivation establishes a stable covalent
linkage, SDS-PAGE was used to remove nonconjugated NTA-
ASA 5 under harsh conditions. GFP-C-His (1.25 um) was incu-
bated with a fourfold excess of NTA-ASA-TMR 5, photoactivat-

ChemBioChem 2008, 9, 1391 - 1395
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Figure 2. Covalent crosslinking of NTA-ASA derivatives in solution. A) The emitted GFP-C-His fluorescence (15 nm,
straight) is quenched by addition of nonfluorescent NTA-ASA-QSY7 6 (10 pm, red) due to FRET (arrow). Competing
for Ni** with a 250-fold excess of EDTA after crosslinking (120 pJ) leads to a recovery of residual 10% of the donor
fluorescence (green) with respect to a nonirradiated control (dotted). B) Kinetics of EDTA unquenching for NTA-
ASA-TMR 5 (black) and -QSY7 6 (gray) under similar conditions. C) Determination of the equilibrium dissociation
constant for NTA-ASA-TMR 5 by applying the Hill equation.”’ D) SDS-PAGE of GFP-C-His (1.25 um) incubated with
NTA-ASA-TMR (5 um). The reaction was crosslinked with 120 mJ (lanes 1 and 3), 0 mJ (lane 2), or 240 mJ (lane 4).
Covalent linkage in lane 3 was prevented by a 100-fold excess of EDTA (0.5 um).

ed under several conditions and loaded on the gel (Figure 2D).
The gel clearly shows that fluorescent compound 5 associates
with the GFP band. A nonactivated control and an EDTA
quenched sample showed only weak fluorescence. Bound and
free compound was quantified by digital image analysis. The
fractional intensities associated with the GFP-band versus free
dye is 9% for a dosage of 120 mJ and 15% for 240 mJ. Further
increase of the dosage had no effect. Neglecting the small
background of protein impurities running at higher molecular
weights we recalculated these values with respect to the frac-
tion of bound ligand, which resulted in a crosslink efficiency of
45% (120 mJ) and 75% (240 m)J) at the binding site.

To test covalent His-tag mediated labeling of extracellular
parts of membrane receptors via NTA-ASA-TMR at the cellular
surface, we transiently expressed a His-tagged interleukin-4
receptor (IL4R) in human embryonic kidney cells (HEK 293 T).
The receptor construct (NHis-IL4Rac-GFP) comprises a hexahis-
tidine stretch at the N terminus followed by the extracellular
and transmembrane domains of the interleukin-4 receptor a
chain. The cytoplasmic tail of the receptor was replaced by
eGFP. In this configuration, the His-tag is expressed extracellu-
larly, whereas the GFP is located in the cytosol. The double-
tagged receptors allow estimation of crosslinking efficiencies

ChemBioChem 2008, 9, 1391 - 1395
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the surface membrane suggest-
ing that the compound is not
cell penetrating without any
specific additives such as DMSO.
Cells expressing a control vector
lacking the His-tag, IL4Rac-eGFP,
did not accumulate TMR-fluores-
cence over background (Fig-
ure 3G-I).

In order to assess cellular la-
beling quantitatively, we calibrat-
ed the confocal images with a previously described method.”®
In brief, we determined the molecular brightness of eGFP and
NTA-ASA-TMR with fluorescence correlation spectroscopy (FCS)
in the same optical setup as used for confocal imaging. With
the numbers obtained by FCS, the pixel intensities were con-
verted into particle concentrations. From the concentration
maps, average values for eGFP and NTA-ASA-TMR 5 in the sur-
face membrane were extracted with a script (MatLab). Accord-
ing to Table 1, the transfected cells express lower micromolar
concentrations of receptor. A cross-comparison with the inten-
sities detected in imaging in the TMR channel shows that
10.4%, 0.56 um (cell 1) and 4.2%, 0.51 pum (cell 2) of the recep-
tors were labeled (using a confocal volume of 0.25 fL in cellular
microspectroscopy, a concentration of 1 pm equals ~3 500 mol-
ecules per um?; at the cell surface). Surface intensity measure-
ments of the neighboring nontransfected cells showed a not
negligible background staining reflecting a particle concentra-
tion of 100-110 nm. In both cells which were chosen for quan-
titative image analysis, a signal-to-noise ratio (S/N) of 5 was
achieved. Assuming a one-to-one binding model with a K, of
1 pm for NTA-ASA-TMR complexation with the IL4-R o chain
His-tag, we calculated the fraction of complexed receptor
under equilibrium conditions to be 9.2% and 4.6 % for the re-
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on cells expressing micromolar concentrations of His-
tagged receptor. Lower surface expression did not
accumulate surface staining above background.

In summary, NTA-ASA derivatives 5 and 6 represent
a new class of probes for site-specific covalent label-
ing of His-tagged proteins. We show that the labeling
strategy can be successfully applied to living cells.
The medium affinity of the Ni-NTA complex allows
the removal of unreacted reagent. Moreover, the la-
beling procedure is simple and fast. Further efforts
should find optimized combinations of the fluores-
cent dye used in combination with different photo-
crosslinker moieties. A reduced hydrophobicity of the
probes or the use of decahistidine tags might signifi-
cantly improve the selectivity and sensitivity of the
method. We note that the concept of combining a
photoreactive probe with a medium affinity site-di-
recting functionality is not restricted to the NTA/oli-
gohistidine system.
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Figure 3. Covalent crosslinking of NTA-ASA-TMR to a His-tagged receptor chain at the
cell surface. A)-C) and D)-F) two cells expressing NHis-IL4Rac-GFP, G)-I) a cell expressing
IL4Rac-GFP as a negative control. Confocal cross sections in the GFP-channel (A, D, G)
show that the receptors are expressed in endogenous membrane systems (EM) associat-
ed with the nucleus (N) as well as at the surface plasma membrane (PM). After crosslink-
ing, NTA-ASA-TMR is found at the plasma membrane of His-tag expressing cells (B, F) but
not for a negative control of similar expression level (H, compare concentration values in
Table 1). The plasma membrane was selected as a region of interest (ROI), examples
shown for the TMR- (C, 1) and the GFP-channel (E) of the three cells, respectively. Panel I)
illustrates how the membranes of neighboring nontransfected cells (ROI 1) were discrimi-
nated from the membrane of a receptor expressing cell (ROl 2) in order to generate the

Keywords: confocal - fluorescence imaging - IL-4R -
Ni-NTA - photoaffinity labeling
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Rational Design of Highly Active and Selective Ligands for

the a5fp1 Integrin Receptor

Dominik Heckmann,® Axel Meyer,”” Burkhardt Laufer,” Grit Zahn,™ Roland Stragies,” and

Horst Kessler*™

The inhibition of integrin function is a major challenge in medici-
nal chemistry. Potent ligands are currently in different stages of
clinical trials for the antiangiogenic therapy of cancer and age-
related macula degeneration (AMD). The subtype a5(1 has re-
cently been drawn into the focus of research because of its genu-
ine role in angiogenesis. In our previous work we could demon-
strate that the lack of structural information about the receptor
could be overcome by a homology model based on the X-ray
structure of the avf33 integrin subtype and the sequence similari-
ties between both receptors. In this work, we describe the rational
design and synthesis of high affinity a5(1 binders, and the opti-

Introduction

Integrins constitute a family of heterodimeric, transmembrane
cell-adhesion receptors, which connect cells to the scaffolding
proteins of the extracellular matrix."™* The pioneering observa-
tions that avp3, avp5 and a5pB1 integrin subtypes are essential
for tumour angiogenesis and can be successfully inhibited by
small-molecule ligands has turned them into attractive targets
for pharmaceutical research.*® Up to now, a large number of
peptidic’®' and nonpeptidic**' ligands have been devel-
oped, which are all related to the common recognition motif
RGD (Arg-Gly-Asp).”® The cyclic, N-methylated peptide cyclo-
(-RGDfNMeVal-), known as Cilengitide,™ has recently entered
phase lll clinical investigation for patients with glioblastoma
multiforme. However, observations that mice that lack av in-
tegrins show extensive angiogenesis, whereas mice that lack
B3 or B5 integrins show no significant effects seriously chal-
lenged the status of avf3 and avp5 as proangiogenic integ-
rins.””-?! In contrast, its unambiguously proangiogenic role
drew a581%%%" into the focus of research and led to an in-
creasing demand for selective a5B31 ligands. However, the
design of a5B1 ligands is hampered by the lack of structural
information about the receptor. The X-ray structure of
avP3t**¥ in complex with Cilengitide and the high sequence
similarity (>50%) between avf33 and a5031 encouraged us to
create a homology model of a581%% and to use this model as
a platform for rational design.?? First results with ligands
based on the tyrosine scaffold proved that the structural infor-
mation provided by the homology model was accurate
enough to design highly active o581 ligands with 300-fold se-
lectivity against avp3 as well as ligands with reverse selectivi-
ty.?*?) Herein, we describe the development of a581 ligands
and the induction of selectivity by means of extensive struc-
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misation of selectivity against av33 by means of extensive SAR
studies and docking experiments. A first series of compounds
based on the tyrosine scaffold resulted in affinities in the low and
even subnanomolar range and selectivities of 400-fold against
avf33. The insights about the structure-activity relationship
gained from tyrosine-based ligands could be successfully trans-
ferred to ligands that bear an aza-glycine scaffold to yield o531
ligands with affinities of ~1 nm and selectivities that exceed 10*-
fold. The ligands have already been successfully employed as
selective a501 ligands in biological research and might serve as
lead structures for antiangiogenic cancer therapy.

ture-activity relationship (SAR) studies and docking experi-
ments based on our homology model. Furthermore, the struc-
ture-activity information provided by the tyrosine-based com-
pound library was used to transform aza-glycine-based ligands,
which were initially developed in our group as avp3 bind-
ers” ¥ into a5p1 ligands with selectivities that exceed 6000-
fold. These ligands, with activities in the low nanomolar or sub-
nanomolar range are by now among the most a5p31 selective
compounds known and could serve as lead structures for anti-
angiogenic therapy of cancer and age-related macular degen-
eration (AMD).*3¢

Ligand design

The tyrosine scaffold has already been successfully employed
to design ligands for the platelet receptor allbp3 (Tirofi-
bane®),*”3¥ and was chosen because of its easy accessibility
and high variability. The essential functionalities of ligands that
target the RGD-binding site are also present in our ligands: the
carboxylate of the tyrosine scaffold acts as mimetic for the as-
partate in RGD, whereas tyrosine provides the scaffold to main-
tain the orientation of the ligand’s basic moiety in the proper

[a] Dr. D. Heckmann, Dr. A. Meyer, B. Laufer, Prof. Dr. H. Kessler
Centre of Integrated Protein Science at the
Technical University Miinchen, Department of Chemistry
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distance of ~13 A to the carboxylate. Guanidinium groups and
basic heterocycles are common arginine mimetics and thus
widely used in the integrin field."®3? Additionally, hydrophobic
moieties, especially aromatic systems, in the vicinity of the car-
boxyl group are known to enhance binding affinity in av integ-
rins. Figure 1 shows the binding mode of our ligands 34e and
349 docked into the a531 homology model and the most im-
portant mutations that discriminate avp3 from a5f1: the car-
boxylate function of the ligand coordinates a bivalent metal
cation located at the MIDAS (metal-ion dependent adhesion
site) whereas the aminopyridine group is engaged in a biden-
tate salt bridge with the highly conserved (a5)Asp227. Muta-
tion of (av)Asp150 to (a5)Ala159 decreases the acidity of the
a5 subunit, whereas mutation of (av)Thr212 to (a5)GIn221
slightly shortens the a5p1 binding site with respect to avf33. In
the B subunit, (33)Arg214 and (3)Arg216 are mutated in 1 to
the smaller residues Gly and Leu, respectively, where they
open up a hydrophobic cleft that can be addressed by bulky
aromatic residues. A library of
tyrosine-based compounds was
synthesised to probe the effects
of aromatic substitution, ligand
length and different basic moi-
eties on a5p1 affinity and selec-
tivity against avf3. Further-
more, the 2-carboxy-7-hydroxy-
1,2,3,4-tetrahydroisochinoline
was evaluated as a representa-
tive of a class of constrained ty-
rosine ligands.

1(S)
ent1 (R)

Ligand synthesis

Synthesis of tyrosine-based i
gands: The major building block
of tyrosine-based ligands was
the commercially available Boc-
protected tyrosine methyl ester.
The homologue f-amino acid

L219R)  s174(v)

5221(A)

6225(K; \

MIDAS

% COOMe
m—moc
HO

H. Kessler et al.

was prepared from Boc-Tyr(Bn)-OH by Arndt-Eistert homologi-
sation (Scheme 1).1%”

The tetrahydroisochinoline building block 7 was synthesised
from the commercially available 2,5-diiodotyrosine by a Pictet-
Spengler reaction according to the literature procedure
(Scheme 2).14"

To enable a Mitsunobu-type alkylation of the tyrosine, the
basic moiety has to be synthesised as an aminoalcohol; this
was achieved by nucleophilic aromatic substitution of the cor-
responding 2-bromopyridine, 2-chloropyridazine or chloropyri-
midine (Scheme 3).*? To enhance the yields of the Mitsunobu
reaction, the aminopyridines were further N-Boc protected. As
first attempts to selectively protect the nitrogen failed because
of its reduced nucleophilicity, the alcohol function was first
TBDPS protected.”” Boc protection was achieved by using
Boc-anhydride triethylamine with catalytic amounts of DMAP
in DCM.* Desilylation with TBAF gave the pure pyridinylami-
noalcohols in good yields.

COOH a),b
NHBoc
Bro NHBoc RO
2(R=Bn)
] C)
3(R=H)

Scheme 1. Different building blocks used as scaffold. a) 1. ethyl chloroformiate, N-methylmorpholine, THF, —30°C;
2. CH,N,, Et,0, —30°C-room temperature, 99%; b) Ag*PhCOO~, MeOH, 90%; c) Pd/C, 1 atm H,, MeOH, 71 %.

[ COOH 4
|

COOMe

NBoc

4(R1 OH, R? = H) 7
b [
5(R' = OMe, R? = H)

c) |:
6 (R' = OMe, R? = Boc)

Scheme 2. Constrained tyrosine derivative used as a scaffold. a) HCHO, HCl,,/DME, reflux, 50%; b) SOCI,, MeOH,
room temperature, 70%, c) Boc,0, TEA, THF, 94%; d) Pd/C, 1 atm H,, room temperature, 85 %.

L219(R)  s171(v)

/A'tsg( ) \" \0\ GZ17(R‘)(127(Y)

\-‘\
Q221(T)~ » F187,

Figure 1. Comparison of the binding modes of ligand 34 e (left) and 344 (right). Integrin a5p1 is shown as a ribbon drawing with the a5 subunit in blue and
the B1 subunit in red. The MIDAS metal ion is represented as a magenta sphere and H bonds are shown as dotted lines. Relevant receptor side chains are
highlighted and the corresponding residues in avf33 are shown in yellow and labelled in parentheses.

1398

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemBioChem 2008, 9, 1397 — 1407



www.chembiochem.org



Design of Integrin Receptor Ligands

a) @\ C) @\
w o 2w [ o C
n N N (0] N N (@]
H n ! n
Boc

8a(n=1,R'=H)

|: 8b(n=2,R" = H)

e) b) d)
a)

9a(n=1,R'=TBDPS)

9b (n=2, R' = TBDPS)

ChzHN OH l A~ | j\
n =
N ” OH N H/\/\OH
12an=1
13
12bn=2 14

Scheme 3. Synthesis of various aminoalcohols as building blocks for the basic moiety of integrin ligands. a) Heter-
oaryl chloride/bromide, neat aminoalcohol, 150°C (71-99%); b) TBDPSCI, imidazole, DCM (66-88 %); c) Boc,0,
TEA, DMAP, THF (77-90%); d) TBAF, THF (63-64 %); e) Cbz-OSu, THF, TEA (76-88 %).

The aromatic carboxylic acids—those not commercially avail-
able—were synthesised by bromine-lithium exchange and
trapping of the organolithium species with carbon dioxide
(Scheme 4). For the synthesis the alkoxybenzoic acids (17),

R? R?

OH
a) b)
 — —_—
R! R R’ R! R R
Br

Br COOH

16a (R' = Me, R% = OMe)
16b (R' = Me, R? = O/Pr)

17a (R' = Me, R? = OMe)
17b (R' = Me, R? = OiPr)

cessful reaction. However, basic
molecules, such as aminopyri-
dines, gave yields of only 15-
20%, Boc-protected aminopyri-
dines yielded 40-50%, whereas

10a (n =1, R' = TBDPS)
10b (n = 2, R = TBDPS) - - s
less basic aminopyrimidines,

pyridazines and benzyl carba-
mates gave excellent yields
from 75-95%. Compound 8b
could not be used for Mitsuno-
bu reaction as it was prone to
cyclisation under formation of
pyridine-2-yl-pyrrol. This prob-
lem could be overcome by N-
Boc protection (11b).

Table 1 shows the products
and yields of the Mitsunobu re-
actions that were employed as
ligand precursors. In the case of precursor molecules 28-30,
the Cbz group was hydrogenolytically cleaved and the guanidi-
nium group introduced by using bis-Boc-thiourea and HgCl, in
dry methanol (Scheme 5).5"

In the next step, the compounds 21-27 were first
Boc deprotected by using aqueous hydrochloric acid
in dioxane, then acylated; before the last step the
methyl ester was cleaved and the crude ligand puri-
fied by using reversed-phase HPLC techniques
(Scheme 6). A summary of the synthesised ligands,
yields and biological activity is given in Tables 2-6.

1a(n=1,R'=H)
11b (n=2,R' = H)

18 (R'=Et, R?=H)

N b
N [N ) | SN
o P P
Br COOH
19 20

Scheme 4. Synthesis of aromatic acids. a) Me,SO,, K,CO;, THF, reflux, 84 % or iPrBr, K,CO;,
DMF, reflux, 70%; b) 1. nBuLi, THF, —78°C; 2. CO,, —78°C-room temperature, 32-65 %;

c) NBS, TFA, H,SO,, room temperature, 93 %.

4-bromo-3,5-dimethylphenole was alkylated either with dime-
thylsulfate or isopropylbromide, whereas in the case of the tri-
methylnicotinic acid (20), bromine was introduced with NBS in
trifluoracetic acid.“®

The key step of the synthesis was the Mitsunobu-type alkyla-
tion of the tyrosine hydroxyl group (Table 1).#* Although
originally published with triphenylphosphine and DEAD as re-
agents, tributylphosphine and
azodicarboxylic dipiperidide
(ADDP) have been found to be
the reagents of choice for the
alkylation of less acidic com-
pounds, such as phenols.*>*" It
turned out that a slow addition
of diluted ADDP solution in THF
at 0°C was important for a suc-

28 n=1
29 n=2

ChemBioChem 2008, 9, 1397 — 1407

/@YCOOMe
. ) PN
CbzHN /\H;\o x N8 T o BocN

30 n=2,X=CH,

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Synthesis of aza-glycine ligands on solid phase

The first approaches made in our group to design
peptidomimetic avp3 ligands involved the incorpo-
ration of turn mimetics,""*? reduced amide bonds®*
and aza-peptides.’’-*>*>* The rational for the use of
aza-glycine was the structure determination of avf33
that bind RGD peptides, in which the sequence
forms a kink around the glycine.****' The synthesis
of compound libraries afforded a large variety of
peptidomimetic integrin ligands that displayed a variable se-
lectivity profile among the av integrins and a good selectivity
against the platelet receptor allbf3 (Scheme 7).2"%! This
raised the question of whether the insights into the a5p31 re-
ceptor gained from homology modelling and extensive SAR
studies with tyrosine-based ligands could be used to modify
the aza-glycine ligands for a531 selectivity.

M
NBoc COOMe
<.~ NBoc
N/M/\O X
b) H n
31n=1
32n=2

33n=2X=CH,

Scheme 5. Synthesis of guanidinylated ligand precursors. a) Pd/C, 1 atm H,, MeOH; b) (BocNH),CS, HgCl,, MeOH,
TEA, 0°C-room temperature, 25-33 %.
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Table 1. Synthesis of ligand precursors by Mitsunobu reaction of aminoalcohols with tyrosine derivatives.
R’ R?
—~ /©/ PBu, ADDP /©/
1 —_—
REOH * 4o 0°C, THF R o
starting starting products 21-30
material A material B
Compound Structure Starting Starting Yield
material A material B [%]
21 =
N N /\/\O NHBoc 11a 1 40
H
| N /@/\-/COOMG
22 P N 8a ent-1 26
NZONT 0 NHBoc
H
~
23 NI NHBoc 8a 3 30
H
COOMe
Boc Q/\r
24 | N N\/\/\O NHBoc 11b 1 49
=
N COOMe
L L
25 N AN NHBoc 13 1 89
N N [¢]
H
N COOMe
PN ax
26 = NHB 14 1 86
N N /\/\o oC
H
N/j /@/YCOOMe
27 > NHB 15 1 66
N N/\/\O 0C
H
COOMe
28 /©/\r 12a 1 91
NHB
cbzHNT>"0 oc
COOMe
29 CbzHN \/\/\ommoc 12b 1 71
COOMe
30 ChzHN o~~~ omoc 12b 7 %3

hooove 2 M COOMe
—
mo ~_NBoc ’lqo ~_-NH
h ~
o ~ " R ""O ‘/N\R

Scheme 6. General synthesis of acylated integrin ligands. a) HCl,,/dioxane,
0.5 h, room temperature; b) 1.2 equiv Ar-COCI or Alk-COCI, 3 equiv NaHCO,,
dioxane/water; c) 2 equiv Ar-COOH, 2 equiv HATU, 5 equiv DIEA, DMF, room
temperature; d) 1.5 equiv Ar-SO,Cl, 5 equiv TEA, DCM, room temperature;

e) PhNCO, 1 equiv TEA, dioxane; f) 5 equiv LiOH, MeOH/water, HPLC puirifica-
tion.

The synthesis of the novel aza-glycine-based ligands was
carried out by using TCP resin loaded with orthogonally pro-
tected 2-(S),3-diaminopropanoic acid (Scheme 8). This provided

1400
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the essential carboxylic function and the a-amido-substitution
that was found to be crucial for a5p1 selectivity. After Fmoc
deprotection, the amino function was acylated with those 2,6-
disubstituted aromatic acids, which gave the best results
within the tyrosine-based ligand series. After Pd-catalysed
Alloc deprotection, the aza-glycine was introduced via building
block 40, which had been freshly prepared from Fmoc-hydra-
zine and phosgene according to literature procedure.”? The
spacer unit was then coupled to the unprotected hydrazine
and the guanidinium group introduced via N,N'-di-Boc-1H-pyr-
azole-1-carboxamidine. Although used in large excess and
being costly, N,N'-di-Boc-1H-pyrazole-1-carboxamidine was the
reagent of choice for guadinylation as the procedure that in-
volved N,N'-di-Boc-thiourea and HgCl, was unfavourable for
solid-phase synthesis because of the formation of a mercury
sulfide precipitate and a general incompatibility of methanol
with most resins. Most of the excess reagent could be recov-
ered by evaporation of the solvent and recrystallisation from

ChemBioChem 2008, 9, 1397 - 1407
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ethyl acetate/hexane. Cleavage and Boc deprotection afforded
the aza-glycine ligands in satisfying yields.

Results and Discussion
Ligands based on the tyrosine scaffold

The design and synthesis of tyrosine-based ligands afforded a
series of 37 compounds, which was evaluated for binding affin-
ity towards a5p31 and avp3 by using a competitive enzyme-
linked immunosorbent assay (ELISA). Screening of various aro-

matic residues on the scaffolds 21/22 helped to elucidate the
essential features for a5p1 selectivity (Table 2). The activity on
a5p1 and the selectivity against avp3 seems to be strongly
connected to the substitution pattern on the aromatic moiety
as well as its spatial orientation. The orientation provided by
the S configuration was found to be essential for the affinity
on both integrins. The two R enantiomers ent-34a and ent-34e
both displayed a reduced binding affinity as well as a de-
creased selectivity for a5p1 in the case of 34e. The difference
between amides 34a, 34e and the corresponding sulfona-
mides 34 f, 34g was especially striking. The mesitylene sulfona-

Table 2. Comparison of different aryl substituents and their effect on a5p1 selectivity.
N % COOH
| o
N/ H /\/\O HN < R
34
Compound® R Reagent, Yield 1Cs (@5B1) 1Cs, (avB3) Compound® R Reagent, Yield 1Cs, (@5B1) 1Cs, (avfp3)
conditions™ [%] [nm] [nm] conditions™ [%]  [nm] [nm]
~. 0 ~ .0
34a é PhCOCI, b) n 243 190 ent-34a é PhCOCI, b) 25 6700 1030
O ~. 0
34b dmethyl- 28 416 318 34c 26-dimethyl- 31 1624
benzoic acid, c) benzoic acid, c)
<« _0O ~..0
34d 35-dimethyl- 5 544 509  34e 246 trimethyl 25 703
benzoic acid, c) benzoic acid, c)
0 .
S0,
ent-34e 2 4 G-timethyl- g, 14700 34f PhS0,Cl, d) 16 284 19
benzoic acid, c)
g0, “~_0
mesitylsulfonic HN
349 \T[;:]// e onie, 15 46 38 34h \[::j PhNCO, €) 41 1094 37
~..0
~...0
34i L tBuCOCl, b) 45 34 260 34j 174, ¢ 27 1 188
O\
~. .0
~. .0
Cl Cl
34k 17b, ¢) 28 0.7 279 341 C¢H,Cl;COCl, b) 63 28 41
¢]
\( cl
~..0
34m [T 2009 20 8.9 188
. N
[a] Compounds represent the S enantiomers; R enantiomers are marked with the prefix “-ent”. The synthesis was performed from ligand precursors 21/22.
[b] Reagent and procedure refer to Scheme 6.

ChemBioChem 2008, 9, 1397 — 1407
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ICso(cvfi3) = 0.8 nM
ICso(vp5) = 281nM

ICso(avf3) = 6 nM
ICso(cvf5) = 5700 nM
COOH | (ovp6) = 44 n
B
cl cl

a5p1 selective?

o)
COOH
)I\N/Y
H une_o

Scheme 7. Transformation of avf33-selective compounds, A and B, towards
a5B1 selectivity.

mide moiety, which has already been employed in other highly
a5PB1 active compounds, resulted in a rather biselective ligand,
whereas its replacement by an amide induced a selectivity of
around 300-fold against avf33. The reason for this selectivity
gain lies in the arrangement of the bulky mesitylene ring,
which in 34e is oriented towards a hydrophobic cleft in the
B1 subunit, which in B3 is occupied by (33)Arg216 (Figure 1).
As for 34 g, the aromatic ring is folded back towards the inter-
face between the two subunits, where no sterical repulsion is
present in both integrins. In the case of the phenyl urea 34h,
we observed a dramatic loss of a5p31 affinity (and a slight in-
crease for av33 compared to 34a); this hints at an unfavoura-
ble orientation of the phenyl substituent. Furthermore, 34c
demonstrates that the para-methyl group is redundant where-
as the low affinities of 34b and d point to the importance of a
2,6-disubstitution pattern for a581 selectivity. The 2,6-disubsti-
tution twists the aromatic ring out of the plane of the amide
bond and enables an ideal orientation of the aromatic moiety
inside the hydrophobic pocket of the B1 subunit.”**® In B3,
this binding mode is not allowed, which forces the bulky ring
to point out of the binding pocket. This alternative binding
mode is possible, but exposes a hydrophobic moiety to the
surrounding aqueous environment, which decreases binding
affinity for avp3. Remarkably, substitution of the methyl
groups by chlorine atoms resulted in a substantial loss of se-
lectivity due to more favourable binding to avf33, whereas the
use of the pyridine analogue of mesitylenecarboxylic acid (20)
decreased selectivity by a loss of a5p31 affinity. This supports
the hypothesis that only hydrophobic aryl amides have a
strong positive effect on a5p1 binding. Although we found
that the 4-methyl substitution is not necessary, the methyl
group points in the direction of ($1)-Ser517, which could be
engaged in an additional interaction with a hydrogen-bond ac-
ceptor at this position. This was observed for the 4-methoxy
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and 4-isopropoxy compounds 34j and 34k (Figure 2). They
displayed a very high a5B1 activity of one nanomolar and
below, whereas the selectivity against avf33 was not affected.
To test whether aryl substituents can be replaced by aliphatic
groups, we synthesised the pivalyl amide 34i, which exhibited
decreased a5B31 binding compared to 34c or 34e, but still
showed a substantial amount of selectivity.

Ser517

-
zl\ ” Leu219 Seri& I

S :zf{ / \5:':- Tyr127
)‘ '

<
5P227 er224
Ser221

Figure 2. Superposition of the Connolly surface and the ribbon drawing
(o subunit: blue, 3 subunit: red) of the a5p1 binding pocket with ligand
34k docked into it. Relevant residues are highlighted and major H bonds
are shown as dotted lines. The MIDAS cation is represented as a magenta
sphere.

Analysis of the homology model of the a5p1 receptor re-
vealed a mutation in the o subunit: (av)-Thr was mutated to
(a5)-GIn. This slightly shortens the binding pocket of a531 and
should favour shorter ligands. Hence, the ligands of the 34
series are already short with respect to most ligands published
for avP3 (ten bonds between the carboxylate and the pyridyla-
mine versus 11-12 for other ligands). We synthesised a series
of elongated ligands; the elongation could be achieved either
by B*-homotyrosine scaffolds (35, Table 3) or by the use of
longer spacer molecules (36, Table 4). Elongated spacers were
also used in ligands that carried guanidinium groups as basic
moieties (38, Table 5). Comparison of the B*-homotyrosine li-
gands 35a-e with the corresponding ligands of the 34 series
revealed a striking preference for the avf33 integrin. This is not
surprising as many ovf3 ligands are somehow substituted in
the {3 position to the carboxylate.'®?? The overall affinity to-
wards a5p1 was reduced, which is partly due to the total
length of the ligand but mostly because the bulky, selectivity-
inducing aromatic system is not able to properly address the
hydrophobic pocket in the 31 subunit. Therefore, no selectivity
for a5p1 was observed for the 2,6-disubstituted benzamides
35c and e. In contrast to the a-tyrosine-based ligands, the
elongated a-tyrosines showed a three- to fourfold decrease in
affinity, which is the result of the slightly shorter binding
pocket of o541 (34a, e, k versus 36a, b, c). Comparison be-
tween 34e and k with 36b and c further showed a small in-
crease in selectivity for the elongated ligands of the 36 series.
Additionally, two more 2,6-disubstituted aromatic acids were

ChemBioChem 2008, 9, 1397 - 1407
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Table 3. Comparison of different aryl substituents on elongated ligands
based on the B-homotyrosine scaffold.

“ COOH
\N H/\/\O HN R
35
Compound Reagent, R Yield 1Cs, (a581) 1Cs, (avfB3)
conditions® %] [nm] [nm]

I
<:: ,
@]

-

o

-

[§]

35a PhCOCl, b) 264
~._.0
35D 4—methyl- ' 13 292 22
benzoic acid, ¢)
~._.0
35¢ 2,6—d|rpeth.yl— 1 142 29
benzoic acid, ¢)
~._.0
35d 3,5—d|nf1ethy|— 16 91 5.2
benzoic acid, ¢)
~._.0
s5e 2/4,6-dimethyl- 22 140 20
benzoic acid, ¢)

[a] Synthesis from 23 according to Scheme 6.

coupled to the elongated scaffold 24; the 2-methylnaphthyl-1-
amide 36e had very similar properties to the corresponding
mesitylamide 36 b. However, replacement of the methyl substi-
tution by sterically more demanding ethyl groups resulted in a
small decrease of a581 affinity, but strongly increased selectivi-
ty to 1400-fold. This is the best selectivity that has been ach-
ieved with tyrosine-based ligands to date.

To test how important the impact of the total ligand length
on a5f1 affinity is, two unselective compounds of different
lengths that had a guanidinium group (37 a, b) were synthes-
ised as references (Table 5).

The results showed that there is no length-dependent affini-
ty change for a5p1, and only a slight preference of avp3 for
the elongated ligand. The discrepancy between these results
and the increase in a5B1 selectivity observed for the 36 series
compared with the 34 series can be explained by a close look
at the receptor. The mutation responsible for the shortened
binding pocket of a5p1 is located directly at the binding site
of the basic moiety. The effect of the mutation from
(av)Thr212 to (a5)GIn221 should only affect basic groups with
a higher sterical demand in the direction of (a5)GIn221, such
as aminopyridines. In fact, methyl substitution at the 6-position
of the aminopyridine could substantially decrease a5p1 affinity
and lead to selective avf3 ligands, which have been published
previously.”” Another hotspot where av differs from a5, is the
lack of (av)Asp150, which is mutated into an alanine in a5.
Whereas the guanidinium group of a ligand is able to form salt

ChemBioChem 2008, 9, 1397 — 1407

Table 4. Comparison of different aryl substituents on a tyrosine scaffold
with elongated linker.
COOH
| > \/\/\o ‘R
Z 36
Compound Reagent, R Yield ICs, 1Cs
(a5p1) (avpB3)
conditions® [%] [nm] [nm]
~ .0
36a PhCOCI, b) é 12 996 m
~e 20
36b 246-wimethyl- 18 72 2685
benzoic acid, ¢)
~._.0
36¢ 17b, <) \é/ 34 2 1455
W/O
~..0
36d 18, ¢) /\é/\ 32 13.5 16800
2-methyl- ~~ 20
36e naphthyl- 5 6 1412
carboxylic acid,
o]
[a] Synthesis from 24 according to Scheme 6.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 5. Ligands bearing guanidine groups and spacer units of different

length.
COOH
NH
By i,
HNT N o
H n
37
Compound® n SM®! Yield ICso (@5B1) ICso (vB3)
[%] [nm] [nm]
37a 1 31 21 60 131
37b 2 32 22 66 39

[a] Synthesis from scaffolds 31/32 and PhCOCI according to Scheme 6;
[b] starting material.

bridges to both aspartates (av)Asp218 and (av)Asp150 in
avfp3, a5p1 has only (a5)Asp227 for this essential interaction.
To probe whether this mutation can be utilised to gain selec-
tivity, the aminopyridine moiety of the a5p31 selective ligand
34e was replaced by a number of related basic heterocycles
(Table 6). As a general observation, the affinity towards a5p31
seems to be correlated to the basicity of the heterocycle:
whereas the guanidinium-like tetrahydropyrimidine 38d gave
excellent activities, the tetrahydropyridazine 38 e as well as the

1403
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i ) ; . i . (39¢) or acetic acid anhydride
Table 6. Comparison of different basic moieties on a5p1 affinity and selectivity.
(Scheme 9).
COOH The results in Table 7 indicate
Rom o that constriction by cyclisation
positions the amino function in
an unfavourable location for
a5p1. It can be assumed that
38 s .
an o substitution is generally
Compound®™ Starting R Yield ICs (a5B1) ICso (avf33) " bl h |
material %] (] (] unfavourable as the results are
independent of the nature and
~
38 - @N\ 18 73 e size of the substituent. The sul-
a . n.d. . . . .
N ”/\/ N fonamide, which is normally bi-
Ny selective for a5B1 and avfp3,
38b 26 [ ;L o~ 17 99 n.d.b showed a substantially reduced
NN ’ affinity for avP3; this hints at a
N/i general incompatibility of this
38¢ 27 : NN 10 126 >20000 scaffold with integrin affinity.
H
g
38d 38 < 83 1.8 221 .
@ N ”/\/ - Ligands based on the aza-
H glycine scaffold
N
38e 38b [ l 91 54 11082 The ligands of this series
N N/\/\\\ g
H H showed all the features respon-
sible for a5B1 selectivity, which
38f 34e N | N 86 42 5375 were determined in the SAR
H H study with the tyrosine-based li-
[a] Compounds 38a-c were synthesised from the ligand precursors 25-27 and 2,4,6-trimethylbenzoic acid ac- gands: a S Conﬁgured' 0-amino
cording to Scheme 6, procedure c). Compounds 38d-f were prepared from the assigned starting materials by acid as carrier of the carboxyl
reduction with H, and a Pd/C catalyst; [b] not determined. moiety and an aromatic amide

pyridazin 38b and the two pyrimidines 38a, 38c, each of
which are less basic than an aminopyridine, displayed reduced
activity. Compound 38c¢, the pyrimidin-6-yl-amino moiety of
which can establish an additional interaction with (a.5)-GIn221
did not have a satisfactory a5p1 affinity. It could not be deter-
mined whether this additional interaction is not present or if it
is simply overruled by the drop of basicity that is associated
with the substitution of pyridine by pyrimidine. Overall, it was
not possible to exploit the structural differences in the o subu-
nits to increase selectivity for a531, whereas reverse selectivity
could be induced by modification of the pyridine ring.?*
Flexible ligands are able to adopt a variety of conformations,
which often hampers selectivity. The introduction of con-
straints, for example, the cyclisation of tyrosine to 1,2,3,4-tetra-
hydroisochinolines is a popular
approach to gain selectivity by
conformational restriction.""%¢"
The ligand precursor 33 was
prepared by deprotection and
guanidinylation of 30 33
(Scheme 5). After Boc deprotec-
tion, the amine (39a) was acy-

NBoc

COOMe
H 39a: a), b)
R ——
BocHN \n/ N \/\/\O NBoc 39b: a), c), b)

with an ortho-dimethyl-substitu-
tion pattern. Both mesityl
groups and the slightly more potent 2,6-dimethyl-4-isopropox-
yphenyl group were employed as aromatic groups whereas
the basic moiety was left unchanged compared to the previ-
ously developed avp3 ligands (Scheme 7). Biological evalua-

Table 7. Biological evaluation of constrained tyrosine ligands 39.

Compound Yield 1Cs (5pB1) 1Csp (avf33)
[%] [um] [nm]

39a 65 >10 n.d.®

39b 12 >10 n.d.”

39¢ 22 15.9 330

39d 88 >10 n.d.®

[a] Not determined.

HZ\I\H/\I\/\/\ \ 1

NH

39¢: a), d), b)

39a:R"'=-H

39b: R' =-COPh
39¢c: R' = -SO,Mes
39d: R'=-Ac

e)

Scheme 9. Synthesis of constrained tyrosine ligands 39. a) HCl,q/dioxane; b) LiOH, methanol/water; c) PhCOCI,

NaHCO,, dioxane/water; d) mesitylsulfonyl chloride, TEA, DCM; e) Ac,0, NaHCO,, dioxane/water.

lated with benzoyl chloride
(39b), mesitylsulfonyl chloride
1404 www.chembiochem.org
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tions of the aza-glycine scaffold revealed high a5p1 affinities
together with a dramatic increase in selectivity compared to
the tyrosine scaffold. The selectivities of 6000 and higher are
due to the rigidity of the diacylhydrazone scaffold compared
to the rather flexible tyrosine. The lack of degrees in freedom
strongly disfavours alternative binding modes when the mesi-
tylene moiety is oriented outside the avp3 pocket. Table 8
shows representatives of the class of diacylhydrazones opti-
mised for a5p1 selectivity.

Both arylguanidyl and alkylguanidyl groups (42a, 43a/42b,
43b) showed a comparable selectivity against avf33; this once
again points out that only the C-terminal part of the molecule
is responsible for the selectivity. The additional hydrogen-bond
acceptor (-OiPr) in 43 gave a reduction of the IC;, value com-
parable with the tyrosine ligands 34j, k. The approximately
tenfold loss of a5B1 affinity of 43¢ compared to 43b shows
that the total length of the aza-glycine cannot be reduced. Fur-
thermore, substitution of aza-glycine with glycine (44b) has
little effect on the high affinities. The use of aminopyridines as
guanidine mimetics, which afforded very high affinity in both
a5p1 and avpB3 ligands, resulted in compound 45, which had
subnanomolar affinity for a5p1 and a selectivity of ~10*fold.

Figure 3 demonstrates the fit of compound 43 a into the a5p31
receptor and the main interactions, which are identical to the
results obtained from docking studies with tyrosine-based li-
gands. Compared to the tyrosine ligands, the high selectivities
of the aza-glycine ligands should be the result of an enhanced
rigidity of the scaffold, which strongly disfavours the place-
ment of the aromatic amide outside the receptor in avf33.

Conclusions and Outlook

In the face of the growing importance of selective a5p1 li-
gands, we report herein the synthesis of a series of com-
pounds based on the tyrosine scaffold with activities in the
subnanomolar range and selectivities of ~300-fold. The ligands
were optimised by docking studies with a homology model
that was established in our group. A careful evaluation of
ligand length, basic moieties and differently substituted aro-
matic moieties demonstrated the relevance of the model, and
enabled us to achieve an increase in selectivity to 1200-fold
and still preserve a low nanomolar activity. Furthermore, the in-
formation extracted from the extensive structure-activity rela-
tionship studies allowed the induction of a5p1 selectivity in

Table 8. Biological activities of ligands based on the aza-glycine and glycine scaffolds.
Compound 1Cso 1Cso Compound 1Csp 1Cso
(a5p1)  (avp3) (a5B1)  (avP3)
[nm] [nm] [nm] [nm]
NH O NH (0]
H H
N N_ COOH
HQNJKNQ\’( \N)J\N/YCOOH HNT N NAN/\(
H o H Hu_o o M Hu_o
42a 1.1 6500 42b 6.3 >50000
NH (0] NH (0]
H H
/( ]\ N. COOH NN COOH
HzN)J\N N)kN/\r H,N H/\/\ﬂ/ N N/\r
H 6 H H u__o o H H un_o
43a 0.96 >4750 43b 33 >20000
Oj/ OY
H H ji )N[i hoo
H,N N N COOH N COOH
2 \/\n/ N N/\r H,N HW \*N/\r
NH o H Hu_o 0 H aN_o
43¢ 34 >20000 44a 1.5 >20000
OY Oj/
NH H [¢]
PN N COOH z o
HN" N Hﬁ/ | H e COoH
(0] HN._O \N N NN
44b 0.86 9600 45 0.65 6000
OT/
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different integrin ligands by

which was demonstrated for the
aza-glycine/glycine scaffold. The

Q means of minor modifications,

resulting compounds displayed
affinities in the low nanomolar
range and below. The selectivity

o] 0] o] (0]
b, 1.d) H -
,o _bee) e PN /O against avf3 exceeded 10%fold,
AllocHN 0 AllocHN o : moc™ "X~ N 0
2.e)(X=N) . L .

NHFmoc HN. O f) (X = CHy)

blg)  FmocHN’ T X /\l)\ DLUN
—_—
b). i) i
® N
= N COOH
NN N
N N NTY

45

which is comparable with the
level of the most selective a5p31
ligands reported so far. Integrin
a5Bf1  antagonists  represent
promising lead structures for an-
tiangiogenic therapy of cancer
and age-related macular degen-

)Nj:' eration. The selective a5p1 Ii-
HoN N’ Y /\‘)L gands have already been suc-

R cessfully employed in biological
X =NH: systems and are subject of fur-
42aR’ = Me, R? = mCgH, ther research on integrin func-

42bR' =
43aR'=
43bR' =
43¢ R’

Me, R? = (CHa)s

QiPr, R2 = mCsH4

QiPr, RZ = (CH,);
= OiPr, R? = (CHa),

tion.©?

X = CHy: Experimental Section

44aR' =
44bR'=

OIPr, R% = (CHy)3

Detailed outline of the molecular
OiPr, R? = mCgH,

docking, synthesis and analysis
procedures can be found in the
Supporting Information.

Scheme 8. Synthesis of aza-glycine ligands on TCP resin. a) DCM/NaHCO,,, COCl,/toluene (90%); b) 20 % piperi- Acknowledgement
dine/NMP; ¢) aromatic acid, HATU, DIEA, NMP; d) 0.25 equiv Pd(PPhs),, PhSiH;, DCM; e) 40, DCM; f) Fmoc-glycine,

HOBt, TBTU, DIEA, DMF; g) 3-Fmoc-aminobenzoic acid, HATU, DIEA, NMP or 4-Fmoc-aminobutanoic acid or 3-

Fmoc-aminopropanoic acid, TBTU, DIEA, NMP; h) Bis-Boc-guanidinylpyrazole, CHCl,, 50°C; i) 25% TFA in DCM; j)3-  The authors would like to thank
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Figure 3. Superposition of the Connolly surface of the binding pocket of

a5P1 (grey) and avfp3 (red) with the aza-glycine ligand 43a docked into it.
Important receptor side chains and their corresponding residues in avf3 are
highlighted and labelled in parentheses. The MIDAS metal is represented as

a magenta sphere and H bonds are shown as dotted lines.
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The Corrin Moiety of Coenzyme B,, is the Determinant for
Switching the btuB Riboswitch of E. coli

Sofia Gallo,?

Riboswitches are regulatory elements in the 5'-untranslated
region (5'-UTR) of bacterial mRNAs that bind certain metabolites
with high specificity and affinity. The 202 nucleotide (nt)-long
btuB riboswitch RNA of E. coli interacts specifically with coen-
zyme B,, and its derivatives thereby leading to changes in the
RNA structure and hence to an altered expression of the down-
stream btuB gene. We report the investigations of the rearrange-

Introduction

In the regulatory machinery of gene expression, proteins are
known to function as indispensable components, as basic con-
trol elements and as sensors." Recently, an alternative gene
regulatory path was discovered, based on direct interactions
between metabolites and specific regulatory RNAs, called “ri-
boswitches”.”® These short sequences in the 5-untranslated
region (5’-UTR) of messenger RNAs (mRNAs) undergo a confor-
mational change upon the specific binding of metabolites.
Metabolite-induced restructuring of a “riboswitch” RNA leads
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Figure 1. A) “Full-length” btuB B,, riboswitch sequence from E. coli as used in
this study. The eight original cleavage sites of the “in-line probing” experi-
ments are indicated by red triangles (adapted from ref. [17]) together with
the newly evaluated site 2b at U77. B) A conformational change of the ribo-
switch is induced by binding of a suitably structured B,, derivative."”* As
shown here, the corrin moiety of AdoCbl harbours the crucial determinants;
the apical groups only affect the strength of the interaction.
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ment of the three-dimensional structure of the btuB riboswitch
upon binding to four different B,, derivatives: coenzyme B,,, vita-
min B,,, adenosyl factor A and adenosyl-cobinamide. In-line prob-
ing experiments have shown that the corrin ring plays the crucial
role in switching the three-dimensional riboswitch structure. In-
stead, the apical ligands influence only the binding dffinity of the
B,, derivative to the btuB riboswitch.

to premature termination of transcription and/or inhibition of
translation of the downstream genes, which have a close phys-
iological relationship with the bound metabolite.®*

The B,,-responding btuB riboswitch of E. coli is situated in
the 5'-UTR of the btuB gene (Figure 1), which encodes an outer
membrane protein that is used for the transport of B,, deriva-
tives.”” Coenzyme B,, (AdoCbl) has been suggested to be its
natural metabolite-type ligand.” Binding of the riboswitch to
the ribosome and thus expression of the btuB protein is re-
pressed by AdoCbl, but not, apparently, by vitamin B,,.”!

We have become interested in defining the structural basis
for the interaction between coenzyme B;, (AdoCbl) and the
btuB riboswitch. Here, we report on studies with AdoCbl and
three related B,, derivatives, vitamin B;, (VitB,,), adenosyl-cobi-
namide (AdoCobi)® and adenosyl factor A (AdoFactA)."” The
latter three lack either the “upper” organometallic moiety or
the “lower” nucleotide group of the base-coordinated (“base-
on”) AdoCbl, or are inherently “base-off’, respectively
(Scheme 1). Using AdoCobi we also wanted to test for possible
coordination of a btuB RNA nucleobase to the Co" centre of
AdoCbl (or one of its analogues), similar to the coordination of
a histidine imidazole observed in some B,,-dependent en-
zymes. "4
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The Corrin Moiety of Coenzyme B,, Switches the btuB Riboswitch

H2NOC

adenosyl factor A (AdoFactA)

FULL PAPERS

OH

adenosylcobinamide (AdoCobi)

Scheme 1. B,, derivatives used in this study: structural formulae of coenzyme B,, (AdoCbl, R=5-deoxyadenosyl) and vitamin B, (VitB,,, R=CN), and symbolic
structures of “base-on” AdoCbl and VitB,,, “base-off” adenosyl-factor A (AdoFactA) and “incomplete” adenosyl-cobinamide (AdoCobi).

Results and Discussion

The deduced structural changes of the btuB riboswitch are
due to the corrin moiety of bound B,, derivatives

“In-line probing”—a method to map conformational changes
in RNA structures™'®'®—has been used to monitor the binding
of AdoCbl to the “full-length” btuB riboswitch, which comprises
the first 202 nucleotides (nt) of the btuB 5-UTR. Binding of
AdoCbl led to a conformational switch of the btuB RNA. This
switch was reflected by the appearance or disappearance of
eight distinct cleavage bands in a manner dependent upon
the metabolite concentration. These bands were distributed
over the whole btuB riboswitch sequence; this emphasizes the
relevance of the “full-length” riboswitch for high-affinity recog-
nition of this bound B, cofactor.” Binding of AdoCbl occurred
rather specifically and with high affinity.>®'”? However, no in-
teraction with btuB RNA was detected for VitB,,, methylcobala-
min and dicyano-cobinamide.*'”!

To test for the structural requirements of the metabolite to
switch the riboswitch, we investigated the binding of AdoCbl
and of the B,, derivatives, VitB,,, AdoFactA and AdoCobi
(Scheme 1) to btuB RNA (202 nt) over a wide concentration

ChemBioChem 2008, 9, 1408 - 1414

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

range of the corrinoid by using “in-line probing” experiments.
After incubation of the [*?P]-5'-end-labelled btuB RNA with
each of the four B,, derivatives, the cleavage products were
analyzed by denaturing polyacrylamide gel electrophoresis
(PAGE). Our studies with AdoCbl reproduced the earlier obser-
vations qualitatively.”’ As reported earlier,>'” the intensities of
the bands 1, 3, 4 and 8 decreased upon addition of AdoChl,
whereas the intensities of the bands 2, 5, 6 and 7 increased;
this indicates accelerated strand cleavage at these latter sites
(Figures 2 and 3). In addition, we found one further cleavage
band at U77, which slightly decreased its intensity (band 2b in
Figures 1, 2 and 3).

However, when applying the other three B,, derivatives in
such “in-line probing” experiments, all of them were found to
display the same RNA cleavage pattern as was observed for
AdoCbl,? including the new band 2b, although higher concen-
trations were needed in the case of AdoCobi and VitB,, (Fig-
ures 2 and 3). AdoFactA is a naturally occurring analogue of
AdoCbl in which dimethylbenzimidazole (DMB) is replaced by
2-methyladenine as the nucleotide base.'®™ In contrast to
AdoCbl and VitB,,, which both display the “base-on” form in
neutral aqueous solution, AdoFactA preferentially exists in the

1409
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The organometallic adenosine
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.qb-.‘ocncﬁ.

Figure 2. In-line probing experiments of the 202-nt-long btuB riboswitch with A) AdoFactA and B) AdoCobi by
using AdoCbl as reference. Lane ¢ : control; T1: RNAse T1 digestion; OH™: alkaline hydrolysis ladder. The btuB
riboswitch RNA was incubated for 40 h in the absence (—) or the presence of 0.1, 0.5 and 1 mm AdoCbl or Ado-
FactA, or with 0.5, 1, 2, 5 and 8 mm AdoCobi (see also the Experimental Section). The arrows indicate the bands
that changed their intensities upon addition of B,,:*'” G23 (1), U68 (2), U77 (2b), G87 (3), G106 (4), U110 (5), U118

(6), U167 (7), U183 (8).

“base-off” form."? Interestingly, AdoFactA was found here to
bind readily to the btuB RNA and also to induce the same con-
formational switch (Figure 2A, Table 1). AdoCobi, which lacks
the entire nucleotide portion of AdoCbl, also induces essential-
ly the same cleavage pattern of btuB RNA, as AdoCbl and
VitB,, (the fourth B,, derivative tested here). However, the
change in the cleavage intensity of bands 5, 7 and 8 are differ-
ent compared to the other three derivatives that were used
(Figures 2B and 4C); this suggests a possible interaction of
these regions within the riboswitch with the “lower” parts of
B,, derivatives.

All four B,, derivatives were thus found to induce essentially
the same conformational changes in the structure of the btuB
riboswitch, as reflected by the change of intensities of nine
bands upon addition of the B,, derivatives (Figures 2 and 3).
Aside from the concentration-dependent changes of these
nine distinct bands, no further differences in cleavage bands
within the 202 nucleotides were observed with either B,, deriv-
ative. These findings indicate that the corrin moiety of AdoCbl
is responsible for the structural changes within the btuB ribo-
switch rather than the large functional upper or lower axial
ligands that are bound at the cobalt centre.
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300 nm), whereas evidence for
binding of VitB;, (at lower con-
centration) to this B,, riboswitch
was not found.”®'” AdoCbl and
AdoFactA bind to the B,, ribo-
switch from E. coli with roughly
similar affinities (Table 1). As de-
duced for all nine observed
cleavage sites along the btuB RNA sequence, the induced con-
centration-dependent conformational change due to AdoCbl
or AdoFactA is the same. This implies a correlated conforma-
tional rearrangement of the RNA upon binding to each of the
two “complete” Ado-corrinoids. Apparently, the “base-off”
nature of AdoFactA has little influence on the binding and the
reorganization of btuB RNA. On the other hand, VitB,, and
AdoCobi, which lack either the upper organometallic group or
the lower base, both bind about 1000 times weaker than
AdoCbl and AdoFactA. The derived binding affinities of VitB,,
and AdoCobi imply that the axial groups at the cobalt centre
in AdoCbl are important to reach a highly stable complex with
the RNA. Along this line, dicyano-cobinamide, which lacks both
large axial ligands does not bind to the btuB RNA up to a con-
centration of 16 mm (data not shown). In the cases of VitB,,
and AdoCobi, the affinities obtained from the eight bands are
similar, except for those from band 1 of VitB,, and band 5 of
AdoCobi (Table 1). As suggested by the different intensities of
some of these cleavage bands, these regions of the riboswitch
might be in contact with the “upper” and “lower” parts of
AdoCbl, which are not present in either VitB,, or AdoCobi, re-
spectively. Alternatively, an indirect influence is exhibited as a
result of the binding of one of the latter B,, derivative.

ChemBioChem 2008, 9, 1408 - 1414



www.chembiochem.org



The Corrin Moiety of Coenzyme B,, Switches the btuB Riboswitch

AdoCbl VitB,,

6 o ———— e ———
5 B e - - -— e
= = -
——— ———— e —
3 — e ot
T T T T
2b _— - — =
2 e —— ————
.4 X e — - =
=
-
p— —
11— - - e - - -
.2 T L =k & 5 J e

Figure 3. “In-line probing” experiment of the 202-nt-long btuB riboswitch.
The denaturing polyacrylamide gel of the 5’ end *?P-labelled riboswitch is
shown after incubation for 41 h with increasing amounts of either AdoCbl
(lanes 2 to 5) or VitB,, (lanes 6 to 10). Lane c: control, that is, the riboswitch
in the absence of monovalent and divalent metal ions as well as B,, deriva-
tive; T1: RNAse T1 digestion; OH™: alkaline hydrolysis ladder. The concentra-
tions of AdoCbl was zero (—), 0.1, 0.5 and 1 mm, and of VitB,, zero (—), 0.1,
0.5, 1 and 10 mm. The cleavage bands that changed their intensities upon
addition of B,, are indicated and are located at positions G23 (1), U68 (2),
U77 (2b), G87 (3), G106 (4), U110 (5), U118 (6), U167 (7), U183 (8).

Table 1. The affinities logK of the four B, derivatives to the full-length
btuB riboswitch. The values derived from each individual cleavage site are
listed (Figure 2), together with the affinities logK,, (and corresponding Kp)
of each derivative to the riboswitch. The individual values for each band
are the weighted mean of several independent experiments; all errors
correspond to one standard deviation (see also the Experimental Section
and legend to Figure 4).

Site 109 Kagocoi 109 Kagoracta log Kyiigr2 109 Kadocobi

1 7.11£0.05 6.63 +0.02 4.09+0.02 3.144+0.02

2 7.06 £0.05 6.37 +0.09 3.394+0.22 3.41+0.04

2b 7.13£0.10 6.60+0.04 3.524+0.29 2.78+0.14

3 7.04+£0.05 6.611+0.04 3.454+0.08 3.27+0.04
4 7.06 £0.03 6.444+0.11 3.47+0.18 3.31+0.01

5 6.87 +0.40 6.58+0.21 3.214+048 246+0.16
6 7.01£0.03 6.62+0.09 3.374+0.31 3.524+0.06
7 7.00£0.07 6.72+0.20 3.40+0.50 3.14+0.64
8 6.52+1.63 6.27 +0.07 3.63+0.11 3.08+0.12
logK,, 7.05+£0.03 6.54 +0.05 3.50+0.20 3.12+0.11

Ko 8946 nm 290+£32 nm 314+141 pm 753+189 um
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Figure 4. Cleavage pattern of full-length btuB RNA in “in-line probing” ex-
periments. Change in intensity of cleavage band 3 (G87) of the btuB ribo-
switch with respect to increasing amounts of a B,, derivative as observed:
A) AdoCbl (m) and AdoFactA (e) exhibit a much higher affinity towards the
RNA than B) VitB,, (m) and AdoCobi (e). The experimental data points were
fitted to a 1:1 binding isotherm model."” C) Relative maximal changes in
cleavage intensity of the nine bands evaluated upon addition of either of
the four B,, derivatives AdoCbl, AdoFactA, VitB,, and AdoCobi. The intensi-
ties shown correspond to the calculated intensities of the fully bound spe-
cies, as obtained by a 1:1 binding isotherm model" (see also the Experi-
mental Section), and are shown relative to the maximally observed change
of band 1 upon addition of AdoCbl to the btuB riboswitch. The values de-
picted correspond to the weighted mean of the results that were obtained
from two experiments with VitB,,, three experiments each with AdoCbl and
AdoFactA, and six experiments with AdoCobi. In the case of band 8 of Ado-
Cobi, the results from only one experiment could be used for the fit, but the
decrease in intensity was generally observed. The error limits shown corre-
spond to one standard deviation.

The btuB RNA does not provide a cobalt-coordinating ligand
for AdoFactA and AdoCobi

The experiments described here and elsewhere®®'” suggested
the relevance of the nucleotide loop of AdoCbl for tight bind-
ing to the btuB RNA. Whereas AdoCbl, AdoFactA, VitB,, and
AdoCobi all were found here to induce essentially the same
structural changes in this riboswitch, a still unanswered ques-
tion concerns the structure of the bound B,, derivatives them-
selves. Indeed, some of the enzymes that are dependent on
AdoCbl bind the corrinoid “base-off/his-on”, that is, the DMB
ligand of coenzyme B, is replaced by the imidazole of a histi-
dine residue.""**?" |ikewise, all known methyl-transferases
bind the methyl-corrinoid cofactors “base-off".'>"¥ Hence, we
were particularly interested in the question of how AdoCbl
and AdoFactA (“molecular switches”)?? are bound to the btuB
riboswitch.
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At neutral pH and at room temperature coenzyme B,,
(AdoCbl) and vitamin B,, (VitB,;,) exist nearly exclusively in a
“base-on” constitution. In contrast, AdoFactA prevails to about
70% in the “base-off form, in which the “lower” adenine
ligand is de-coordinated."” The isomeric forms can be distin-
guished readily by UV/visible spectroscopy: in aqueous solu-
tion, “base-on” AdoCbl displays a maximal absorbance near
525 nm, whereas the UV/visible spectrum of AdoFactA shows
an absorbance maximum near 460 nm, due to its dominant
“base-off” constitution (see for example, ref. [23] and Figure 5).
AdoFactA has been used before as a probe for the possible re-
structuring of the lower ligand of B,, by its environment.?*24

400 450 500 550 600 650

Alnm —»
B)
0.08 -
T 0.04
A
0.00 - -
400 450 500 550 600 650
Alnm —»

400 450 500 550 600 650
Alinm—

Figure 5. Comparison of the UV spectra of AdoCbl, AdoFactA and AdoCobi
alone (—) and in the presence (-) of the 202-nt-long btuB riboswitch
from E. coli. A) Spectra of AdoCbl (25.3 um) in the presence (75.3 pum; that is
99.8% AdoCbl bound) or absence of btuB-RNA, both show an absorbance
maxima at 524 nm; B) spectra of AdoFactA (7.7 pum) in the presence

(30.8 um; that is, 98.6 % AdoFactA bound) or absence of btuB RNA show ab-
sorbance maxima at 463 and 470 nm, respectively; C) spectra of AdoCobi

(1 um) in the presence (302.4 um; that is, 30% AdoCobi bound) or absence
of btuB RNA, both show absorbance maxima at 457 nm. The slight (relative)
absorbance changes between 500 and 550 nm might be due to changes in
the coordinative environment of the corrin-bound cobalt centre (see for ex-
ample ref. [24]).
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The absorbance spectra of AdoCbl undergo only minor
changes in the presence of an excess of btuB RNA; this indi-
cates that this B,, derivative remains “base-on” when bound to
the B,, riboswitch (Figures 5 and 6). In contrast, a solution of
AdoFactA and excess of btuB RNA (under conditions in which
>98% of AdoFactA was RNA-bound; Table 1) exhibits an ab-

400 450 500 550 600 650
2 /nm

Figure 6. UV/Vis spectra of AdoCbl (—), AdoFactA (--) and AdoCobi (----- )
in the presence of the btuB riboswitch. AdoCbl displays the “base-on” form
with a maximum absorbance at 524 nm, while the maxima at 468 nm (Ado-
FactA) and 457 nm (AdoCobi) indicate the “base-off” forms. The B,,:RNA
ratio was such that >98% (in case of AdoCbl and AdoFactA) or 30% (Ado-
Cobi) of the corrinoids were bound to the riboswitch (50 mm EPPS, pH 7.5,
25°C, 100 mm KCl, 20 mm MgCl,); the intensities of the three absorption
traces are not mutually normalized (see the Experimental Section for de-
tails).

sorbance maximum near 460 nm. This shows that this ana-
logue of AdoCbl is largely “base-off” when bound to the B,
riboswitch, and indicates that btuB RNA is switched by these
complete corrinoids, irrespective of their “base-on” or “base-
off” state. Likewise, the absorbance spectrum of 1 um AdoCobi
is hardly changed in the presence of 302 um btuB RNA (that is,
under conditions where 30% of the corrinoid are bound,
Table 1 and Figure 5). Axial (intermolecular) coordination of an
RNA-based nitrogen atom as a ligand to the corrin-bound
cobalt centre of the “incomplete” corrinoid AdoCobi (or of
“base-off” AdoFactA), is thus a minor contributor at most, and
of insignificant structural relevance.

Conclusions

We address here the problem of how a B, riboswitch RNA®2®

and coenzyme B,, (AdoCbl)**” recognize and bind each other
specifically. Both of these binding partners stand out as highly
complex representatives of their two functional classes of bio-
molecules. Other metabolite-binding riboswitches have mean-
while been characterized by X-ray crystallography (e.g., the S-
adenosyl-methionine (SAM)-binding riboswitch)® and were
found to bind their target metabolites in a rather tight com-
plex, which is consistent with the deduced recognition deter-
minants of SAM-binding riboswitches.”
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The Corrin Moiety of Coenzyme B;, Switches the btuB Riboswitch

AdoCbl and the related B, derivatives VitB,,, AdoFactA and
AdoCobi were all shown here to bind and induce essentially
the same overall conformational change of the btuB riboswitch
of E. coli. Thus, the corrin moiety of AdoCbl is the main struc-
tural determinant for inducing the btuB RNA to switch. This
contrasts the conclusions from the previous studies, which
suggested that the “upper” and “lower” ligands of AdoCbl
were both also crucial for binding by this B,, riboswitch and
for inducing its conformational restructuring.>® In these stud-
ies,? only close analogues of AdoCbl (such as 2’-deoxy-AdoCbl
and purinyl-Cbl) were deduced to bind and induce the switch
effectively, while VitB,, was noted not to bind. However, both
of the two “complete” Cog-adenosyl-corrinoids tested here,
AdoCbl and AdoFactA, bind in the (physiologically most rele-
vant) submicromolar range. Clearly, btuB RNA is neither specific
for the DMB base nor for the “base-on” state of AdoCbl. In ad-
dition, VitB,, and AdoCobi, which either lack the large organo-
metallic group (VitB,,), or are “incomplete” (AdoCobi), both
induced the conformational switch of the btuB RNA also, but
exhibited a more than 1000-fold weaker binding affinity.

In fact, neither one of the large axially bound moieties is
needed to induce the conformational switch of btuB RNA, in
spite of their strongly enhancing effect on the binding affinity.
Only when both large ligands are removed—as is the case
with dicyano-cobinamide—does the affinity become so small
that no binding occurs under the conditions applied. Metabo-
lite-binding riboswitches have been suggested to have a major
two-domain topology, with an aptamer domain and an expres-
sion platform.”® The 5-UTR of the btuB RNA (and other B,
riboswitches) contain a conserved 25-nt sequence, the “B;,
box” as part of the highly conserved and longer “B,, ele-
ment”.” The identification of (most of) these B,, riboswitches
by sequence comparisons also revealed a large conserved
stem-loop region (called the Bll-element in ref. [25]), which is
not available in all B;, riboswitches."?) Our results indicate
that the aptamer domain of the btuB B,, riboswitch of E. coli
has a modular build-up, and can apparently provide two types
of binding interface to the corrinoid: one of them can be
switched by the bound B,,, the other can recognize relevant
parts of the structure of the two large apical moieties of
AdoCbl and increase the binding affinity further without
detectable conformational restructuring (an earlier suspected
feature of the btuB B,, riboswitches!"”).

The deduced ability of natural B,, derivatives to switch btuB
RNA correlates remarkably with the binding affinity of the (pro-
teinous) outer-membrane transporter btuB, itself.”**" In view of
the biosynthetic capacities of E. coli, which can use cobina-
mides for the enzyme-catalyzed build-up of the metabolically
useful B,, cofactors (methylcobalamin and AdoCbl), the similar
import of cobinamides and cobalamins via btuB is economi-
cal.?” The related ability of the btuB B, riboswitch of E. coli to
bind a broad range of natural B,, derivatives and for being
switched by “incomplete” corrinoids (such as AdoCobi) and
natural “base-off” cobamides (as AdoFactA) thus is consistent,
in a rather fascinating way, with the apparent structural toler-
ance in the B,, uptake by E. coli.
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Experimental Section

Materials: Coenzyme B,, (Fluka) and vitamin B,, (Calbiochem) were
used without further purification. Adenosyl factor A and adenosyl-
cobinamide were prepared by an electrochemical method."%*?
Nucleoside 5'-triphosphates were purchased from GE Healthcare,
except for UTP, which was obtained from Fluka-Sigma-Aldrich. The
T7 RNA polymerase that was used for in vitro transcription was
prepared according to ref. [33]. Denaturing polyacrylamide gels
were prepared by using long ranger gel solution (Cambrex Bio Sci-
ence, Rockland, ME, USA). Deionised water was further purified by
Millipore-Filtration and autoclaved before use, and all buffers, salt
solutions and gels were filtered through 0.2 pm filters. All other
chemicals used were at least puriss p.a., and were purchased from
either Fluka-Sigma-Aldrich or Brunschwig Chemie. Gels were ana-
lyzed with a Storm860 Phospholmager and ImageQuant software
and the UV/Vis spectra were recorded either by using a Varian
Cary 500 or a Hitachi U-3000 spectrophotometer.

Preparation of the RNA: The DNA that encoded the 202-nucleo-
tide-long btuB riboswitch sequence was isolated directly from the
bacterial genome of E. coli K12 by colony PCR and was subse-
quently cloned between a 5'-hammerhead and a 3’-hepatitis delta
virus ribozyme sequence, to yield after in vitro transcription and ri-
bozyme self cleavage the riboswitch with uniform ends.®**% After
in vitro transcription of this pSG1 plasmid derived from the pRZ-
vector® with T7 polymerase, the ribozymes were cut out by ther-
mal cycling with MgCl, (40 mm).®**¥ The RNA was subsequently
purified with denaturing PAGE (10%), isolated by electroelution at
4°C, and concentrated by centrifugation (Vivaspin) as described
before.*™ The RNA was stored in water at —20°C.

“Inline-probing” experiments: “In-line probing” experiments were
performed by using *P-5'-labelled RNA (~5 nm *?P-labelled RNA of
an overall RNA concentration of 20 nm). The RNA was incubated
for 41 h in the dark at 25°C (50 mm Tris-HCl, pH 8.3, 20 mm MgCl,,
100 mm KCl) and in the presence or absence of the corresponding
B,, derivative. The cleaved bands were separated by denaturing
PAGE (10%, 7 m urea).

The titration experiments with AdoCbl and AdoFactA were per-
formed under conditions described above by addition of 0, 30, 75,
130, 200, 300, 450, 750 nm, 1.2, 2.7, 10 and 100 um AdoCbl or Ado-
FactA to an overall RNA concentration of 37.39 nm (AdoCbl) or
30.16 nm (AdoFactA). The titrations with VitB,, were made by addi-
tion of 0, 3.3, 7.5, 12.9, 20, 30, 45, 75, 120, 270 um, 1 and 2.5 mm
VitB,, to the RNA (30.16 nm; Figure 3). The titrations with AdoCobi
were performed by addition of 0, 0.5, 1, 2, 5 and 8 mm AdoCobi to
the RNA (20 nm). The concentrations applied with dicyano-cobina-
mide were 0.5, 1, 2, 4, 8 and 16 mm (20 nm RNA), but no binding
could be detected. Three titration experiments each were done
with AdoCbl, AdoFactA and dicyano-cobinamide, two with VitB,,,
and six with AdoCobi.

The changes at each cleavage site were quantified by plotting the
intensities of the bands after background-correction. The experi-
mental data points were fitted to a 1:1 binding isotherm"™ to give
the K, values of the B,, derivatives to the different sites. The indi-
vidual values of the affinity constants for each band correspond
then to the weighted mean of three independent experiments
(two in the case of VitB,,). The final logK,, values for each B,, deriv-
ative are either the weighted (AdoCbl) or the arithmetic mean
(AdoFactA, AdoCobi, VitB,,) of the values for each band. All errors
given correspond to one standard deviation.
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Extracellular Synthesis of Crystalline Silver Nanoparticles
and Molecular Evidence of Silver Resistance from
Morganella sp.: Towards Understanding Biochemical

Synthesis Mechanism

Rasesh Y. Parikh,” Sanjay Singh,” B. L. V. Prasad,” Milind S. Patole,””” Murali Sastry,* and

Yogesh S. Shouche*™

There has been significant progress in the biological synthesis of
nanomaterials. However, the molecular mechanism of synthesis
of such bio-nanomaterials remains largely unknown. Here, we
report the extracellular synthesis of crystalline silver nanopatrticles
(AgNPs) by using Morganella sp., and show molecular evidence
of silver resistance by elucidating the synthesis mechanism. The
AgNPs were 20+5 nm in diameter and were highly stable at
room temperature. The kinetics of AGNPs formation was investi-
gated. Detectable particles were formed after an hour of reaction,
and their production remained exponential up to 18 h, and satu-
rated at 24 h. Morganella sp. was found to be highly resistant to
silver cations and was able to grow in the presence of more than
0.5 mm AgNO;. Three gene homologues viz. silE, silP and silS
were identified in silver-resistant Morganella sp. The homologue

Introduction

The chemical methods for the synthesis of metallic nanoparti-
cles are quite successful and have been well studied." How-
ever, the biological synthesis of such nanomaterials has gained
significant interest due to the use of mild experimental condi-
tions of temperature, pH, and pressure. If harnessed to their
full potential, biological synthesis could present extra advan-
tages over chemical methods such as higher productivity and
lower cost. One new dimension in the metal-microbial interac-
tion has emerged in the last few years, in that the synthesis of
metallic nanoparticles have been reported from bacteria, yeast,
fungi, and other biological sources.*'® AgNPs have received
considerable attention due to their attractive physicochemical
properties. The surface plasmon resonance and large effective
scattering cross section of individual AgNPs make them ideal
candidates for molecular labeling.”®! The existing physical meth-
ods for AgNPs synthesis, such as gas condensation and irradia-
tion by ultraviolet or vy radiation, are usually associated with a
low production rate and high expense."'? Further, the large-
scale synthesis of silver nanomaterial suffers from issues such
as polydispersity and stability, especially if the reduction is car-
ried out in aqueous media. Therefore the extracellular biologi-
cal synthesis of AgNPs could be an attractive and ecologically
friendly alternative method for the preparation of large quanti-
ties because it offers the advantage of easy downstream proc-
essing. Moreover, bacteria are easy to handle and can be
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of silE from Morganella sp. showed 99% nucleotide sequence
similarity with the previously reported gene, silE, which encodes
a periplasmic silver-binding protein. The homologues of silP and
silS were also highly similar to previously reported sequences.
Similar activity was totally absent in closely related Escherichia
coli; this suggests that a unique mechanism of extracellular
AgNPs synthesis is associated with silver-resistant Morganella sp.
The molecular mechanism of silver resistance and its gene prod-
ucts might have a key role to play in the overall synthesis process
of AgNPs by Morganella sp. An understanding of such biochemi-
cal mechanisms at the molecular level might help in developing
an ecologically friendly and cost-effective protocol for microbial
AgNPs synthesis.

manipulated genetically without much difficulty. Considering
these advantages, a bacterial system could prove to be an
excellent alternative for the extracellular synthesis of AgNPs.
lonic silver is highly toxic to most bacterial cells and has
long been used as a potent bactericidal agent.”™ However,
several silver-resistant bacterial strains have been reported
and even shown to accumulate AgNPs in their periplasmic
space.*™ " Microbes from silver-rich habitats such as silver
mines have been explored for the synthesis of AgNPs.* How-
ever, in the recent past, habitats like buttermilk have also been

[a]l R.Y. Parikh, Dr. M. S. Patole, Dr. Y. S. Shouche
Molecular Biology Unit, National Centre for Cell Science
University of Pune Campus

Ganeshkhind, Pune 411007 (India)

Fax: (+91)20-25708000

E-mail: yogesh@nccs.res.in

S. Singh, Dr. B. L. V. Prasad

Materials Chemistry Division, National Chemical Laboratory
Dr. Homi Bhabha Road, Pune 411008 (India)

Dr. M. Sastry

Tata Chemicals Limited, Innovation Center, Anmol Pride
Baner Road, Pune 411045 (India)

Fax: (+91)20-66218490

E-mail: msastry@tatachemicals.com

=

o)

Q Supporting information for this article is available on the WWW under
http ://www.chembiochem.org or from the author.

1415

www.chembiochem.org



www.chembiochem.org



BIO

tapped for microbial synthesis of silver and gold nanoparti-
cles;"® this suggests that microbes from unusual and nonsil-
ver-rich habitats can also be explored for AQNP synthesis. The
rationale in using silver-resistant microorganisms for AgNP pro-
duction is clear;"'”" however, a plausible biochemical mecha-
nism for metal-ion reduction and nanoparticle production has
remained elusive. It was recommended to study the silver-
resistance mechanism to understand the overall synthetic pro-
cess of AgNPs from silver-resistant bacteria,™'® but no such in-
formation with respect to AgNPs synthesis is available to date.
The mechanism that allows silver-resistant microbes to survive
in a silver-rich environment was not properly understood until
Gupta and co-workers studied the plasmid-mediated silver-re-
sistance mechanism of Salmonella™ This functions as a cellu-
lar efflux pumping system that protects the cytoplasm against
toxic concentrations of silver, and a small periplasmic silver-
binding protein that binds silver specifically at the cell surface.
It might be possible that the silver-resistance machinery could
be playing a key role in the synthesis of nanoparticles. As a
step towards understanding the biochemical synthesis, we
address this issue and have identified the gene homologues
that could play a major role in the synthesis process of AgNPs
in silver-resistant Morganella sp.

(8]
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Results

Identification of bacterium

The bacterium was originally isolated from the insect gut and
was identified as Morganella sp. It belongs to the family Enter-
obacteriaceae. The identification of the isolate was carried out
by 16S rRNA gene sequencing after preliminary biochemical
analysis. The 1.5 kb sequence of 16S rRNA gene showed 99%
similarity with Morganella sp. and was also supported by bio-
chemical identification. The 16S rRNA gene sequence was de-
posited in the GenBank with the accession number EF525539.

Extracellular synthesis of AgNPs from Morganella sp.

The bacterium was grown in LB broth without added NaCl for
15 h at 37°C, and then an aqueous AgNO, solution at a final
concentration of 5 mm was added. It was further allowed to in-
cubate for 20 h at 37°C. After removing bacterial cells by cen-
trifugation, the supernatant was a clear brown homogenous
suspension of AgNPs, and was analyzed by UV-visible spec-
troscopy. Figure 1A shows the characteristic surface plasmon
resonance (SPR) at about 415 nm for AgNPs?” obtained from
Morganella sp., which was absent in all appropriate simultane-
ously run controls. The AgNP production was not detected
even in a closely related genus of the same family of E. coli,
which indicates that the phenomenon could be specific to

Nolbbomobdo

012345678910
[AgNOa] / mm —=

0 4 812162024

tHh —»

Figure 1. A) UV/Vis spectra recorded from the culture supernatant that shows the production of AgNPs from Morganella sp. Curve a, b and ¢ shows AgNPs
production after the addition of aqueous AgNO; solution to the overnight-grown Morganella sp. after 0 h, 1 h and 20 h of reaction, respectively. While curves
d and e were recorded after the addition of aqueous AgNO; solution only to the LB broth (without added NaCl) after 1 h and 20 h of reaction, respectively.
Curve f was recorded (without diluting supernatant) after the addition of aqueous AgNO; solution to the overnight-grown Escherichia coli. Curve g was re-
corded from the culture supernatant of Morganella sp. without added aqueous AgNO; solution after 24 h of growth. Inset Figure shows images of color of so-
lution of curves ¢, e, f and g. B) UV/Vis spectra that were recorded from culture supernatant from different concentrations of AgNO; that were added to over-
night-grown Morganella sp. The numbers given to the respective curves represent the concentration (mm) of the added aqueous AgNO; solution. Inset graph
shows the absorbance of AgNPs that were produced against respective concentrations of added aqueous AgNO; solution. C) UV/Vis spectra showed the
time-dependent kinetics of AgNPs production. The numbers over respective peaks indicate the time at which the spectrum was recorded. Inset graph shows

the saturation curve of AgNPs production over a period of 24 h.
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silver-resistant Morganella sp. Production optimization of
AgNPs was performed with respect to concentrations of Ag™
ions, which ranged from 1 to 10 mm. It clearly showed an in-
crease in the intensity of the SPR up to 5 mm concentration,
and an intensity decrease at higher concentrations (Figure 1B).
The results clearly indicated that 5 mm concentration of Ag™
ions was most appropriate for the synthesis of AgNPs from
Morganella sp. (Figure 1B inset). The kinetics of AgNP produc-
tion were studied by periodically analyzing samples at different
time intervals after adding Ag™ ions to the culture flask of Mor-
ganella sp. Figure 1C shows the progression of AgNPs synthe-
sis over time. The intensity of SPR clearly increased with the
time progression. Detectable nanoparticles appeared after an
hour of adding salt to the culture media and their production
remained exponential up to 18 h. The nanoparticle production
was saturated at 24 h (Figure 1C inset). After harvesting bacte-
rial cells, the culture supernatant was examined for its ability
to produce AgNPs. UV-visible analysis of the culture superna-
tant also showed the formation of AgNPs (data not shown).

Characterization of AgNPs

Transmission electron microscopy (TEM) images of AgNPs that
were synthesized by Morganella sp., indicated that the nano-
particles were in the size range of ~20 nm and were spherical
in shape (Figure 2A and B). In addition to 5 mm, the TEM anal-
ysis of AgNPs that were prepared from 2 and 10 mm Ag* solu-
tions showed no significant change in the shape and the size
of nanoparticles (Supporting Information). Selected area elec-
tron diffraction (SAED) spots that corresponded to the [111],
[200], [220], and [311] planes of the face-centered cubic (fcc)
structure of elemental silver?” are clearly seen in Figure 2D.
The high-resolution TEM (HRTEM) image (Figure 2C) shows the
d spacing of 2.02 A, which matches with the [200] plane of

Figure 2. A) and B) Transmission electron microscopy images of AgNPs from
Morganella sp. at different magnifications. C) HRTEM image showing charac-
teristic d spacing for the [200] plane. D) Selected area electron diffraction
showing the characteristic crystal planes of elemental silver.
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AgNPs. The X-ray diffraction (XRD) pattern (Figure 3A) shows
intense Bragg's reflections that can be indexed on the basis of
the fcc structure of silver?” The XRD pattern thus obtained
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Figure 3. A) XRD spectra of AgNPs synthesized by using Morganella sp.
showing [111], [200], [220], and [311] planes, which are characteristic of crys-
talline silver. B) FTIR spectrum recorded from purified AgNPs showing bands
at about 1550 and 1650 corresponding to amide Il and amide | respectively;
this suggests the presence of capping proteins on AgNPs. XPS spectra of
AgNPs showing the C) C 1s and D) Ag 3d core level spectra recorded from
Morganella sp. The C 1s spectrum is resolved into three components (281.3,
285.0 and 288 eV) and the Ag 3d spectrum is resolved into two components
(368.3 and 374.3 eV).

clearly shows that the synthesized AgNPs by the Morganel-
la sp. were crystalline in nature. A Fourier transform infra-red
(FTIR) spectrum (Figure 3B) of AgNPs shows the presence of
two absorption bands centered at about 1550 and 1650 cm™
(amide Il and amide | bands respectively); this indicates the
presence of proteins on the surface of the AgNPs that appear
to be acting as capping and stabilizing agents. Chemical analy-
sis of the AgNPs was carried out by X-ray photoelectron spec-
troscopy (XPS). Figure 3C and D show the carbon 1s and silver
3d core levels, respectively. The C 1s core level spectrum could
be decomposed into three chemically distinct components
that are centered at 281.3, 285.0 and 288 eV. The low binding
energy peak at 281.3 eV is attributed to the presence of aro-
matic carbon atoms that are present in amino acids from pro-
teins that are bound to the surface of silver nanoparticles.”?
The high binding energy peak at 288.0 eV is attributed to elec-
tron emission from carbon atoms in carbonyl groups (aldehy-
dic or ketonic carbon) that are present in proteins that are
bound to the nanoparticles surface.”*?* The C 1s component
that is centered at 285.0 eV is due to electron emission from
an adventitious carbon atom that is present in the sample. The
Ag 3d core level spectrum could be decomposed into a single
spin-orbit pair (spin-orbit splitting ~6.0 eV) with 3d;,, and 3d;,,
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binding energies (BEs) of 368.3 and 374.3 eV, respectively;
these agree with values that have been reported for metallic
silver.”” The energy dispersive analysis of X-rays (EDAX; Sup-
porting Information) shows the presence of elemental silver in
the sample.

Cloning and sequence analysis of sil homologues

The phenotypic evidence of silver resistance was studied by
growing Morganella sp. at and above the determined mini-
mum inhibitory concentration of silver ions of silver-sensitive
E. coli*® Morganella sp. was grown in the presence of different
concentrations of Ag™ ions that ranged from 0.1 to 1 mwm. It
was found that the bacterium was able to grow in more than
0.5 mm concentration of Ag* ions in LB broth without added
NaCl, which is more than 500% more tolerant than sensitive
E. coli®® This clearly indicated that the bacterium was highly
resistant to Ag™ ions. The genotypic evidence was studied by
identifying three major gene homologues, namely silE, silP and
silS of the putative silver-resistance machinery in Morganel-
la sp. These three sil gene homologues were characterized by
using polymerase chain reaction (PCR), cloning, and sequenc-
ing. Figure 4 shows the PCR products of silE, silP, and silS ho-

1 2 3 M

[T T

SilP— sk
~——2kb
silS— - ——165kb
. -
SilE — - . «— 0.4 kb
= . 0.1kb

Figure 4. PCR amplification products of sil gene homologues resolved on
ethidium-bromide-stained 1% agarose gel. Lanes 1, 2 and 3 contained silP,
silE and silS homologues respectively, as indicated by arrows on left. Lane M
contained DNA size markers, whose sizes are indicated on the right.

mologues from Morganella sp. These band sizes of PCR prod-
ucts corresponded to the expected size of reported silE, silP
and silS of silver resistance. On the basis of partial sequence
analysis, the silE homologue was identified as a periplasmic
silver-binding protein; the silP homologue was identified as a
cation-transporting P-type ATPase, and the silS homologue was
identified as a two-component membrane sensor kinase of the
silver-resistance mechanism. Figure 5 shows the multiple se-
quence alignment of the silE homologue with related sequen-
ces that were downloaded from the National Center for Bio-
technology Information (NCBI) (http://www.ncbi.nim.nih.gov/)
database. The multiple nucleotide sequence alignment data
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clearly showed that the silE homologue from Morganella sp.
was 99% similar with the reported silE"® which indicated that
it could be playing a similar role in silver-resistant Morganel-
la sp., too. Gupta and co-workers have clearly shown a specific
interaction between the periplasmic silver-binding protein that
is encoded by silF and Ag* ions." Similarly, multiple nucleo-
tide sequence alignment data (Supporting Information) of silP
and silS homologues with reported sequences showed that
they were also highly similar with reported sequences,'” and
could also be playing a similar role in silver-resistant Morganel-
la sp. In addition, multiple alignment of in-silico-translated
amino acid sequences of sil gene homologues also showed
high similarity with reported sequences (Supporting Informa-
tion). The sequences of sil gene homologues were deposited
to the GenBank with accession numbers EF525536, EF525537
and EF525538.

Discussion

Silver nanoparticles have a wide range of applications from
electronics to medicine. They are used as intercalating materi-
al,"® optical receptors,” chemical catalyst for biolabeling,””
and as an antimicrobial agent.”™ Although physical and chemi-
cal methods of synthesis of AgNPs are widely used, there has
been growing interest in developing biological synthetic pro-
tocols for these particles. This is mainly due to the advantages
that biological synthesis promises over physical and chemical
synthesis such as high yield, low cost, high stability in liquid
suspension, and environmental friendliness. Attempts have
been made to synthesize such nanomaterials from such micro-
organisms as bacteria,”! fungi® yeast,"” and blue-green
algae,” however, a bacterial system is preferred for the pro-
duction of such bio-nanoconjugates over eukaryotic microor-
ganisms mainly due to reduced time of reaction, ease of han-
dling, and easy genetic manipulation. Moreover, studies on
one bacterium can be easily extrapolated to others. Methods
for the extracellular synthesis of nanomaterials are particularly
desirable because they offer the advantage of downstream
processing. Even though, there are reports that evidence the
extracellular synthesis of AgNPs from microbes,>®'” and intra-
cellular accumulation in bacteria,” no report exists that shows
extracellular synthesis of AgNPs from bacteria. Considering the
above-mentioned facts, extracellular AgNPs synthesis from
silver-resistant Morganella sp. that was observed in this study
would be a significant advance in this field. The best exploita-
tion of any biological system for such a purpose is only possi-
ble when the mechanism of synthesis of such nanomaterials is
properly understood. It is noteworthy that in all previous re-
ports,” ! microorganisms that were utilized for AGNP synthesis
were silver resistant. However, the mechanism of synthesis in
relation to AgNPs still remains elusive. Moreover, Morganel-
la sp. that was used in this study for AgNP synthesis was also
found to be silver resistant. Taken together, these facts made
the basis for studying the role of the silver-resistance machi-
nery in AgNPs that are produced by silver-resistant microor-
ganisms. It is a known fact that microbes attain genetic and
biochemical mechanisms to eliminate highly toxic silver ions in
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Mor ATGAAAAATATCGTATTAGCATCCTTGCTGGGCTTTGGCTTAATTTCTTCGGCCTGGGCC 60

Sty ATGAAAAATATCGTATTAGCATCCTTGCTGGGCTTTGGCTTAATTTCTTCGGCCTGGGCC 60

Smar ATGAAAAATATCGTATTAGCATCCTTGCTGGGCTTTGGCTTAATTTCTTCGGCCTGGGCC 60

Sen ATGAAAAATATCGTATTAGCATCCTTGCTGGGCTTTGGC TTAATTTCTTCGGCCTGGGCC 60
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Sty ACTGAAACCGTGAATATCCATGAGCGGGTCAACAATGCACAGGCACCTGCTCACCAGATG 120
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Sty CAGTCTGCTGCGGCTCCTGTCGGGATCCAGGGGACTGCACCTCGTATGGCCGGTATGGAC 180

Smar CAGTCTGCTGCGGCTCCTGTCGGGATCCAGGGGACTGCACCTCGTATGGCCGGTATGGAC 180

Sen CAGTCTGCTGCGGCTCCTGTCGGGATCCAGGGGACTGCACCTCGTATGGCCGGTATGGAC 180
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Mor CAGCATGAACAGGCCATTATTGCTCATGAAACCATGACGAACGGGTCGGCGGATGCGCAC 240

Sty CAGCATGAACAGGCCATTATTGCTCATGAAACCATGACGAACGGGTCGGCGGATGCGCAC 240

Smar CAGCATGAACAGGCCATTATTGCTCATGAAACCATGACGAACGGGTCGGCGGATGCGCAC 240

Sen CAGCATGAACAGGCCATTATTGCTCATGAAACCATGACGAACGGGTCGGCGGATGCGCAC 240
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Mor CAGAAAATGGTGGAAAGTCATCAGAGGATGATGGGAAGTCAGACCGTTTCCCCTACCGGG 300

Sty CAGAAAATGGTGGAAAGTCATCAGAGGATGATGGGAAGTCAGACCGTTTCCCCTACCGGE 300

Smar CAGAAAATGGTGGAAAGTCATCAGAGGATGATGGGAAGT CAGACCGTTTCCCCTACCGGE 300

Sen CAGAAAATGGTGGAAAGTCATCAGAGGATGATGGGAAGT CAGACCGTTTCCCCTACCGGG 300
B R R Ry R R R R R R R R

Mor CCGTCGAAGTCATTAGCGGCAATGAATGAGCATGAAAGAGCTGCAGTTGCCCATGAATTT 360

Sty CCGTCGAAGTCATTAGCGGCAATGAATGAGCATGAAAGAGCTGCAGTTGCCCATGAATTT 360

Smar CCGTCGAAGTCATTAGCGGCAATGAATGAGCATGAAAGAGCTGCAGTTGCCCATGAATTT 360

Sen CCGTCGAAGTCATTAGCGGCAATGAATGAGCATGAAAGAGCTGCAGTTGCCCATGAATTT 360
B R R R R R R R R R R

Mor ATGAATAACGGTCAGTCTGGCC 382

Sty ATGAATAACGGTCAGTCTGGCC 382

Smar ATGAATAACGGTCAGTCTGGCC 382

Sen ATGAATAACGGTCAGTCTGGCC 382
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Figure 5. Multiple nucleotide sequence alignment of silE homologue from Morganella sp. shows a high percentage similarity with related sequences from the
NCBI database. Mor: Morganella sp. (EF525536), Sty: Salmonella typhimurium (AF067954), Sma: Serratia marcescens (BX664015) and Sen: Salmonella enterica
(AY009392). The numbers in parenthesis indicates the GenBank accession numbers of respective sequence.

the environment through silver-resistance machinery. We have
also shown phenotypic and genotypic evidence of silver resist-
ance, and believe that it could represent significant progress
towards understanding the overall mechanism of AgNP syn-
thesis from silver-resistant microbes.

The particles were characterized and analyzed in different
ways, and were found to be composed exclusively of metallic
silver. Most of the particles were spherical in shape, had size of
20 nm, were highly stable, and showed no visible aggregation
and precipitation at room temperature over a period of six
months. UV-visible analysis of a six-month-old sample also

ChemBioChem 2008, 9, 1415 - 1422
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supported the visible observation, and showed no change in
its characteristic SPR peak compared to a freshly prepared
sample (Supporting Information). To validate the probable
effect of various concentrations of AgNO; on the shape and
the size of nanoparticles, in addition to 5 mm we have also
analyzed AgNPs that were prepared from 2 mm and 10 mm
AgNO; solutions. However, TEM analysis showed no significant
change in the shape and the size of the AgNPs. The kinetics of
AgNPs production showed that more than 90 % of the particles
were formed within 18 h of reaction, and were saturated at
24 h (Figure 1¢). This observation suggested that the reduction
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of silver ions and subsequent induction and formation of
AgNPs was exponential. Furthermore, a detailed analysis of the
silver resistance and AgNP production was carried out in Mor-
ganella sp. When grown in different concentrations of AgNO;,
the bacterium was able to grow
in up to 0.5 mm AgNO;. Howev-
er, the growth rate decreased
significantly at 0.6 mm, and no
growth was observed above
0.6 mMm. Whereas, in a nanoparti-
cle production experiment, the
bacterium was allowed to grow
up to the late exponential
phase, and a different concentra-
tion of AgNO; was then added.
The detectable nanoparticles
were only found when a mini-
mum of 1 mm AgNO; was added
(Figure 1B). As a consequence,
similar experiments have been performed in the closely related
bacterium E. coli to understand the role of silver resistance in
AgNPs production from Morganella sp. No extracellular produc-
tion of AgNPs was detected upon addition of aqueous AgNO,
solution at various growth phases of silver-sensitive E. coli,
even without any dilution of culture supernatant (Figure 1A,
curve f). Comparative studies with our laboratory strains of
Klebsiella and Serratia did not yield any detectable AgNPs (data
not shown). This proves the unique ability of Morganella sp. to
produce extracellular AgNPs. The above-mentioned observa-
tions also ruled out the possibility of post-growth respiratory
chain reduction of silver ions by silver-resistant Morganel-
la sp.”” Moreover, when the bacterium was challenged with
gold ions, which are known to be reduced more easily than
silver ions, no gold nanoparticles were detected (data not
shown); this indeed proves the specificity of the bacterium to
silver ions. It thus seems that the biochemical character that
could relate the extracellular AgNPs synthesis in Morganella sp.
but not in closely related silver-sensitive E. coli was its resist-
ance to silver ions. The genes that are believed to be part of
the silver-resistant machinery in Morganella sp. were highly
similar to reported genes. The multiple sequence alignment
data of the silE homologue from Morganella sp. with reported
silE, which encodes a periplasmic silver-binding protein, re-
vealed that they were 99% similar in nucleotide and amino
acid composition; this suggests a similar role in Morganella sp.
Similarly, silP and silS homologues were also found to be
highly similar to reported sil genes at the nucleotide and
amino acid sequence level; this also suggests a similar role for
these gene homologues in Morganella sp. In the case of Pseu-
domonas stutzeri, Ag* ions were first internalized, and nanopar-
ticles then accumulated inside the cell™ Whereas, in case of
Morganella sp. the AgNP formation occurred extracellularly.
Moreover, the experiment with only culture supernatant has
also shown the formation of AgNPs. Hence, with the current
experimental evidence, we speculate that an extracellular mi-
croenvironment has been created by Morganella sp. wherein
several silver-specific proteins, possibly from the silver-resist-
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ance machinery, are secreted outside the cell during the
growth. These proteins might specifically interact and allow
the reduction of Ag* ions, which subsequently leads to forma-
tion and stabilization of AgNPs (Figure 6). The presence of

-5 ‘b’_‘,. .b-.x» .:
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Figure 6. Schematic representation of silver nanoparticle formation in an extracellular microenvironment that was

amide Il and amide | bonds on the surface of AgNPs in the
FTIR spectroscopic analysis validates the involvement of such
silver-specific proteins in the overall synthesis process (Fig-
ure 3B). Elucidation of the silver-resistance mechanism was
highly recommended in AgNP synthesis from silver-resistant
microorganisms,*'? however, no information is available to
date. At this point, it seems difficult to assign a specific role for
sil gene homologues in AgNPs synthesis. We strongly believe,
however, that understanding the silver-resistance mechanism
at the phenotypic and genotypic levels is a significant step
towards understanding the overall biochemical mechanism of
AgNPs synthesis in Morganella sp.

Conclusions

In this study, extracellular synthesis of AgNPs has been shown
from silver-resistant Morganella sp. TEM and HRTEM analysis
showed that most of the particles were spherical in shape, and
have characteristic d spacing for the [200] plane. XRD and XPS
analysis showed that nanoparticles were crystalline and metal-
lic in nature, respectively. Analysis of biomolecules that are as-
sociated with the surface of nanoparticles by FTIR spectrosco-
py revealed the presence of protein. The extracellular bacterial
synthesis of AgNPs has many advantages and might be an ex-
cellent means of developing an ecologically friendly protocol.
This would be possible only when we understand the bio-
chemical and molecular mechanism of extracellular synthesis
of AgNPs in a clear way. The common biochemical character in
all previous reports where microorganisms have been utilized
for this purpose was silver resistance. Thus as a step towards
understanding the mechanism of synthesis of AgNPs, silver re-
sistance has been studied in Morganella sp. at the phenotypic
and genotypic level. The bacterium was highly resistant to
silver cations, and was able to grow in the presence of AgNO,
concentrations higher than 0.5 mm. Three major gene homo-
logues of silver-resistance machinery have been identified from
Morganella sp. The gene homologue of silE was found to be
highly similar to reported silE, which encodes a silver-binding
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protein. silP and silS gene homologues also showed a high per-
centage similarity with reported silver-resistance genes. It indi-
cated that silver-resistance machinery might have similar role
to play in Morganella sp. and could be associated with AgNP
synthesis. Moreover, the absence of such activity in closely re-
lated bacterial genera reinforced the uniqueness and specificity
of this bacterium to silver cations. The current investigation is
focused on understanding the detailed biochemical and mo-
lecular mechanism by studying each gene of the silver-resist-
ance machinery and its product, and to show its probable
functional role in silver resistance and extracellular AQNP pro-
duction in Morganella sp.

Experimental Section

Extracellular synthesis of AgNPs from Morganella sp.: The bacte-
ria were grown in a 500-mL Erlenmeyer flask that contained LB
broth (100 mL) without added NaCl at 37°C in a shaker incubator
set at 200 rpm for 15 h. An aqueous solution of AgNO; was added
at a final concentration of 5mm to this culture suspension. The
flask was then incubated in the dark at 37°C in shaker incubator at
200 rpm, and the reaction was carried out for 20 h. The extracellu-
lar synthesis of AgNPs was monitored by visual inspection of the
culture flask for a change in color of culture medium from clear
light-yellow to brown, and by measurement of the UV/Vis spectra.
All samples for UV/Vis spectra measurement and TEM analysis
were prepared by centrifuging an aliquot of culture supernatant
(1.5 mL) at 3000 rpm (Eppendorf centrifuge 5810R with a Fixed-
angle rotor FA-45-30-11) for 6 min at 25°C. The supernatant thus
obtained was a clear brown homogenous suspension of AgNPs. All
samples were diluted 10 times in all experiments in which UV/Vis
spectra were measured. From a grown bacterial culture (100 mL),
cells were harvested by centrifugation at 3800 rpm (Eppendorf
centrifuge 5810R with a Swing-bucket rotor A-4-81) for 20 min at
25°C. AgNO; was added to the resultant supernatant to a final
concentration of 5 mm, and the solution was incubated under sim-
ilar conditions in a culture suspension flask. The bacterium was
routinely maintained on LB agar slant at 37°C and preserved in
glycerol stock solutions at —80 °C.

Characterization of AgNPs: UV/Vis spectroscopy measurements of
culture supernatants were carried out on a JASCO dual-beam spec-
trophotometer (model V-570) that was operated at a resolution of
2nm. TEM measurements were performed on a JEOL model
1200EX instrument that was operated at an accelerating voltage
of 120 kV. TEM measurements of the images in Supporting Infor-
mation were performed by using FEI-Technai-F30, 300 KV, HRTEM
instrument. TEM images were taken by drop coating AgNPs on a
carbon-coated copper grid. The HRTEM measurements of purified
AgNPs were also carried out on the same carbon-coated copper
grids on a JEOL-JEM-2010 UHR instrument that was operated at a
lattice-image resolution of 0.14 nm. The XRD pattern measure-
ments of drop-coated films of the AgNPs on glass substrate were
carried out on a Philips PW 1830 instrument that was operated at
a voltage of 40 kV and a current of 30 mA with Cu K, radiation.
The culture supernatant that was obtained 20 h after the addition
of aqueous AgNO; solution was centrifuged at 3000 rpm for 5 min
prior to harvesting bacterial cells; the supernatant was filtered
through a 0.22-um filter, and centrifuged again at 10000 rpm for
15 min to precipitate AgNPs (Eppendorf centrifuge 5810R with a
fixed-angle rotor F45-30-11). The resultant pellet was washed vigo-
rously twice with deionized, distilled water for FTIR spectroscopic
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analysis. A FTIR spectrum of the purified AgNPs was recorded on a
Perkin-Elmer Spectrum One instrument at a resolution of 2cm™".
Samples for FTIR were prepared by crushing purified AgNPs with
KBr pellets. XPS measurements of films of AgNPs that were cast on
to Cu substrates were carried out on a VG MicroTech ESCA 3000 in-
strument at a pressure lower than 1x107° Torr. The general scan
and C 1s and Ag 3d core level spectra were recorded with unmo-
nochromatized Mgy, radiation (photon energy=1253.6¢eV) at a
pass energy of 50 eV and electron take-off angle (angle between
electron emission direction and surface plane) of 60°. The overall
resolution was ~1 eV for the XPS measurements. The core level
spectra were background corrected by using the Shirley algorithm,
and the chemically distinct species were resolved by using a non-
linear least-squares fitting procedure.’” The core level binding
energies (BE) were aligned with the adventitious carbon binding
energy of 285.0 eV. The EDAX measurements were performed on
a JEOL JSM-6360A analytical scanning electron microscope. The
sample was prepared on a cleaned silicon wafer by drop-coating
purified AgNPs.

Plasmid constructs and polymerase chain reaction: Chromoso-
mal DNA was isolated by a standard phenol/chloroform extraction
method.®" The 1.5-kb sequence of 165 rRNA gene was amplified
by PCR by using universal eubacteria-specific primers and se-
quenced as described earlier.®” Nearly 0.43 kb of the silE homo-
logue, 2.6 kb of the silP homologue, and 1.5 kb of the silS homo-
logue were amplified by using BD Advantage2 PCR Enzyme
System (BD Biosciences-Clontech, Mountainview, CA, USA) that
consisted of an initial denaturation at 95°C for 3 min, followed by
35 cycles of denaturation at 95°C for 1 min, annealing and exten-
sion at 68 °C for 3 min and final extension at 68°C for 10 min. The
PCR products that were obtained were subsequently cloned into
PGEM-T vector (Promega, Madison, WI, USA) by following manufac-
turers instruction, and transformed in E. coli DH50.®" Plasmid DNA
preparation from all the positive clones that carried the gene of
interest was carried out by a miniprep kit (Applied Biosystems) by
following the manufacturers instructions. The sequencing of all sil
homologue constructs of the pGEM-T vector was carried out by
using the vector-specific M13F (5'-CGCCAGGGTTTTCCCAGTCAC
GAC-3') and M13R (5-TCACACAGGAAACAGCTATGAC-3') primers
by a DNA Analyzer 3730 by using Big Dye terminator kit (Applied
Biosynstems).

Bioinformatics analysis of nucleotide sequence of 16S rRNA
gene and sil homologues: The analysis of all the sequences was
performed using blastn, blastx and tblastx programs of NCBI. 16S
rRNA gene sequence was analyzed by using the blastn program
on the NCBI server; it searches the nucleotide sequence query
against the nucleotide database. The sil gene homologues were
also analyzed by using the blastn program at the NCBI server, but
being a protein-coding nucleotide sequence, it was also analyzed
by the blastx program, which searches translated nucleotide quer-
ies against the protein database and tblastx programs, which
searches translated queries against the translated database at the
NCBI server. The multiple nucleotide and amino acid sequence
alignments were performed by using CLUSTALW program at the
European Biolnformatics server (European Bioinformatics Institute,
Wellcome Trust Genome Campus, Hinxton, Cambridge, United
Kingdom) (http//:www.ebi.ac.uk/clustalw) to determine the similari-
ty value.
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a-Lactosylceramide as a Novel “Sugar-Capped” CD1d
Ligand for Natural Killer T Cells: Biased Cytokine Profile

and Therapeutic Activities

Wenpeng Zhang,” Xincheng Zheng,™ Chengfeng Xia,”» Ramu Sridhar Perali,”’ Qingjia Yao,”
Yang Liu," Pan Zheng, and Peng George Wang*"

The invariant natural killer T cells (iNKT) cells have emerged as
an important regulator of immunity to infection, cancer, and
autoimmune diseases. They can be activated by glycolipids that
bind to CD1d. The most effective iNKT ligand reported to date is
a-galactosylceramide (a-GalCer), which stimulates iNKT cells to
secrete both Th-1 and Th-2 cytokines. Indiscriminate induction of
both types of cytokines could limit the therapeutic potential of
iNKT ligands, as Th-1 and Th-2 cytokines play different roles
under physiological and pathological conditions. Therefore, a
ligand with a biased cytokine-release profile would be highly de-
sirable. Here, we report the synthesis and biological activity of o-

Introduction

Lipids and glycolipid antigens can be presented by MHC-I-like
CD1 molecules to non-MHC-restricted T lymphocytes. CD1d is
the protein that presents glycolipids to a particular cell popula-
tion called invariant natural killer Tcells (iNKT cells). The iNKT
cells can coexpress both the natural killer marker NK 1.1 and
the semi-invariant T-cell receptor (TCR), which is formed by
Va14-Ja18 and Vf8.2/VB7/VP2 chains in mice (Va14i NKT cells)
and by Va24-Ja18 and VP11 chains in humans (Va24i NKT
cells).? The iNKT cells secrete the proinflammatory T helper 1
(Th-1) and immunoregulatory Th-2 cytokines, together with
other chemokines, within 2 to 6 h of the stimulation. The se-
cretion of cytokines allows iNKT cells to regulate many in vivo
conditions, including malignancy, infection, and autoimmune
diseases.”®

o-Galactosylceramide (a-GalCer) is currently the most active
glycolipid antigen known. Extracted from the marine sponge
Agelas mauritianus by the Kirin Brewery Company in 1993, a-
GalCer was first found to prolong the lifespan of B16 cells in-
traperitoneally inoculated mice.”® Among the o-GalCer ana-
logues, the most desirable model agonist for research and clin-
ical usage is KRN-7000, which has an 18-carbon sphingosine
and 26-carbon acyl chain attached to the sugar moiety.”! o-
GalCer can be readily loaded onto CD1d on the surface of anti-
gen-presenting cells (APCs), and the CD1d-a-GalCer complex
is recognized by the TCR on iNKT cells. This interaction transi-
ently triggers a massive iNKT cell response, which is character-
ized by the production of cytokines, including both Th-1 and
-2 cytokines. As a result, the functions of other cell types, such
as natural killer (NK) cells, dendritic cells (DC), and some sub-
sets of B- and/or Tcells, are also affected.
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lactosylceramide (a-LacCer). Our data demonstrate that o-LacCer
can stimulate iNKT cells to proliferate and release cytokines, both
in vitro and in vivo. Interestingly, while o-LacCer is approximately
1000-times less efficient than a-GalCer in inducing Th-1 cyto-
kines, it is as potent as a-GalCer in the induction of Th-2 cyto-
kines; therefore, a-LacCer is a novel compound that induces a
biased cytokine release. Processing by B-glycosidase was critical
for a-LacCer activity. Moreover, in vivo experiments suggest that
a-LacCer is at least as potent as o-GalCer in the treatment of
tumors and experimental autoimmune encephalomyelitis.

a-GalCer has been demonstrated to have antitumor activity
on a broad range of tumor cell lines in mouse transplant
tumor models, including melanomas and lymphomas, and also
colon, prostate, lung, breast, and renal cancers."®'? The activa-
tion of NK cells in response to the IFN-y (interferon-y) secreted
by iNKT cells has been shown to be critical for its antitumor ac-
tivity. Several clinical trials, both phase | and -II, have been con-
ducted on the basis of positive results from animal tests. How-
ever, no clear clinical benefits have been observed, although
a-GalCer treatment on humans is generally safe."” Mechanistic
studies revealed that the treatment effects of a-GalCer were
highly variable, and depended on the iNKT cell numbers in pa-
tients’ blood. Furthermore, a-GalCer caused the iNKT cells to
become unresponsive for a period of time, which even lasted
for more than one month in a mouse model." In addition to
cancer treatment, o-GalCer has also shown efficacy in the
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treatment of autoimmune diseases in mouse models, including
autoimmune diabetes!>'¥ and experimental autoimmune en-
cephalomyelitis (EAE).'”"" Some promising effects of a-GalCer
on organ transplants and atherosclerosis have also been
shown in animal models.”®?" However, observations show that
a-GalCer plays different roles in these autoimmune diseases.
For example, the activation of iNKT cells can suppress diseases
such as type | diabetes and multiple sclerosis, but in the case
of atherosclerosis the activation of iNKT cells will promote the
disease.”” The latest results have shown that the cosecretion of
Th-1/Th-2 cytokines might cause the conflicts. IFN-y from acti-
vated iNKT cells, for instance, can ameliorate allergic asthma,
but interleukin-4 (IL-4) secreted at the same time will increase
the severity.”?* Success in using a-GalCer-loaded immature
or mature DCs for the treatment of cancer in clinical trials fur-
ther demonstrated that the activation and expansion of iINKT
cells represents the critical feature in cancer treatments, such
as for lung cancer.”>* However, the clinical data obtained so
far suggest that the compounds currently available can have
severe limitations.

Recent studies have demonstrated that a-GalCer could
induce anergy of iNKT cells, perhaps due to paralysis associated
with the most potent agonist. In addition, since Th-1 and Th-2
cytokines are usually reciprocal inhibitors under physiological
and pathological conditions, an agonist that stimulates both
equally well will have limited clinical benefit. On the basis of
these considerations, a less active agonist that can avoid
anergy but stimulate lopsided Th-1/Th-2 cytokine release
would be worth exploring. Here, the biological activities of a
newly synthesized glycolipid antigen—a-lactosylceramide (o-
LacCer)—have been assayed, and it has been found that this
compound shows iNKT cell activation intensity similar to that
of a-GalCer, but with a different cytokine release profile.

Results and Discussion
a-LacCer can stimulate cytokine release in in vitro assays

The structures of the key glycolipids mentioned here—a-
GalCer, a-LacCer, and o-GlcCer—are shown in Figure 1.

As the initial test for a-LacCer’s activity in iNKT cells, the
iNKT hybridoma assay was applied. The glycolipid-treated
CD1d-expressing A/20 cells were used to stimulate the iNKT
hybridoma cells, and the IL-2 released by stimulated hybrido-
ma cells was quantified. Although not as potent as a-GalCer,
a-LacCer still reached a significant activity level in the in vitro
stimulation of iNKT hybridoma cells (Figure 1).

In the in vitro cytokine stimulation assay, a mouse spleen
cell mixture containing both APC and iNKT cells, was treated
with the glycolipids. IFN-y and IL-4, which were taken as repre-
sentative Th-1 and Th-2 cytokines, respectively, were quanti-
fied. a-GalCer and a-LacCer showed different cytokine-release
profiles in this in vitro stimulation experiment (Figure 2). For
IFN-y, the Th-1-type cytokine, a-GalCer induced a significant
iNKT cell cytokine release at a concentration of 0.01 ngmL™"; a-
LacCer was 1000- to 10000-times less efficient. In contrast, in
the case of IL-4, which represents the Th-2 cytokine, a-GalCer
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Figure 1. Structures of glycolipids and in vitro hybridoma stimulation by a-
GalCer and a-LacCer.

and a-LacCer had similar stimulating capabilities. Therefore, a-
LacCer is biased to induce more Th-2 cytokine than a-GalCer.

B-Galactosidase is critical to a-LacCer’s activity

a-LacCer has a disaccharide “head”, instead of a monosacchar-
ide as in the case of a-GalCer. To find out whether the disac-
charide is processed before binding to CD1d, a-LacCer’s iNKT
cell-stimulation activity was tested in the presence of a 3-gal-
actosidase inhibitor in culture. PETG (2-phenylethyl -p-thioga-
lactoside) was used as the B-galactosidase inhibitor, and the
a-galactosidase inhibitor, DGJ (deoxygalactonojirimycin hydro-
chloride), was used as a control. After being pretreated with
[-galactosidase inhibitor (2 mm), the splenocytes were cultured
with glycolipid antigens. Once the [(-galactosidase inhibitor

ChemBioChem 2008, 9, 1423 - 1430
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Figure 2. In vitro stimulation of A) Th-1 (IFN-y) and B) Th-2 (IL-4) cytokines
by glycolipids.

was added, a-LacCer lost its ability to activate iNKT cells to pro-
duce either Th-1 or Th-2 cytokines (Figure 3).

This data demonstrate that the removal of the outside sugar
is critical to o-LacCer activity. The processing of a-LacCer,
which hydrolyzed a-LacCer to a-GlcCer, played a critical role in
finishing the final modification of the glycolipid antigens. This
extra modification process might cause a time delay in the gly-
colipid-antigen presentation and this could then affect the
final cytokine profile of a-LacCer, which is different to that ob-
tained when a-GlcCer is applied directly (Figure 4).

a-LacCer has to be hydrolyzed to a-GlcCer to become an
active antigen. However, recent work has shown that the 4'-
OH of a-GlcCer does not form hydrogen bonds with CD1d, so
modification at this position should not affect the binding with
CD1d.*” Accordingly, besides the time delay, another possible
reason for decreasing activity might be that part of the a-
LacCer that has not been hydrolyzed to a-GlcCer competes
with a-GlcCer to bind with the CD1d and cause subdued activ-
ity relative to a-GlcCer itself.

With reference to previous work on a-GlcCer®® and accord-
ing to our own results, a-LacCer and a-GlcCer showed distin-
guishable cytokine stimulation properties. For monosaccharide
glycolipids, differences in cytokine stimulation activities mostly
arise from differences in the stabilities of CD1d-glycolipid-TCR
complexes.”® For the activity difference between a-LacCer and
a-GlcCer, however, the complex stability is not an issue. The
extra processing procedure should be the main reason. This is

ChemBioChem 2008, 9, 1423 - 1430
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Figure 3. Effect of §-galactosidase inhibitor on a-LacCer’s ability to stimulate
cytokine release of both A) IFN-y and B) IL-4.

evidence that the stimulatory ability and overall immunological
output of the glycolipid antigens are not only related to the
binding between CD1d-glycolipid-TCR, but are also affected
by the in vivo antigen-processing procedure.

Tcells are activated in vivo by a-LacCer

Glycolipids were injected into mice to determine whether
sugar capping changed the glycolipids’ in vivo T-cell stimula-
tion profiles. Different T-cell populations from glycolipid-treat-
ed mice spleens were analyzed by flow cytometry. For the
iNKT cells (B-TCR*/CD1d-tetramer™), both a-GalCer and o-
LacCer could stimulate and retain a significant iNKT cell popu-
lation even ten days after compound injection (Figure 5A). a-
LacCer reached a stimulation strength close to that of a-
GalCer. After being activated, both CD4* and CD8* Tcells
should acquire a memory cell phenotype, which is character-
ized by CD62L°"/CD44". The memory Tcells in the mice
spleen also showed the proliferation effects relative to the ve-
hicle control after glycolipid injection (Figure 5B and C). How-
ever, a statistical difference between a-GalCer and a-LacCer
could not be recognized.
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Figure 4. Stimulation of A) IFN-y and B) IL-4 cytokine release by a-GlcCer
and a-LacCer.

a-LacCer stimulates iNKT cell proliferation with similar
kinetics both in the spleen and liver

It has been shown that when a-GalCer activates iNKT cells, the
TCR, NK1.1, and other iNKT cell-surface markers will initially be
suppressed but will then return to normal after 12 to 24 h. The
iNKT cells rapidly proliferate and expand extensively, and reach
their maximum cell number three days after injection.2°"
The time course experiment showed that a-LacCer had exactly
the same iNKT cell stimulation time pattern as a-GalCer, which
also reached the apex 72 h after injection, both in the spleen
and in the liver (Figure 6). However, while o-LacCer and -
GalCer have comparable optimal activities, a-LacCer is less ef-
fective than a-GalCer in terms of maximum expansion of the
iNKT cell population in the spleen.

a-LacCer has antitumor effects similar to those of a-GalCer
in the mouse model

Transplantable MC38 tumor was used as a model to test the
glycolipid antigens’ antitumor activities. Most of the tumors
reached 0.5-1.0 cm diameters around ten days after inocula-
tion. At this point, the tumor-bearing mice were treated by
intraperitoneal (i.p.) injection of drugs or vehicle. The tumors
treated with the glycolipid antigens shrank in size one day
after injection. This shrinkage was transient, however, as the
tumors reassumed growth on day three. However, both glyco-
lipid antigens did inhibit the tumor growth rate (Figure 7 A).
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Figure 7B shows a comparison of the best-fit regression
lines of the transformed Gompertz growth curves for tumors
treated with o-GalCer, a-LacCer, and only with DMSO. The
slope (C) of the regression line is the specific growth rate of
each tumor. It shows clearly that the growth rates for the
tumors treated with o-GalCer and o-LacCer are very similar
(C_a-GalCer=—-0.0317; C_o-LacCer=—0.0241), and that both
of them are much slower than those of the tumors treated
with vehicle only (C_DMSO=—-0.0527). The growth rate was
thus reduced by 40 to 50% when the tumor was treated with
glycolipids. The injection of a-GalCer or a-LacCer can thus sup-
press the growth rates of transplanted tumors, relative to the
untreated control.

a-LacCer also has anti-autoimmune disease effect in the
mouse model

Previous studies have demonstrated that a-GalCer has preven-
tive effects on EAE if administrated either before or shortly
after induction of EAE. To determine potential therapeutic ef-
fects of the drugs, we treated mice at seven days after immu-
nization with the MOG peptide, which is generally used to
induce EAE in C57BL/6 mice. At this point, the inflammation to
the central nervous system (CNS) has been initiated and most
of the immunized mice started to show some symptoms
12 days after immunization. Mice treated with either drug
showed reduction in their EAE scores, especially for the peak
stage and the healing stage (Figure 8). The a-LacCer-treated
group showed a better healing curve than the a-GalCer-treat-
ed group. Thus, in the therapeutic model, a-LacCer appears to
be slightly more efficient than a-GalCer. Since EAE can be ame-
liorated by an enhanced Th-2 response, the increased efficien-
¢y in inducing Th-2 cytokine can explain the superior activity
of the a-LacCer.

Conclusions

Taken together, we have demonstrated that a-LacCer, a novel
chemical, is capable of stimulating iNKT cells. a-LacCer showed
a biased cytokine profile in relation to that of a-GalCer, and
showed a slightly enhanced therapeutic effect in tumor re-
jection and inhibition of autoimmune encephalomyelitis. o-
LacCer could therefore have better potential in clinical treat-
ments.

Experimental Section

Mice and animal care: All mice were purchased from The Jackson
Laboratory (Maine, USA) and housed in the Ohio State University
and Oncolmmune animal facilities. All experiments were carried
out according to the approved protocols.

Cell lines and cell cultures: A20/CD1 and DN3A4-1.2 cells were
kindly provided by Dr. Mitchell Kronenberg (La Jolla Institute for Al-
lergy and Immunology, CA, USA). Both cell types were cultured in
RPMI1640 with fetal bovine serum (10%), L-glutamine (2.05 mm),
and penicillin (1%) at 37°C in a CO, (5%) atmosphere. The MC38
cells were cultured and maintained in DMEM with FBS (10%), L-

ChemBioChem 2008, 9, 1423 - 1430
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1138.3443 [M+Nal*; found:
1138.3459.

2,3,4,6-Tetra-O-benzyl-a-p-galac-
topyranosyl-(1—4)-2,3,6-tri-O-
benzyl-$-p-glucopyranosyl-(1—

1!

COHMATC

Figure 5. In vivo T-cell stimulation by glycolipids in A) iNKT cells (3-TCR*/CD1d-tetramer™), and B) CD4" memory

Tcells (CD62L""/CD44"), C) CD8* memory T cells (CD62L°%/CD44".

glutamine (2.05 mwm), and penicillin (1%) at 37°C in a CO, (5%) at-
mosphere.

Synthesis of a-lactosylceramide: The synthesis followed the pro-
tocol of preparation of a-GalCer (Scheme 1).52

2,3,4,6-Tetra-O-benzyl-a-p-galactopyranosyl-(1—4)-2,3,6-tri-O-

benzyl-f-p-glucopyranosyl-(1—1)-trichloroacetimide (2): N-Bro-
mosuccinimide (374 mg, 2.1 mmol) was added at 0°C to a solution
of phenyl-heptabenzyl-1-thio-p-lactose 1%% (1.03 g, 1.0 mmol) in
acetone (9 mL) and water (1 mL), and the mixture was stirred for
30 min. The reaction was quenched by addition of saturated aque-
ous sodium bicarbonate. The organic solvent was removed in
vacuo, and the remaining aqueous solution was extracted with
ethyl acetate. After being dried over anhydrous sodium sulfate,
the extract was concentrated, and then the residue was dissolved
in dry dichloromethane (10 mL). Trichloroacetonitrile (1 mL,
10.0mmol) and  1,8-diazabicyclo[5.4.0lundec-7-ene (70 pL,
0.5 mmol) were added. The reaction mixture was stirred for 2 h.
The solvent was evaporated, and the residue was purified by chro-
matography to give the product (0.92g, 82% yield). 'H NMR
(500 MHz, CDCly): 6=8.62 (s, 1H; CCl;C=NH), 7.39-7.15 (m, 35H;
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1)-(25,3S,4R)-2-hexacosanoylami-
no-3,4-di-O-benzoyl-octadecan-
1,3,4-triol (4): A suspension of ac-
ceptor 32 (48 mg, 0.053 mmol),
donor 2 (120 mg, 0.11 mmol), and
4 A molecular sieves (0.3 g) in di-
ethyl ether and tetrahydrofuran (5:1, 2 mL) was stirred at room
temperature for 0.5 h. After the system had been cooled to —23°C,
trimethylsilyl trifluoromethanesulfonate (5 uL, 0.027 mmol) was
added. The resulting mixture was stirred for an additional 2 h. Trie-
thylamine was added to quench the reaction, and the mixture was
filtered through a Celite pad. The filtrate was concentrated and pu-
rified by chromatography with hexane and ethyl acetate (4:1) to
afford a white solid (63 mg, 64% yield). The newly formed glycosi-
dic linkage between the saccharide and ceramide was character-
ized by 'H NMR (6 =4.79 ppm, Jy;.4>=3.7 Hz) and C-"H coupling
NMR (6=98.5 ppm, Jeypyy=170.3 Hz) as having the o configura-
tion.®¥ "H NMR (500 MHz, CDCl,): 6=8.08 (dd, J=8.4, 1.3 Hz, 2H;
PhCO), 7.97 (dd, J=8.5, 1.3 Hz, 2H; PhCO), 7.61 (tt, J=7.5, 1.0 Hz,
1H; PhCO), 7.53 (tt, J=7.5, 1.2 Hz, 1H; PhCO), 7.49 (t, /=79 Hz,
2H; PhCO), 7.38 (t, J=8.0 Hz, 2H; PhCO), 7.37-7.13 (m, 35H; 7x
PhCH,), 6.76 (d, J=9.3 Hz, 1H; CONH), 5.77 (dd, J=9.0, 29 Hz, 1H;

H-3), 543 (dt, J=9.0, 33 Hz, 1H; H-4), 504 (d, J=10.7 Hz, 1H;
PhCH,), 499 (d, J=11.4 Hz, 1H; PhCH,), 4.83 (d, J=113 Hz, 1H;
PhCH,), 479 (d, J=3.7Hz, 1H; H-1), 478 (d, J=11.0Hz, 1H;
PhCH,), 473 (d, J=11.9 Hz, 1H; PhCH,), 472 (d, J=11.4Hz, 1H;
PhCH,), 471 (d, J=11.9 Hz, 1H; PhCH,), 4.67 (d, J=11.0 Hz, 1H;
PhCH,), 4.65 (m, 1H; H-2), 464 (d, J=11.5 Hz, 1H; PhCH,), 4.57 (d,
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Figure 6. The iNKT cell percentage in the presence of glycolipids over time
A) in the spleen, and B) in the liver.

J=11.4Hz, TH; PhCH,), 4.53 (d, J=12.1 Hz, 1H; PhCH,), 438 (d, /=
11.9 Hz, 1H; PhCH,), 434 (d, J=7.7Hz, 1H; H-1"), 432 (d, J=
12.1 Hz, 1H; PhCH,), 4.25 (d, J=11.9 Hz, 1H; PhCH,), 3.92-3.89 (m,
2H), 3.85 (dd, J=10.9, 3.5 Hz, 1H), 3.80-3.71 (m, 5H), 3.56-3.53 (m,
2H), 3.49 (dd, J=9.6, 3.7 Hz, 1H; H-2), 3.39-3.32 (m, 2H), 2.19 (t,
J=7.5Hz, 2H; RCH,CONH), 1.94 (m, 2H; H-5), 1.64 (m, 2H), 1.43-
1.22 (m, 68H), 0.93 (t, J=6.8 Hz, 3H; CH,), 0.92 ppm (t, J=6.9 Hz,
3H; CH,); *CNMR (125 MHz, CDCly): 6=173.1, 166.2, 165.3, 139.4,
139.1, 138.8, 138.6, 138.3, 138.1, 138.0, 133.3, 132.9, 130.1, 129.9,
129.8, 129.77, 128.6, 128.4, 128.34, 128.31, 128.27, 128.2, 128.16,
128.1, 128.0, 127.9, 127.8, 127.7, 127.66, 127.6, 127.54, 127.5, 127.4,
127.39, 127.3, 127.0, 103.0, 98.5, 82.6, 80.0, 79.8, 79.3, 76.6, 75.3,
75.2, 74.7, 74.0, 73.7, 734, 73.3, 73.2, 73.1, 726, 72.5, 70.9, 68.2,
68.0, 67.5, 48.6, 36.7, 32.0, 29.8, 29.7, 29.68, 29.66, 29.61, 29.6, 29.5,
29.4, 29.38, 28.6, 25.73, 25.71, 25.7, 22.7, 14.1 ppm; HRMS calcd for
Ci1oH15sNOgNa: 1882.1590 [M+Na]t; found: 1882.1578.

a-D-Galactopyranosyl-(1—4)--p-glucopyranosyl-(1—1)-

(25,35,4R)-2-hexacosanoylamino-octadecan-1,3,4-triol (a-LacCer):
A solution of protected lactosylceramide 4 (60 mg, 0.032 mmol) in
dry methanol (2 mL) was treated with NaOMe (5 mg) for 30 min.
The reaction mixture was neutralized with Amberlyst resin and fil-
tered. The filtrate was concentrated, and the residue was dissolved
in a mixture of CHCIl,/EtOH (4:1, 2 mL) followed by addition of Pd/
C (10%, 4 mg). The resulting suspension was stirred under H,
(1 atm) for 4 h. The catalyst was filtered off, and the filtrate was
concentrated. The residue was purified by chromatography (CHCl,/
MeOH 4:1) to give the product (22 mg, 68% vyield). 'H NMR
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Figure 7. A) Growth curves of glycolipid-treated transplanted tumors. Statis-
tical comparisons (Dunnet multiple comparison) were made between the
DMSO group and the glycolipid-treated groups. Asterisks indicate that the
tumor size of the DMSO group is significantly larger than the two glycolipid
treated groups; *p <0.05; MTA: mean tumor area. B) The specific growth
rate curves of differently treated tumor groups.
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Figure 8. Effects of glycolipids on EAE development in the mouse model. As-
terisks indicate that the disease score of the DMSO-treated group is signifi-
cantly higher than those of the glycolipid-treated groups (Dunnet multiple
comparison); *p <0.1.

(500 MHz, [Ds]pyridine): 6 =8.44 (d, J=8.4 Hz, CONH), 6.45 (br, 9H;
9xOH), 546 (d, J=3.6 Hz, 1H; H-1"), 5.17 (m, 1H; H-2), 5.02 (d, J=
7.8 Hz, 1H; H-1"), 455 (dd, J=10.9 Hz, TH), 4.49-4.39 (m, 5H),
4.38-4.25 (m, 5H), 4.17 (t, J=9.0 Hz, 1H), 411 (dd, J=6.1, 3.3 Hz
1H), 4.09 (t, J=6.7 Hz, 1H), 4.05 (dd, J=9.4, 3.7 Hz, 1H), 2.41 (t, J=
7.5 Hz, 2H; RCH,CO), 2.23 (m, TH), 1.87 (m, 2H), 1.78 (m, 2H), 1.64
(M, 1H), 1.43-1.17 (m, 68H), 0.85 ppm (t, J=6.4 Hz, 6H; 2 x CH,);
3CNMR (125 MHz, [Ds]pyridine): 6=173.0, 105.4, 100.2, 82.2, 77.0,
76.3, 75.0, 73.2, 72.8, 72.2, 72.1, 69.8, 68.0, 61.9, 61.8, 51.1, 36.5,
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Scheme 1. Synthesis of a-LacCer by the trichloroacetimidate method.

34.1, 31.9, 30.2, 29.9, 29.8, 29.77, 29.7, 29.68, 29.6, 29.59, 29.5, 29.4,
29.37, 29.2, 26.1, 22.7, 14.0 ppm; HRMS calcd for CsH,oNO,4Na:
1042.7746 [M+Na]™; found: 1042.7759.

In vitro hybridoma stimulation assay: Glycolipids were dissolved
in DMSO at 1000x the indicated concentration and were then
added to A20/CD1 cells (1x10° cells, 1 mL) to reach the indicated
concentration. After being incubated for 16 h, the A20/CD1 cells
were washed with medium. Then, pretreated A20/CD1 cells (0.1 x
10° cells) were mixed with DN3A4-1.2 hybridoma cells in medium
(0.5%x10° cells, 200 uL). The mixture was incubated for another
16 h, and the IL-2 in the supernatant was measured by ELISA. The
ELISA was carried out by using the previously published proce-
dure.®™ The supernatant was first incubated in a purified anti-IL-2-
coated 96-well plate, and then the biotin-conjugated anti-IL-2
(both from EBioscience) second antibody was used. A HRP-strepta-
vidin conjugate was applied to detect the second antibody with
3.3',5.5'-tetramethylbenzidine (TMB) substrate. The plates were
read at 450 nm.

In vitro cytokine stimulation assay: To perform the in vitro stimu-
lation, single-cell suspensions from mice spleens were cultured
with the glycolipid antigens, either a-GalCer or a-LacCer, at differ-
ent concentrations for 72 h. The supernatants from the cultures
were taken for ELISA to measure the released IFN-y and IL-4. To
perform the cytokine ELISA, supernatants were first cultured over-
night in anti-IFN-y or anti-IL-4 capture antibody-coated (BD Bio-
sciences) wells. Biotin labeled rat-anti-mouse IFN-y or IL-4 antibod-
ies (BD Biosciences) were then used as second antibodies, followed
by incubation with the streptavidan-HRP (BD Biosciences). The
OPD kit (Sigma-Aldrich) was used to develop the color, and HCl
(2 M) was added to each well to stop the reaction. The plates were
read on a plate reader at a wavelength of 492 nm.

In vivo T-cell stimulation: Six-week old C57BL/6 mice were used.
With three mice taken as a group, a-GalCer or a-LacCer in vehicle
solvent (1:25 DMSO in pH 7.0 PBS solution, 8 pg, 200 plL) was intra-
venously (i.v.) injected through the mouse tail vein. Vehicle solvent
without any compound was used as the control. Ten days after in-
jection, the mice were sacrificed and the splenocytes were stained
by fluorescence conjugated mAb against CD4, NK1.1, 3-TCR (BD
Biosciences), and PBS57-loaded CD1d-tetramer (NIH Tetramer Facili-
ty). All the stained samples were analyzed by flow cytometry.

ChemBioChem 2008, 9, 1423 - 1430
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Time course of iNKT cell in vivo stimulation in mice spleen and
liver: Two compounds, a-GalCer and a-LacCer, were i.v. injected
into C57BL/6 mice in vehicle solvent (1:25 DMSO in pH 7.0 PBS so-
lution, 8 ug, 200 pL). At different time points (starting point, 8 h,
24 h, 3 days, and 7 days) mice were sacrificed, and iNKT cells in
both the spleen and liver were stained and analyzed as in the pre-
vious experiment.

Antitumor growth activity of glycolipid antigens: The mouse
transplant tumor was used as in vivo model to test the antitumor
activity of glycolipid antigens. To induce tumor growth, MC38 cells
(1x10° cells) were injected into the rear flanks of 6-week old male
C57BL/6 mice. When the tumor had grown to 0.5-1.0 cm diameter,
a-GalCer or a-LacCer in vehicle solvent (2 ug, 50 uL) was directly
injected into the tumor. After the first injection, the mice were
injected every other day, five times in total. For each treatment
group, six mice with tumors were injected and another group of
mice received only vehicle solvent as a negative control. The
tumor size was measured every day until the tumor diameter was
over 2 cm or other early removal criteria were reached.

The results were analyzed by the quantitation method. Since de-
picting tumor size over time results in nonlinear growth curves
that are complicated to describe and compare, the Gompertz
equation, S(T)=5(0) expl(1—exp(—N)C/EI®Y, was utilized for fur-
ther analysis of the growth rate of the tumors. The Gompertz
equation can be transformed to In[In(area_max)—In(area_T)]=

—CT to depict the growth rate of the tumor as a straight line
when the size In[In(area_max)—In(area_T)] is plotted against time
(7). In this equation, area_max is a theoretical maximal area that
the tumor can reach, and area_T is the tumor area T days after
transplantation. The Gompertz constant, ¢, is termed the specific
growth rate of the tumor and k is the constant unrelated to this
rate.

EAE model: Myelin-oligodendrocyte-glycoprotein (MOG, peptide
p35-55; Sigma-Genosys) was used to induce EAE. Eight-week-old
female C57BL/6 mice were used. Equal volumes of MOG in com-
plete Freund’s adjuvant (CFA, Difco Laboratories; 4 mgmL™") and
Mycobacterium tuberculosis H37Ra (Difco Laboratories) in CFA
(8mgmL™") were thoroughly mixed. The mixture (100 ul) was
injected at three sites on the back of each mouse around the
bottom of the tail (subcutaneously). Imnmediately after immuniza-
tion, Pertussis toxin (PT, List Biological Laboratories, Inc.) in PBS
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(200 ug, 200 pL) was intravenously injected into each mouse. An-
other injection followed 48 h later.

EAE developed after eight to nine days. The mice were observed
every day and scored on a scale of 0-5 with gradations of 0.5 for
intermediate scores. The criteria for scoring are listed as follows:
0) no clinical signs, 1) loss of tail tone, 2) wobbly gait, 3) hind-limb
paralysis, 4) moribund, and 5) death. The treatments, a-GalCer or
a-LacCer in vehicle solvent (1:25 DMSO in pH 7.0 PBS solution,
8 ug, 200 pL), were given on the same day as immunization. Vehi-
cle solvent without the glycolipid antigen was used as the nega-
tive control. For each treatment, ten mice were used as a group.
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Computer-Based De Novo Design, Synthesis, and
Evaluation of Boronic Acid-Based Artificial Receptors for
Selective Recognition of Dopamine

Shan Jin, Minyong Li, Chunyuan Zhu, ViLinh Tran, and Binghe Wang*®

Dopamine is an important neurotransmitter that plays important
roles in various physiological and pathological processes, such as
Parkinson’s disease. Chemosensors for dopamine have a number
of potential applications. On the basis both of the strong and re-
versible complexation between the boronic acid moiety and a
diol functional group and computational chemistry studies, we
have designed a series of four compounds for selective three-
point recognition of dopamine, which include boronic acid-diol
complexation, aromatic-hydrophobic interactions, and ionic in-

Introduction

Various catecholamines are very important biological com-
pounds, especially as neurotransmitters™? and hormones,®*
Therefore, there is a great deal of interest in the detection and
concentration determination of such catecholamines in biolog-
ical fluids.”'¥ Past efforts in this area have been focused on
electrochemical detection, because of the presence of the elec-
trochemically active catechol structural moiety.””*' Chemo-
sensors for catecholamines, however, also have applications in

CH,OH
=0 OH
L HO H
HO H HO N
H——OH
H—{—OH HO HO
CH,OH
D-fructose catechol epinephrine
(adrenaline)
HO:@/\/ NH, Hom NH,
COOH
HO HO
dopamine L-DOPA

situations that cannot be adequately addressed with electro-
chemical methods.®'*'2' For example, chemosensors offer
the potential to allow for real-time monitoring with minimal
disturbance of the normal physiological/pathological process-
es.'%" Among all the catecholamines, dopamine is especially
important in neurochemistry. Dopaminergic functions are
implicated in Parkinson’s disease,">'® mood modification,'*"
and cocaine addiction,’”>? and so recognition and detection
of dopamine have been identified as important issues.!>?
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teractions between a carboxylate and a protonated amino
group. These compounds were synthesized in seven or eight
linear steps and showed dopamine selectivity of up to tenfold
over epinephrine. NMR spectroscopy experiments were conducted
to probe the structures of the receptor-dopamine complexes.
These receptors are the first to show such significant selectivity
for dopamine over epinephrine in aqueous solution under near
physiological conditions.

However, chemosensor work for the selective recognition of
dopamine has been very limited.®'®"™ A major challenge in
the development of dopamine receptors is to achieve selective
recognition between the different catecholamines. In this
paper, we report for the first time on boronic acid-based artifi-
cial receptors that show up to tenfold selectivity for dopamine
over epinephrine, which is unprecedented, and that are func-
tional in an aqueous environment under near physiological
conditions. The general structures of such receptor compounds
are shown in Scheme 1.

H
N

H
X]@Nm

o COOH
Y B(OH),

1a: X=H, Y=H;

1b: X=CN, Y=H;
1c: X=H, Y=F;

1d: X=CONH,, Y=H

Scheme 1. Structures of designed boronic acid-based receptors for dopa-
mine.
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Results and Discussion

Design of dopamine sensors

Dopamine has three important structural components that
should allow for strong interactions in an aqueous environ-
ment: 1) a catechol unit, which should interact strongly with
the boronic acid functional group,”**” 2)a central aromatic
ring, which should allow for strong hydrophobic interactions,
and 3) an amino group, which upon protonation should afford
strong interactions with an anionic functional group. The plan
was to use a vector-based approach for the design of artificial
receptors with the appropriate relative functional group orien-
tation and spacing."

We chose to start with the crystal structure of dopamine, as-
suming that it represents or is close to a high population con-
formation in solution. We calculated possible binding vectors
of the dopamine-boronic acid complex from dopamine’s X-ray
crystal structure, using ab initio/6-31G optimization in the po-
larizable continuum water model (PCM) integrated in the Gaus-
sian 03 program.”? The calculated ideal vector arrangements
are shown in Figure 1. From the optimized vector arrange-

A) HO._OH

B e, 9.56-10.56 A
..‘:.-.;--_1:-.3.%12-.3.3,*‘«....-:-.-.-.-.-_‘:COOH
.. B “1_.?3—5.83.5\ ETE RS
543-6.43A Nls, :
B) Aromatic ring

/ Negatively

charged

Aromatic riny

Figure 1. A) Calculated distances between the three binding parts, and
B) proposed ideal vector arrangement of the three binding components
of the target receptors based on computational results.

ments, several structural features were identified as important
for the design of dopamine receptors. A 2D virtual library of
compounds containing three structural components—a boron-
ic acid, a carboxylic acid, and a hydrophobic linker—was devel-
oped with the aid of the lilib diverse 1.02 program™**? and
was then converted into 3D structures by use of the CORINA
program.” Finally, ISIS/BASE was used for database search
against this 3D virtual library and certain defined chemical fea-
tures to give candidate structures. The building blocks of the
linker component included amino acids, aromatic rings, and
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aliphatic chains (C < 4), while the boronic acid building blocks
only included arylboronic acids. Figure 1 shows the calculation
results with defined “ideal” distances and orientation of recep-
tors for optimal binding.

Compounds 1a-d (Scheme 1) were among those identified
as possible dopamine receptors with the putative binding
mode presented in Figure 2.

ZT

0O

[e) .
\ T
NH \stacking O°="0
N NH;
ord
/ ionic
HO \O interaction
covalent
bonding

Figure 2. Proposed binding mode of the designed compounds.

Synthesis of compounds 1a-d

As shown in Scheme 2, the identified structures were then syn-
thesized, starting from [4-(hydroxymethyl)phenyllacetic acid
(2). Pyridinium chlorochromate (PCC) was used to oxidize the
hydroxy group of compound 1 to give the corresponding alde-
hyde 3 (57%). The (4-formylphenyl)acetic acid (3) was then
treated with thionyl chloride to afford the corresponding acid
chloride. Compound 5 (73%) was obtained by treating the
acid chloride with methyl 3-aminobenzoate (4) in dichlorome-
thane at room temperature. Oxidation of the aldehyde group
to a carboxylic acid group was then achieved by treating com-
pound 5 with sodium perborate tetrahydrate in acetic acid at
85°C for 24 h (79%).® Following treatment of carboxylic acid
6 with thionyl chloride, the second amide bond was formed
by addition of the formed acid chloride to a dichloromethane
solution of a 2-aminophenylboronic acid (7a-d). Compounds
7a-c were commercially available, while compound 7d was
obtained from 7b by hydrolysis of the cyano group. Finally,
removal of the methyl ester groups from compounds 8a-d
gave the boronic acid end-products 1a-d.

Binding studies

The abilities of the target dopamine receptors to bind dopa-
mine were evaluated by use of a three-component system
with alizarin Red S (ARS) as the reporter compound.®*? The
binding studies of boronic acid 1a are presented as an exam-
ple. Firstly, the binding constant between 1a and ARS was de-
termined. As expected, binding of ARS with the boronic acid
compound gave concentration-dependent fluorescent intensi-
ty increases (Figure 3A). The results were consistent with 1:1
binding. Binding constants (K,) were calculated from Equa-
tion (1), where I, is initial fluorescent intensity, b is the path
length of absorption, and Al,,, is the maximal fluorescent
intensity change. The apparent binding constant between 1a
and ARS was found to be 1403 m™" (Figure 3B).

ChemBioChem 2008, 9, 1431 - 1438
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Scheme 2. Synthesis of potential dopamine receptors.
A) I I
1a)b)/Al = 0 + -2 1
([1alb)/ Al [ARSIK, Al (1

The binding constants between boronic acid 1a and various
diols were then determined by titration of the diol compound
at different concentrations into the boronic acid—ARS mixture.
Briefly, boronic acid 1a (1x1073m) was added into a solution
of ARS (1x10™*m in 0.1m phosphate buffer at pH7.4) to
obtain solution A, in which about 20% of the ARS was in free
form (as measured by fluorescence testing). The diol was then
added to a portion of solution A to generate solution B, with
about 80% ARS in the free form. Solution B was titrated into
solution A to make a series of solutions with a constant con-
centration of ARS and the boronic acid and a range of different
B) concentrations of the diol. After standing for 1 min, each mix-

Fluorescent intensity

ture (0.7 mL) was transferred into a 1 cm quartz cuvette, and
0.8 - the fluorescence intensity was recorded.®"*® When a diol was
added to the ARS-boronic acid mixture, a concentration-
3 0.6 1 dependent fluorescent intensity decrease was observed (Fig-
2 04 y =0.0002x +0.2806 ure 4 A, for the case of dopamine), which allowed for binding
' R*=09714 constant determination (Figure 4B).2"3>%1 By using this
0.2 1 method, the binding constants of 1a-d with dopamine were
0 . . . . . determined (Table 1). For comparison, we also determined the
0 1000 2000 3000 4000 5000 binding constants with adrenaline, catechol, and fructose

1/1a] (Table 1 and Figure 5).

As designed, all compounds showed significant binding
Figure 3. Fluorescence binding studies between ARS (1x 107*m) and boronic with, and selectivity for, dopamine (Figure 5). The apparent
acid 1a (0-1 mw) in phosphate buffer (0.1m) at pH 7.4; 1, =495 nm, L, = binding constants with dopamine were in the range of 520-
570 nm. A) Fluorescence spectra of ARS upon addition of 1a; B) binding 3 . o R
constant calculation of 1a with ARS based on a 1:1 binding model; all ex- 940m~" (Table 1). In comparison, the binding constants with

periments were duplicated. catechol ranged from 120-600 m~", while those with adrenaline

ChemBioChem 2008, 9, 1431 - 1438 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1433
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Figure 4. Fluorescence spectral changes of the ARS-1a solution upon addi-
tion of dopamine (0-50 mwm) and binding constant determination in phos-
phate buffer (0.1 m) at pH 7.4; A,,=495 nm, A.,,=570 nm; [1a]=1x10"3m;
[ARS]=1x10"*M. A) Fluorescence spectral changes associated with binding
of 1a with dopamine; B) binding constant calculation between 1a and dop-
amine; all experiments were duplicated.

Table 1. Apparent association constants (K,) of the boronic acid receptors
1a-d with dopamine and reference compounds.

K, [Im™ Fructose Catechol Adrenaline Dopamine
1a 22+7 12143 51+5 538+34
1b 71+6 597 +22 228+1 944 + 38
1c 59+6 224422 190+6 524+18
1d 46+2 345+19 95+4 757 +£42

[Boronic acids]=1x107m, [ARS]=1x10"*m in phosphate buffer solu-
tion (0.1 m) at pH 7.4.

ranged from 50-230m~'. Compound 1b showed the highest

affinity (940m™"), but only less than twofold selectivity over
catechol and about fourfold selectivity over epinephrine. Com-
pound 1a and 1c showed the lowest affinity for dopamine,
but compound 1a showed the highest selectivity over cate-
chol (fourfold) and epinephrine (about tenfold). Compound 1d
showed significant selectivity over epinephrine (about eight-
fold) as well, and the second highest binding constant with
dopamine (760m7"). All compounds, as expected, showed
good selectivity over fructose; this indicates that the binding is
not merely through simple diol-boronic acid interactions. The
results indicate that the two analogues (1b, 1d) with electron-
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Figure 5. Comparison of the apparent binding constants of 1a-d with differ-
ent diols (0-50 mwm) in phosphate buffer (0.1 m) at pH 7.4; A, =495 nm,
Aem="570 nm; [boronic acids] =1x1073m; [ARS]=1x 10"*m; all experiments
were duplicated.

withdrawing groups (cyano and amido) at the para-positions
of their phenylboronic acid units have the highest affinities.
This could be attributable to increased Lewis acidity of the
boronic acid units, which is known to increase binding affinity
at neutral pH,%** or to conformational effects of these two
substituents, or both. One unique feature of our receptors is
the higher selectivity of 1a-d for dopamine over epinephrine
than over catechol, despite the fact that epinephrine is struc-
turally more analogous to dopamine than catechol is. Such
results indicate the significance of using a hydrophobic linker,
which could help to bias against epinephrine because of the
presence of an extra hydrophilic hydroxy group on the epi-
nephrine side chain. When a linear alkyl chain was used, in the
sensors reported by Glass™ and Yoon,®'? the selectivity over
epinephrine was nonexistent or very small. Such information
should be very useful for the future design of other receptors
for other catecholamines.

As a further control experiment to study the effect of the
carboxylate-protonated amine interactions (Figure 2), we were
interested to test the binding of the ester precursor (8a) of 1a
with dopamine. However, because 8a requires 30% methanol
for solubilization, the binding studies were conducted in a mix-
ture of PBS buffer and methanol (30%); under such conditions,
8a showed similar binding affinities for dopamine (192m7")
and catechol (124m7"). Such results are expected and further
demonstrate the importance of the ionic interactions between
the carboxylate group in 1a and the protonated amino group
in dopamine. As an additional control, we studied the binding
of 1a with L-3,4-dihydroxyphenylalanine (L.-DOPA), which has
an extra carboxylate group relative to dopamine. Again, solu-
bility was an issue for L-DOPA, which required the addition of
30% methanol for solubilization. Sensor 1a showed a binding
constant of 258 M~ for dopamine, which is twice that of L-
DOPA (115m7"). Such results are consistent with the experi-
ments with epinephrine, which indicate that an added polar/
ionizable group on the side chain does not favor binding. The
lowered affinity of 1a for dopamine in 30% methanol is con-
sistent with decreased hydrophobic interactions resulting from
an increased proportion of organic solvent in the test solution.

ChemBioChem 2008, 9, 1431 - 1438
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These results also further indicate the importance of the hydro-
phobic interactions through the central phenyl ring in the
receptor (1a).

Though all the binding studies lend support to a three-point
binding model, as proposed in Figure 2, we were interested in
probing structural evidence for such interactions. Therefore,
we conducted 'H NMR spectroscopy experiments with sensor
1a as a model. The '"H NMR spectra of 1a were collected in
the presence of 0, 1, and 10 equiv dopamine in 20% D,0O in
H,O phosphate buffer at neutral pH (Figure 6 A-C). Peak as-

COOH

Tt

D) "4t caz 1 9
. /"\ﬂUL\ L M
Y s 70 6.5

é{ppm)

Figure 6. 'H NMR spectra of 1a (2 mm) in the presence of A) 0, B) 1, and
C) 10 equiv dopamine in D,0 (20%) in phosphate H,O buffer (0.1 m) at near
neutral pH (pH 7.4-7.8), and D) at high pH (pH 9).

signments were made on the basis of chemical shifts and
COSY studies. Upon addition of dopamine, the proton NMR
peaks of 1a showed concentration-dependent shifts; this indi-
cates binding. In order to facilitate peak assignment of the
dopamine-sensor complex, we also conducted the NMR ex-
periments at pH 9 (Figure 6 D), which is known to increase bor-
onic acid—diol interactions.®® Under such conditions, complete
complex formation was observed when 1 equivalent of dopa-
mine was added. It should be noted that dopamine has a pK,
of 10.6.% Therefore, at pH 9, dopamine should still exist in the
protonated form. The NMR studies showed very prominent
shifts of peaks for the protons on the central phenyl ring of 1a
upon binding to dopamine. For example, protons “a” were
shifted upfield by 0.17 ppm upon binding. The peak corre-
sponding to protons “d” on the central phenyl ring of 1a were
also shifted upfield, but only by about 0.05 ppm. Such results
are consistent with the involvement of the central phenyl ring
in binding, presumably through stacking/hydrophobic interac-
tions, and further support our proposed three-point binding

ChemBioChem 2008, 9, 1431 - 1438
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model (Figure 2). Some of the most prominent shifts occurred
on the phenyl ring that bears the boronic acid moiety
(Figure 6). For example, the peaks corresponding to protons
“f,", “f,", and “g” were shifted upfield by 0.5-0.8 ppm. Such re-
sults are to be expected, since the boronic acid moiety should
change from the neutral trigonal form before binding to an
anionic tetrahedral form after binding.?® This change in charge
states by the boron atom should increase the electron density
on the phenyl ring and thus significantly influence the chemi-
cal shifts of protons on the same ring. The changes in chemical
shifts for the protons on the phenyl ring bearing the carboxyl-
ate group are relatively small. For example, no major changes
were observed with protons “c”, “d2”, and “e”. The only notice-
able change was observed with proton “b”, which shifted by
about 0.02 ppm. Such results are also understandable, since
there is no change in charge states for the carboxylate before
and after binding. The only issue is what the counterion is.
Before binding, the counterion is probably sodium, and after
binding it is a protonated amine. Such a minor alteration
would not be expected to cause as much change in the elec-
tronic environment of the phenyl ring as stacking with another
aromatic ring by the center phenyl ring of 1a, or a change in
the ionization state of the boron atom for the ring that bears
the boronic acid moiety. Overall, the NMR results are consistent
with the proposed three-point binding model (Figure 2).

Several chemosensors®™'®'? for catecholamines, with bind-
ing constants that range from 180 to 10780m~", have been
reported. However, none of these sensors displays significant
selectivity for dopamine over epinephrine (adrenaline) under
near physiological conditions. Glass and co-workers, for in-
stance, have reported a chemosensor that had an apparent as-
sociation constant of 3400 ™' with dopamine, but its associa-
tion constant with epinephrine is even greater at 5000 m~'."
In work by Thomas and co-workers, the apparent binding con-
stant of the best compound with dopamine was 630m~",
which was similar to that with epinephrine (550m~").'” Yoon
and co-workers reported a boronic acid sensor with an affinity
for dopamine (K,=10780m~") two times higher than that for
epinephrine (5050 m~").®! However, such results were obtained
in 50% MeOH/0.05m HEPES buffer at pH 7.4 because of solu-
bility problems in aqueous solution, which makes it hard to
make a meaningful comparison. It is known that the binding
constants of various sensors, including boronic acid-based sen-
sors, are much greater in organic solvents than in aqueous en-
vironments. The lack of selectivity between catecholamines for
most sensors (dopamine and epinephrine in this case) is very
understandable, since the differences are very subtle and are
mostly only in the side chain. The major difference between
our design and those described in the literature is in the intro-
duction of a rigid and hydrophobic phenyl linker rather than
flexible linear linkers; this has allowed for improved selectivity
for dopamine. Such results suggest that future design should
further exploit the hydrophilic and hydrogen-bond-forming
hydroxy group of the epinephrine side chain as a way to differ-
entiate dopamine and epinephrine. The dopamine receptors
described in this paper represent the first dopamine-selective
receptors functional in an aqueous solution.
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Conclusions

A series of boronic acid-based receptors for dopamine have
been designed and synthesized. The final products have good
water solubility because of the boronic acid and carboxylic
acid functional groups. Fluorescent binding studies have
shown that all sensors display preferential recognition of the
target, dopamine. In addition, the attachment of electron-with-
drawing groups to the phenyl ring that bears the boronic acid
group increased the binding affinity. These chemosensors are
the first that show significant selectivity for dopamine over its
catecholamine analogue epinephrine under near physiological
conditions. Our studies also point to exploitation of the linker
moiety as a way to improve selectivity among catecholamines
further. A three-point binding model has been proposed. NMR
spectroscopy studies indeed support this proposed model.

Experimental Section

General methods and materials: 'H and '*C NMR spectra were re-
corded by using a Bruker 400 MHz NMR spectrometer in deuterat-
ed chloroform (CDCI;) or [Dg]DMSO ((CD,),SO) with either tetrame-
thylsilane (TMS; 0.00 ppm) or the NMR solvent as internal refer-
ence, unless otherwise specified. HPLC purification was carried out
with a Shimadzu LC-10AT VP system and a Zobax C18 reversed-
phase column (4.6 mmx 25 cm). Fluorescence spectra were record-
ed by using a Shimadzu RF-5301 PC spectrofluorimeter. Absorption
spectra were recorded on a Shimadzu UV-1700 UV/Vis spectropho-
tometer. Quartz cuvettes were used in all fluorescence and UV
studies. All pH values were determined with a UB-10 Ultra Basic
Benchtop pH meter (Denver Instrument). Analytical thin-layer chro-
matography (TLC) was performed by using a Merck silica gel 60
plates (0.25 mm thickness with F-254 indicator). Alizarin Red S
(ARS) was purchased from Acros and used as received. Boronic
acids (7a-c) were obtained from Frontier Scientific and Combi-
Blocks, Inc. Sugars, buffer ingredients, and diols were bought from
Aldrich or Acros and were used as received. Water used for the
binding studies was doubly distilled and further purified with a
Milli-Q filtration system. Solvents for extraction and chromatogra-
phy were used as received. Dry solvents (DMF, DMSO) were pur-
chased from Acros.

Syntheses

(4-Formylphenyl)acetic acid (3): Dry THF (60 mL) was added to a
mixture of compound 2 (2.5 g, 15 mmol, 1.0 equiv) and PCC (4.0 g,
18.6 mmol, 1.2 equiv). The mixture was stirred at room tempera-
ture for 2 h. Celite (5 g) was added as filtering agent, and then the
mixture was filtered. The solvent was then evaporated under
vacuum. The solid product was dissolved in HCI solution (10%,
20 mL) and extracted with dichloromethane (3x20 mL) and ethyl
acetate (3x20 mL). The combined organic layers were dried over
anhydrous Na,SO, and then evaporated under vacuum. Column
chromatography (silica gel, hexanes/ethyl acetate, 3:2) gave 3
(143 g, 57%) as white crystals. TLC (hexanes/ethyl acetate, 3:1)
R:=0.50; 'H NMR (CDCl,, 400 MHz): 6=10.03 (s, 1H), 7.89 (d, J=
8.0Hz, 2H), 749 (d, J=8.0Hz, 2H), 3.77 ppm (s, TH); *C NMR
(CDCl;, 400 MHz): 6=191.9, 176.5, 140.0, 135.5, 130.2, 41.3 ppm;
MS (ESI-): m/e (relative intensity): 162.9 [M—1]".

Methyl 3-[2-(4-formylphenyl)acetylamino]benzoate (5): Compound 3
(1.18 g, 7.2 mmol, 1.0 equiv) was dissolved in dry THF (10 mL), and
a dry THF solution (5 mL) of SOCI, (1.03 mL, 14.3 mmol, 2.0 equiv)
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was added dropwise under nitrogen. The mixture was stirred at
room temperature under nitrogen for 3 h, and the solvent was
then evaporated under vacuum. The solid product was dissolved
in dry dichloromethane (10 mL), and a dichloromethane solution
(10 mL) of methyl 3-aminobenzoate (4; 1.08 g, 7.2 mmol, 1.0 equiv)
and triethylamine (2.0 mL, 14.3 mmol, 2.2 equiv) was added drop-
wise under nitrogen. The mixture was stirred under nitrogen at
room temperature for 2 h. The solution was diluted with dichloro-
methane (50 mL) and washed with water (2x5 mL). The organic
phase was dried over anhydrous Na,SO, and the solvent was
evaporated under vacuum. Column chromatography (silica gel, di-
chloromethane/methanol, 100:1) and recrystallization by dichloro-
methane gave 5 (1.55g, 73%) as a white solid. TLC (dichlorome-
thane/methanol, 50:1) R;=0.40; 'H NMR (acetone, 400 MHz): 6 =
10.05 (s, 1H), 9.63 (s, 1H), 833 (d, J=7.6Hz, 1H), 794 (q, J=
3.2Hz 1H), 791 (d, J=8.4 Hz, 2H), 7.72 (d, J/=7.6 Hz, 1H), 7.64 (d,
J=8.0Hz, 2H), 745 (t, J=8.0Hz, 1H), 3.89 (s, 2H), 3.88 ppm (s,
3H); PCNMR (acetone, 400 MHz): 6=191.7, 168.4, 166.1, 142.6,
139.6, 135.5, 130.8, 130.1, 129.5, 129.0, 124.3, 123.5, 120.0, 51.5,
43.7 ppm; MS (ESI +): m/e (relative intensity): 298 [M—1]%.

Methyl 3-[2-(4-carboxyphenyl)acetylamino]benzoate (6): Acetic acid
(60 mL) was added to a mixture of 5 (1.5 g, 5 mmol, 1.0 equiv) and
sodium perborate tetrahydrate (7.7 g, 50 mmol, 10 equiv). The mix-
ture was heated at 85°C and stirred for 24 h; the solvent was then
evaporated under vacuum. The solid residue was washed with
water (2x5 mL) and dichloromethane (3x20 mL). Another part of
the solid was obtained from recrystallization of the organic phase
(dichloromethane). Combination of the solid products gave com-
pound 6 (1.24 g, 79%). TLC (hexanes/ethyl acetate, 1:1) R;=0.30;
'HNMR (acetone, 400 MHz): 6=9.59 (s, 1H), 8.33 (s, 1H), 8.02 (d,
J=8.0Hz, 2H), 7.94 (d, J/=9.2 Hz, 1H), 7.71 (d, J/=8.8 Hz, 1H), 7.55
(d, J=8.4Hz, 2H), 7.45 (t, J=8.0 Hz, 1H), 3.88 (s, 3H), 3.86 ppm (s,
2H); ®CNMR (acetone, 400 MHz): 6=210.2, 166.1, 141.0, 130.8,
129.7, 1294, 129.1, 129.0, 124.2, 123.5, 120.0, 51.5, 43.6 ppm; MS
(ESI=): m/e (relative intensity): 312.4 [M—1]".

2-Amino-4-carbamoylphenylboronic acid (7d). Trifluoroacetic acid
(4.0 mL) and concentrated sulfuric acid (1.0 mL) were added to
compound 7b (198 mg, 1.0 mmol, 1.0 equiv) in a 20 mL vial. The
mixture was heated at 38°C and stirred for 40 h, and ice-cold DI
water (4 mL) was then added. The vial was incubated in an ice
bath for 30 min. White solid precipitated and was filtered off and
washed with ice-cold DI water (2mL) and then dried under
vacuum. Another part of the solid was obtained from precipitation
of the filtrate by adjusting the pH to 7. Recombination of the solid
product gave compound 7d (167 mg, 93%). TLC (ethyl acetate)
R=0.27; '"HNMR (CD;OD): 6=7.963 (s, 2H), 7.906 ppm (s, 1H);
3C NMR (CD,0D): 6=168.9, 136.9, 135.8, 135.6, 126.5, 122.4 ppm;
MS (ESI+): m/e (relative intensity): 181.1 [M+1]%, 195.1
[M+CH,OH—H,0]*

General procedure for compounds 8: Compound 5 (1.0 mmol,
1.0 equiv) was dissolved in dry THF (20 mL), and a dry THF (20 mL)
solution of SOCI, (20 mmol, 20 equiv) was added dropwise under
nitrogen. The mixture was stirred at room temperature under nitro-
gen for 48 h to give compound 6, and the solvent and excess
SOCl, were then evaporated under vacuum. Compound 7
(0.9 mmol, 0.9 equiv) and DMAP (0.08 mmol, 0.08 equiv) were dis-
solved in anhydrous pyridine (20 mL), and a dichloromethane solu-
tion (20 mL) of compound 6 was added dropwise under nitrogen.
The mixture was stirred at room temperature under nitrogen for
48 h, and the solvent was then evaporated under vacuum. The
crude product was purified by column chromatography (hexanes/
ethyl acetate 1:1 to ethyl acetate/methanol 10:1) and further puri-
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fied by HPLC (C18 RP column, 290 nm). Elution conditions: CH;CN/
MeOH (0.1% TFA in both elutions, flow rate=1.5mLmin™"), 0-
10 min (CH;CN 0-100%), 10-25 min (CH;CN 100%), 25-30 min
(CH;CN 100 %-50%), 30-200 min (CH;CN 50 %).

2-(4-{[3-(Methoxycarbonyl)phenylcarbamoyllmethyl}benzoylamino)-
phenylboronic acid (8a): HPLC t;=40 min; compound 8a (26 %)
was obtained as a yellow powder. '"H NMR (CD,0D): 6=8.29 (s,
1H), 8.18 (d, J=8.4Hz, 2H), 7.85 (d, J=84Hz, 1H), 7.78 (d, J=
8.0 Hz, 1H), 7.67 (d, J=8.4 Hz, 2H), 7.54 (d, J=6.8 Hz, TH), 7.45 (t,
J=8.0Hz, 1H), 735 (m, 3H), 3.92 (s, 3H), 3.89 ppm (s, 2H);
3C NMR (CD;0D): 6 =169.8, 166.8, 166.2, 142.2, 138.8, 137.8, 131.6,
130.7, 129.8, 128.7, 128.2, 127.9, 127.8, 126.7, 124.8, 124.2, 120.6,
116.3, 106.8, 51.3, 43.0 ppm; MS (ESI-): m/e (relative intensity):
431.3 [M—1]", 4324 [M]".

4-Cyano-2-(4-{[3-(methoxycarbonyl)phenylcarbamoylimethyl}benzoyl-
amino)phenylboronic acid (8b): HPLC tz=39 min; compound 8b
(29%) was obtained as a yellow powder. '"H NMR (CD;0D): 6 =8.28
(s, TH), 8.20 (d, J=8.4 Hz, 2H), 8.11 (d, J/=7.6 Hz, 2H), 7.83 (d, J=
8.4 Hz, 1H), 7.76 (d, J=8.0 Hz, TH), 7.69 (m, J=5.2 Hz, 2H), 7.63 (d,
J=7.6Hz, 1H), 744 (t, J=8.0 Hz, 1H), 7.00 (d, J=7.6 Hz, 1H), 3.91
(s, 3H), 3.90 ppm (s, 2H); *C NMR (CD,0D): 6 =169.7, 167.3, 166.8,
142.9, 138.8, 138.6, 132.9, 130.6, 130.0, 129.4, 128.7, 128.5, 1274,
127.3, 124.8, 124.2, 120.6, 119.7, 118.0, 111.4, 106.8, 51.3, 43.0 ppm;
MS (ESI-): m/e (relative intensity): 456.2 [M—1]", 457.2 [M]".

5-Fluoro-2-(4-{[3-(methoxycarbonyl)phenylcarbamoylimethyl}benzoyl-
amino)phenylboronic acid (8c): HPLC tz=39 min; compound 8c
(33%) was obtained as a yellow powder. '"H NMR (CD;0D): 6 =8.28
(s, TH), 8.18 (d, J/=8.4 Hz, 2H), 7.84 (d, /=8.4Hz, 1H), 7.78 (d, J=
7.6 Hz, TH), 7.67 (m, J=8.4 Hz, 2H), 7.45 (t, J=8.0 Hz, 1H), 7.39 (m,
1H), 7.28 (t, J=8.6Hz, 1H), 7.20 (g, J=84Hz, 1H), 7.10 (t, J=
8.6 Hz, TH), 3.92 (s, 3H), 3.89 ppm (s, 2H); *C NMR (CD,0D): 6=
169.9, 166.8, 165.9, 160.7, 142.3, 138.8, 130.6, 129.8, 128.7, 128.3,
127.6, 124.8, 124.2, 121.8, 121.6, 120.7, 117.1, 116.9, 114.6, 106.8,
51.3, 43.0 ppm; MS (ESI-): m/e (relative intensity): 449.4 [M—1]",
450.4 [M]™.

4-Carbamoyl-2-(4-{[3-(methoxycarbonyl)phenylcarbamoyllmethyliben-
zoylamino)phenylboronic acid (8d): HPLC t;=39 min; compound
8d (29%) was obtained as a yellow powder. '"H NMR (CD;0D): 6 =
8.29 (s, 1H), 8.20 (d, J/=8.4 Hz, 2H), 7.96 (s, 1H), 7.93 (s, 1H), 7.87
(s, TH), 7.78 (t, J=8.0Hz, 2H), 7.68 (d, J=8.4 Hz, 2H), 7.63 (d, J=
7.6 Hz, 1H), 7.45 (t, J=8.0 Hz, 1H), 3.91 (s, 3H), 3.90 ppm (s, 2H);
3C NMR (CD,0D): 6=170.4, 169.8, 166.8, 142.5, 138.8, 135.9, 131.9,
130.6, 129.9, 128.7, 128.4, 125.5, 125.0, 124.8, 124.2, 121.6, 120.6,
116.1, 113.2, 51.3, 43.0 ppm; MS (ESI-): m/e (relative intensity):
4741 [M-1]", 488.1 [M+CH,]", 502.1 [M+2CH,~, 516.1
IM+3CH,]".

General procedure for compounds 1: A H,O/THF/MeOH (1:1:5) solu-
tion (7 mL) of NaOH (2.5 mmol, 10.0 equiv) was added to a com-
pound 8 (0.25 mmol, 1.0 equiv) in a 20 mL vial. The mixture was
stirred under nitrogen at 55°C for 12 h. The solution was diluted
with methanol (50 mL) and the pH was adjusted to 4 by addition
of HCl (1m in methanol). The solvent was then evaporated under
vacuum. The crude product was further purified by HPLC (C18 RP
column, 290 nm). Elution conditions: CH;CN/MeOH (0.1% TFA in
both elutions, flow rate=1.5 mLmin™"), 0-10 min (CH;CN 0-100%),
10-25 min (CH;CN 100%), 25-30 min (CH,CN 100-50%), 30-
200 min (CH;CN 50%).

2-{4-[(3-Carboxyphenylcarbamoyl)methyl]benzoylamino}phenylboron-
ic acid (1a): HPLC t;=38 min; compound 1a (53%) was obtained
as a yellow powder. '"H NMR (CD,0D): 6=8.26 (s, 1H), 8.18 (d, J=

ChemBioChem 2008, 9, 1431 - 1438

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

84 Hz, 2H), 7.86 (d, J=7.2Hz, 1H), 7.79 (d, J=7.6 Hz, 1H), 7.67 (d,
J=8.0Hz 2H), 754 (d, /=64 Hz, 1H), 7.44 (t, J=8.0Hz, 1H), 7.34
(m, 3H), 3.89 ppm (s, 2H); "CNMR (CD,OD): 6=169.8, 168.0,
166.2, 142.2, 138.7, 137.8, 131.6, 131.3, 129.8, 128.6, 128.2, 127.8,
126.7, 125.1, 124.1, 120.9, 116.4, 43.0 ppm; MS (ESI—): m/e (relative
intensity): 399.1 [M—H,O—H]"~, 389.1 [M—B=0]"; HRMS: calcd for
CyoHi6'"BN,Os: 399.1152; found: 399.1223.

2-{4-[(3-Carboxyphenylcarbamoyl)methyl]benzoylamino}-4-cyanophe-
nylboronic acid (1b): HPLC t,=38 min; compound 1b (41%) was
obtained as a yellow powder. '"H NMR (CD,OD): 6=8.26 (s, TH),
8.21 (d, /=84 Hz, 2H), 7.86 (d, J=7.2Hz, 1H), 7.79 (d, J=7.6 Hz,
1H), 7.67 (m, 5H), 7.45 (t, J=8.0 Hz, TH), 7.34 (m, 3H), 3.91 ppm (s,
2H); CNMR (CD,0D): 6=169.7, 168.0, 167.4, 142.9, 138.7, 138.5,
132.9, 131.3, 129.9, 128.6, 128.5, 128.4, 127.3, 126.7, 125.1, 124.0,
120.9, 119.7, 118.0, 111.4, 43.0 ppm; MS (ESI-): m/e (relative inten-
sity): 4241 [M—H,0—H]~, 425.1 [M—H,0]". HRMS: calcd for
Cy3Hi5""BN;O,: 424.1105; found: 424.1103.

2-{4-[(3-Carboxyphenylcarbamoyl)methyllbenzoylaminoj}-5-fluorophe-
nylboronic acid (1c): HPLC t;=38 min; compound 1c (54%) was
obtained as a yellow powder. '"HNMR (CD,OD): 6=8.27 (s, TH),
8.18 (d, J/=8.0Hz, 2H), 7.86 (d, J/=7.2Hz, 1H), 7.78 (d, J=7.6 Hz,
1H), 7.67 (d, J=7.6 Hz, 2H), 7.41 (m, 2H), 7.19 (d, J=6.8 Hz, 1H),
7.10 (t, J=8.0Hz, 1H), 3.89 ppm (s, 2H); *C NMR (CD,0D): 0=
169.8, 168.0, 165.9, 142.3, 138.7, 134.0, 131.3, 129.8, 128.6, 128.2,
127.6, 125.1, 124.1, 120.9, 118.7, 118.6, 117.1, 116.9, 114.8, 114.6,
43.0 ppm; MS (ESI-): m/e (relative intensity): 417.1 [M—H,O—H]",
418.1 [M—H,0]". HRMS: calcd for C,,H;sBN,OsF: 417.1058; found:
417.1039.

4-Carbamoyl-2-{4-[(3-carboxyphenylcarbamoyl)methyllbenzoylamino}-
phenylboronic acid (1d): HPLC t;=38 min; compound 1d (51%)
was obtained as a yellow powder. '"H NMR (CD,0D): 6=8.26 (s,
1H), 8.20 (d, /=84 Hz, 2H), 7.87 (s, TH), 7.79 (d, J=7.6 Hz, 2H),
7.68 (d, J=8.0Hz, 2H), 7.63 (d, J=7.6 Hz, 2H), 7.44 (t, J=8.0 Hz,
TH), 3.90 ppm (s, 2H); *CNMR (CD;OD): 6=170.4, 169.8, 168.0,
166.8, 142.5, 138.7, 138.2, 135.9, 133.8, 131.9, 131.3, 129.9, 128.6,
1284, 128.1, 127.6, 1258, 125.1, 124.1, 121.9, 120.9, 116.1,
43.0 ppm; MS (ESI-): m/e (relative intensity): 442.1 [M—H,0O—H]",
4431 [M—H,0]", 456.1 [M—2H,0+CH;OH]". HRMS: calcd for
Cy3H,,""BN;Og: 442.1210; found: 442.1231.

Procedures for the binding studies (1a binding with dopamine
as an example): Solutions of ARS (1x107*m) and of ARS (1x
107*m) with 1a (1x1073m) were prepared in phosphate buffer
(0.1 m) at pH 7.40. These two solutions were mixed in a 1 cm cuv-
ette. In the solution, the ratio of boronic acid+ ARS was increased
gradually. After being shaken, the solution was used to test the
fluorescence intensity. Six to eight points were collected for the
calculation of the apparent binding constant of the boronic acid
(1a)-ARS complex with the assumption of a 1:1 complex formation
mechanism.

In a similar method, two solutions of boronic acid Ta (1x107>m)-
ARS (1x107*m) complex and boronic acid (1a)-ARS complex with
dopamine (50 mm) were prepared in phosphate buffer (0.1 M) at
pH 7.40. The binding constant (K,) of the boronic acid-dopamine
complex was obtained by addition of different diols (0-50 mm) in
phosphate buffer (0.1 M) to the boronic acid-ARS mixtures; the
ratio of boronic acid (1a)-ARS + dopamine was increased gradual-
ly.
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Theoretical and Experimental Evaluation of a CYP106A2

Low Homology

Model and Production of Mutants with

Changed Activity and Selectivity of Hydroxylation

Michael Lisurek,® Birgit Simgen,® Iris Antes,”™ and Rita Bernhardt*"

Steroids are important pharmaceutically active compounds. In
contrast to the liver drug-metabolising cytochrome P450s, which
metabolise a variety of substrates, steroid hydroxylases generally
display a rather narrow substrate specificity. It is therefore a
challenging goal to change their regio- and stereoselectivity.
CYP106A2 is one of only a few bacterial steroid hydroxylases and
hydroxylates 3-oxo-A*-steroids mainly in 153-position. In order to
gain insights into the structure and function of this enzyme,
whose crystal structure is unknown, a homology model has been
created. The substrate progesterone was then docked into the
active site to predict which residues might affect substrate bind-
ing. The model was substantiated by using a combination of the-
oretical and experimental investigations. First, numerous compu-
tational structure evaluation tools assessed the plausibility of its
protein geometry and its quality. Second, the model explains
many key properties of common cytochrome P450s. Third, two

Introduction

Cytochrome P450s comprise a superfamily of enzymes that are
mainly responsible for the hydroxylation of a wide variety of
hydrophobic compounds.” Besides this, they catalyse reactions
such as N-oxidation, N-, O- and S-dealkylation, sulfoxidation,
epoxidation, peroxidation, deamination, desulfuration, dehalo-
genation and N-oxide reduction.>*! Whereas eukaryotic P450s
are usually integral membrane proteins, the bacterial
CYP106A2 from Bacillus megaterium ATCC 13368 is one of only
a few cloned soluble steroid-converting cytochrome P450s. It
hydroxylates 3-oxo-A*-steroids like deoxycorticosterone (DOC)
and progesterone (P) mainly at the 15B-position.”’ In the case
of P as a substrate, 6B~ 9a- and 110-hydroxylation were
also reported.”” Some of these monohydroxylated Ps, including
their derivatives are known as pharmaceuticals or useful inter-
mediates in the production of a number of pharmaceutically
active compounds.” A long-sought practical goal in cyto-
chrome P450 research is to capitalise on the exquisite specifici-
ty of these enzymes in regio- and stereoselective hydroxylation
reactions for the production of chemicals that are difficult to
prepare by using traditional organic synthesis methods, espe-
cially in the case of steroids. The prerequisite for rational engi-
neering of enzymes is, however, the knowledge of their struc-
ture. Because numerous attempts to crystallise CYP106A2 have
been unsuccessful so far,"" a homology model has been creat-
ed to gain deeper insights into the structure and function
and—in a later step—for the rational design of mutants to in-
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sets of mutants have been heterologously expressed, and the in-
fluence of the mutations on the catalytic activity towards deoxy-
corticosterone and progesterone has been studied experimentally:
the first set comprises six mutations located in the structurally
variable regions of this enzyme that are very difficult to predict
by cytochrome P450 modelling (K27R, 186T, E90V, I71T, D185G
and 1215T). For these positions, no participation in the active-site
formation was predicted, or could be experimentally demonstrat-
ed. The second set comprises five mutants in substrate recogni-
tion site 6 (5394l, A395L, T396R, G397P and Q398S). For these res-
idues, participation in active-site formation and an influence on
substrate binding was predicted by docking. These mutants are
based on an alignment with human CYP11B1, and in fact most
of these mutants altered the active-site structure and the hydrox-
ylation activity of CYP106A2 dramatically.

fluence the steroid hydroxylation directly as desired. In recent
years, homology modelling has become a promising tool to
study cytochrome P450 function. Whereas the number of
modelled bacterial cytochrome P450 structures is rather
low,"* numerous mammalian cytochrome P450 homology
models have been constructed, and the resulting structures
were successfully evaluated in view of mutagenesis data (see,
for example, refs. [15-18]).

Results and Discussion
Modelling and evaluation of CYP106A2

Modelling has been performed by using the syByL 6.7 sub-
routine composer™ The backbone coordinates for the core
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structure of the model were built by using the set of 10 struc-
turally conserved regions (SCRs) that were obtained by the
structural alignment of CYP106A2 with five template cyto-

R. Bernhardt et al.

chromes P450 (Figure 1). The scoring parameters of the pair-
wise sequence alignments are given in Table 1. A schematic

o-A p1-1 B1-2 o-B
1.MKEVIAVKEI TRFKTRTEEF SPYAWCKRML ENDPVSYHEG TD KYE DVKRVLSDYK 60
2 MYDWFSEMR KKDPYE¥ NIQQVFSYR YTKEVLNNFS
3. WYSTYAELR ETAPVTP DAJLVTGYD EAKAALSD
4. EAWAVLQES NVPDLVW GHZTIATRGQ LIREAYED
5. IYPAFKWLR DEQPLAM PMJIATKHA DVMQIGKQ
6. PPAEFAKLR ATNPVSQ LAQLVTKHK DVCFVATS
SVR1 SCR1 SVR2 SCR2 SVR3
Bi-5 o-B’ o-C o-D
1.HFESVRKRTT ISVGTDSEEG SVPEKI SPEEDHRKRE SLLAAAFTPR SLONWEPRIQ 120
- SINAILHDELIY SMSADIFSPQ KLOTLETFIR
3. MGT SFITHTRLIY KLVSQEFTVR RVEAMRPRVE
4. PTS MAJIEQRQF|Y ALANQVVGMP VVDKLENRIQ
5. LTS MBIITHTAY[] GLTLNWFQPA SIRKLEENIR
6. VRTRQG FPELSASGKQ AAKAKPTFVD MJJEHMHQIl SMVEPTFTPE AVKNLQPYIQ
SCR3 SVR4 SCR4

B3-1 o-F
1.EIADELIGQM DGGTEIDIVA MADLMEVP SK DRLLFKKWVD TLFLPFDREK 180
2 .ETTRSLLDS EDDIVK ISKILELP
3.QITAELLDEV GDSGVVDIVD ICELLEVDEK YRGEFGRWSS EILVMDPERA
4 .ELACSLIES QCNFTE FMLLAELP
5.RIAQASVQR ECDFMT VMTALEVP
6 .RTVDDLLEQ PVDLVK IYTLLEVP

SVRS

o-G o-H
1.QEEVDKLKQV AAKEYYQYLY PIVVQKRLNP ADDIISDLLK SEVDGEMFTD DEVVRTTMLI 240
B IEKLGYIILL
3.8 QRGQ AAREVVNFIL DLVERRRTEP GDDLLSALIR VQDDDGRLSA DELTSIALVL
4. DEAKRMCGLL
5. KYINAYYVAI
6. SDAVQIAFLL

SVR6 SCR6
o-J
2 LLANSFYSLL YDDKEVYQEL HENLDLVEPQA 300
2. LISNSVIDFT R LWORI RE  LYLKA
3. LIGIGTYLLL T QLALV RA  ALPNA
4. FLSFSMEFLA K HRQEL IE  RIPAA
5. SSGGAIIGLS R QLALA KSDPALIPRL
6. MIALGVATLA Q QLAQL KA  LAPQF
SVR7 SCR7 SVRS

Bi-3 meander
Loy EGD DPFTLNIHRP NNKKHLT{ZE! 360
2, EGE DGEKFIPDJ
3.EVEIGGVAIP QYSTVLVANG AAN DPHRFDVTJ
4 .DYEFHGVQLK KGDQILLPQM LSGLWERENA CPMHVDFSH
5.DTEVRGONIK RGDRIMLSYP SANRBEEVFS NPDEFDITA
6 .DVMIGDKLVR ANEGIIASNQ SANREEEVFE NPDEFNMNQ

SCR9 SVR10
B3-3/Pa-1 Ba-2 P3-2

Ul W

AFLKKFKHI PSFQLEEN LTDSATGQTL TSLPLKASRM
EFSKRF PNE S

SCR10

ALFGRFPALS LGIDADDVVW RRSLLLRGID HLPV
EWLTRIPDFS IAPGAQIQHK SGIVSGVQAL PLVW
ELLPKLKSVE LSGPPRLVAT NFVGGPKNVP IRFT
TLYQKFPDLK VAVPLGKINY TPLNRDVGIV DLPV
SVR11

410

Figure 1. Composer alignment of CYP106A2 and the five template cytochrome P450s. 1, CYP106A2, 2, CYP119, 3, CYP107A1, 4, CYP101, 5, CYP108, 6,
CYP55A1. The structurally conserved regions (SCRs) and the structurally variable regions (SVRs) of CYP106A2 are displayed in bold and in italic characters,
respectively. The fragments used for building the SCRs are underlined. The absolutely conserved residues among the six proteins are labelled in black. The
nomenclature of o helices (light grey) and P sheets (dark grey) shown above the sequences is according to Haseman et al.*?
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Table 1. Percentages of sequence identities and statistical significance
scores. Percentages of sequence identities and statistical significance
scores of CYP106A to the five template sequences of CYP119, CYP108,
CYP107 A1, CYP101 and CYP55A1 according to the PMUTATION.HOMO
similarity matrix (see Experimental Section). The Protein Data Bank entry
names are listed in brackets.

Identity [%] Significance score

CYP119 (1F4T) 322 20.3
CYP107A1 (10XA) 28.5 19.0
CYP101 (1PHG) 27.1 155
CYP108 (1CPT) 26.8 18.8
CYP55A1 (1L6) 256 15.9

ribbon presentation of the modelled CYP106A2 structure is
shown in Figure 2.

The good stereochemical quality of the model is shown in
the Ramachandran plot (Figure 3A). The distribution of the

Figure 2. Ribbon representation of the tertiary structure of the CYP106A2
model. The incorporated haem is shown as light grey stick model. The Ca
positions of the investigated mutations are shown as black balls and are la-
belled.

¢/ angles is well within the allowed regions. The majority
(96 %) of the residues are in the favoured regions of the plot;
78.8% of the residues are in the most favoured regions and
17.2% are in the additional allowed regions. The four residues
in the disallowed region are found only in the loop regions
near the surface of the model and are a result of the fusion of
the SCRs to the structurally variable regions (SVRs). Therefore,
the backbone conformation is of nearly as good reliability as
those of the crystal structures. A validation check of the ener-
getic properties was performed by using prosa 11.2” The main
criterion is that each residue interaction energy with the re-
mainder of the protein should be negative. A comparison of
the energy profiles of the modelled CYP106A2 and its most
homologous template, CYP119 is shown in Figure 3B. Accord-
ing to this criterion, the reliability of the CYP106A2 model is
similar to that of the solved crystal structures. Another criterion
of this validation method is that the total energy of the protein

ChemBioChem 2008, 9, 1439 - 1449
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Figure 3. Comparison of the evaluation of the modelled CYP106A2 structure
(left) and CYP119 (1F4T; right). A) Ramachandran plot of the @/% distribu-
tion. The most favoured regions are represented in dark grey, additional al-
lowed regions are grey, generously allowed regions are light grey and disal-
lowed regions are white. Glycine residues are shown as triangles. B) PrRosA 11
energy plot. The graphs are smoothed over a window size of 50 residues.
The curves represent the residue interaction energies, negative values corre-
spond to favourable interactions within the molecules. C) WHATIF quality
control profile. The graphs represent the packing quality of each residue.

structure should be low, a property that is represented by the
PrROSA z-score.”” The normalized z-score was calculated ac-
cording to Chang and Loew."® prosa z-scores and normalised
z-scores are summarised in Table 2. The normalized z-score of
0.85 that was obtained for the model is almost comparable to
the values obtained for the reference proteins; this clearly
demonstrates that the model is of reliable quality. The next
evaluation criterion was a comparison of the packing environ-
ment of the residues in the model with the average packing
environment for the same residue types in crystal structures
that are contained in the Protein Data Bank by using the
WHATIF quality control method.?" A residue in a structure with
a score of —5.00 or lower indicates poor packing, any involve-
ment of this residue in active-site formation or contacts with a
cofactor should be treated with scepticism. A comparison of
the wHATIF quality control profile of the model and CYP119 is
shown in Figure 3C. In CYP106A2, 16 residues are found that
have a score >-5.00, compared to 8 in CYP119, 6 in CYP108, 8
in CYP101, 7 in CYP107A1 and 10 in CYP55A1. These results
are comparable for the model and the crystal structures. To
evaluate the overall quality of the model, the average quality
control value was used. If the average quality control value is
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i ) ) cule. Negatively charged amino
Table 2. Evaluation of the CYP106A2 model in comparison to the five template structures. Results of PrROSA i1, id h | d
PROCHECK and WHATIF quality control for the modelled CYP106A2 and the five template structures 1F4T, acias on the electron donor are
10XA, 1CPT, 1PHG and 1L6. critical for proper interactions,®"
whereas the cytochrome P450
Sequence PROCHECK PrOSA 11 WHATIF . i
al . ) ) provides the positively charged
Length overall score' z-score normalised z-score quality control value ] 31,32 .
residues.”"** A common region
CYP106A2 410 —0.50 —10.69 0.85 —1.36 e .
14T 367 037 1217 101 05 of positive ch?rges is centred
10XA 403 036 1345 1.09 055 over the cysteine-pocket of all
1PHG 405 —0.32 —14.65 1.18 —0.49 bacterial type1 cytochrome
1cPT 412 —0.18 —12.79 1.02 —0.78 P450s that interact with ferre-
16 399 038 1243 1.00 —0%5 doxins. In order to identify the

below —3.0, the structure is unreliable. Values equal or above
—1.5 indicate good structures. As presented in Table 2, the
values for the template proteins are between —0.49 and
—0.78. The average quality control value for CYP106A2 is
—1.36, which indicates a good model. prosa 11 energy profiles
and wHATIF quality control profiles of other bacterial cyto-
chrome P450s can be found elsewhere.!?

The reliability of the model could also be shown by the find-
ing that residues that are known to be invariant or highly con-
served from investigations of solved structures are also con-
served in CYP106A2."*?

Haem binding

The haem-binding region is one of the most conserved regions
among cytochrome P450 structures. According to the model,
in CYP106A2 the A-ring propionic acid interacts in a bidentate
fashion with R296 (R259 in CYP119), the D-ring propionic acid
interacts with H96, H353 and R100 (H76, H315 and R80 are the
corresponding residues in CYP119).

Catalysis

There is a strongly conserved acidic residue followed by a
strongly conserved threonine in the middle of the I-helix in
most cytochrome P450s (E246 and T247 in CYP106A2, E212
and T213 in CYP119). The corresponding threonine in CYP101
(T252) was shown to be involved in proton delivery to iron-
bound molecular oxygen,”® and in CYP119, T213 is followed
by two additional threonines. In CYP106A2 T247 is also present
in the active site adjacent to the haem and is followed by one
additional threonine and a serine (T248 and S249). Both T213
and T214, have been mutated in CYP119, and the mutants ex-
hibited dramatic changes in both spin state and catalysis.***"
It might well be speculated that in CYP106A2, as in CYP119,
the H-bonding network that involves these threonine and
serine residues in the I-helix is also involved in the proton
shuttle that is important for proton delivery and molecular
oxygen activation.

Redox-partner binding

Experimental evidence suggested that cytochrome P450s inter-
act with their electron donor at the proximal site of the mole-
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surface residues of CYP106A2

that are responsible for the
redox—partner interaction, the model of CYP106A2 was com-
pared with CYP101, because this cytochrome P450 has been
studied most intensively. Three surface arginine residues on
the proximal site of CYP101 were identified as necessary for
successful electron transfer from putidaredoxin.®® These resi-
dues are R72 in the B-helix, and R109 and R112 in the C-
helix.2*>% R112 has additionally been discussed to be involved
in electron transfer®” There are corresponding positively
charged residues in the CYP106A2 model, namely K53, R97
and R100. Additionally, R364 in the L-helix of CYP101 has been
discussed to contribute to putidaredoxin binding.®® The corre-
sponding position in CYP106A2 is R362. Taken together, a
patch of positively charged residues is located on the surface
of CYP106A2 in homologous positions to those shown to be
involved in redox partner binding in CYP101.

Stability

With 368 residues, CYP119 is considerably shorter than
CYP106A2, which has 410 residues. A difference of 21 amino
acids is located at the N terminus. CYP106A2 has an extra helix
(A’) that does not exist in CYP119. The remainder of the differ-
ences in length occur primarily in the surface turns. The struc-
ture of the so-called meander is stabilized by the highly con-
served ERR triad. This salt-bridge network is formed by a gluta-
mate and an arginine in the K-helix and an arginine from the
meander region. According to the model presented herein, the
ERR triad of CYP106A2 is formed by E283, R286 and R339. Be-
sides the residues mentioned above, when using the nomen-
clature of CYP101, also G60, G249, F350, G353, H355, C357,
G359, A363 and L375 are considered to be highly conserved.?”
Because their existence has been shown to be important in
maintaining protein function and stability in CYP101, they are
also expected to be conserved in other cytochrome P450s. As
can be seen in Figure 1, all these residues are also absolutely
conserved in CYP106A2, except for G40 of CYP106A2, which is
shifted by one residue with respect to G60 of CYP101. The cis
prolyl-prolyl peptide that is seen in all five template structures
is also present in the CYP106A2 model between P93 and P94.

Docking and alignment

In order to rationalize substrate binding, P was docked and
energy minimized in the active site of the model. The five

ChemBioChem 2008, 9, 1439 - 1449
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favourable docking solutions with the lowest energy scores ex-
hibited at least one hydrogen bond between the C3 keto
group of P and the A395 to T396 loop (either to the backbone
amides of A395 or T396 or the hydroxy group of T396;
Figure 4). This result points directly to the importance of these

Figure 4. The binding pocket of CYP106A2 with the substrate progesterone.
The substrate, the haem-cofactor and the loop A395-G397 are drawn in
stick representation and the hydrogen bond between the substrate and
T396 is shown.

residues and their environment for substrate binding. In addi-
tion, these residues lie within the putative substrate recogni-
tion site (SRS) 6" and were therefore chosen for the following
mutagenesis studies to create mutants with altered hydroxyl-
ation activity. No specific interactions with other SRSs were ob-
served. CYP11B1 was chosen as a second template because
the two steroid hydroxylases, CYP106A2 and CYP11B1, both
produce pharmaceutically interesting steroid hormones. The
overall sequence identity between these only sparsely related
enzymes is less than 20%. The alignment between CYP106A2
and human CYP11B1 in the putative SRS 6, including the pre-
ceding conserved L-helix and the succeeding Cterminus is

o-L 33/B4 1

FULL PAPERS

shown in Figure 5. Five mutants in SRS 6 (5394l, A395L, T396R,
G397P and Q398S) have been produced in which the residues
that are found in CYP106A2 have been changed to those that
are found in CYP11B1. This way, a change in the activity and
regiospecificity of hydroxylation from the 15 to the 11-position
was expected to occur. In control experiments, residues of
CYP106A2 that are located in the SVRs and on the surface of
the protein have been replaced. According to the model, mu-
tations 171T, 186T and E90V are situated in the B’-helix of
CYP106A2 and its adjacent loops. D185G is in the loop be-
tween the F and the G-helix and could play a role in substrate
access to the active site.*" K27R is placed in the putative A-
helix and 1215T is located on the surface of the enzyme in the
H-helix (Figure 2). These mutants were chosen because the B’-
helix and its adjacent loops, besides the F/G-loop are some of
the most variable regions in cytochrome P450 structures >4
However, no participation in substrate binding is predicted for
these residues according to the model.

Expression and purification of recombinant CYP106A2 and
the mutants

By using our previously established purification procedure,®
about 6900 nmol (~300 mg) holoenzyme WT-CYP106A2 could
be purified per litre Escherichia coli culture. On the SDS-gel,
WT-CYP106A2 appears as protein with an apparent mass of
47 kDa and the isoelectric point was determined to be 4.9
(data not shown). The mutants were constructed by site-direct-
ed mutagenesis, confirmed by nucleotide sequencing and ex-
pressed with the same system as WT-CYP106A2. All mutants
could be purified to homogeneity as judged by SDS polyacryl-
amide gel electrophoresis (data not shown), by a purity index
(As17/A570) of the proteins of about 1.7-1.9 and a cytochrome
P450-to-protein ratio of approximately 21 nmol per mg pro-
tein.

Spectral characterisation of WT-CYP106A2 and the mutants

To determine the effect of the amino acid replacements in the
putative SRS 6 in the variable regions on the structure of
CYP106A2, UV-visible, CO-difference, CD and EPR spectra were
recorded. The proteins were isolated in the oxidised, low spin
state and showed peaks at 358, 417, 534 and 568 nm in the
UV-visible spectra. These are similar values to the ones that
were published by Berg etal., who characterised CYP106A2
for the first time.>***1 For purified WT-CYP106A2, Ae,,, of
120 mm~'cm™' was determined and the haem content was
100%. The UV-visible spectra of all mutants were indistin-

B-4-2/B-3-2

LTQEDIKMVYSFILRPSMFPL

CYP106A2 351 [ePHF TA FKHI VPSFQLEENLTDSATGQTLTSPLKEASRM 410
CYP11B1l 446 FREIN 503

Figure 5. Alignment between CYP106A2 and human CYP11B1 in the putative SRS6 region. The alignment was generated by using CLusTAL W 1.8.%¢ The abso-
lutely conserved residues are highlighted in black boxes and marked by asterisks below the sequences. Conserved and highly conserved residues are marked
by points or colons below the sequences, respectively. The secondary structure elements above the sequences are labelled according to Haseman et al.*?
The mutated residues are highlighted in grey. The numbering of CYP11B1 is shown for the unprocessed protein.
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guishable from WT-CYP106A2, both in the oxidised and the re-
duced state (data not shown). The CO-difference spectra for all
mutants exhibited absorption maxima at 450 nm; this attests
to the correct incorporation of the haem (data not shown).
The EPR spectra of WT-CYP106A2 and all mutants also showed
characteristic signals for low-spin cytochrome P450s with sig-
nals at g,=2.426, g,=2.248 and g;=1.192. The CD spectra for
WT-CYP106A2 and all mutants in the far-UV region revealed no
significant changes (Figure 6 A). Because the CD spectra of pro-

A) B)

Ae [ cm2 mm-1

> 0O O0OmMmmMO® T -
Ae [ cm2 mm-1

> W O U mnoe I

300 350 400 450
Alnm

200 220 240 260
Alnm

Figure 6. CD spectra of WT-CYP106A2 and the mutants. A) Far-UV region
representing the backbone conformation of WT-CYP106A2 and the mutants.
B) Near-UV and visible region representing the haem and its environment of
WT-CYP106A2 and the mutants. All spectra were recorded at room tempera-
ture in 1-cm cuvettes. For the CD spectra in the far-UV region the enzyme
concentrations were 0.5 um in 2.5 mm phosphate buffer (pH 7.4). For the CD
spectra in the near-UV and visible region the enzyme concentrations were
20 um in 10 mm phosphate buffer (pH 7.4). The graphs are shifted along the
x-axis for better comparison. a) WT-CYP106A2, b) E90V/D185G, c) K27R/I71T/
1215T, d) 186T, e) S394l, f) A395L, g) T396R, h) G397P, i) Q398S.

teins in this range reflect conformational changes of the back-
bone, the overall topology of the enzymes is apparently not af-
fected by any of the mutations. CD spectra in the near-UV and
visible region (300-450 nm) showed the typical W pattern,
with minima at 350 and 409 nm representing the Delta and
the Soret bands (Figure 6B). The Soret band splits up in the
typical minimum at 409 nm and an extra band at 430 nm,
which is not observed in other cytochrome P450s"* This
region is slightly changed for the mutants in the putative
SRS 6 region, which indicates changes in the haem environ-
ment in comparison to the wild type. The results from the
UV-visible, difference, EPR and CD spectra in the UV region to-
gether provide evidence that all mutants were expressed as
holoproteins with the haem situated similar to that of WT-
CYP106A2, and with no structural disruption. In contrast, the
CD spectra in the visible region indicate slight changes in the
haem environment for the mutants in SRS 6.
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Catalytic activity and regiospecificity of the mutants

By using DOC as a substrate, 154-OH-DOC is the only product
that is observed, both in the case of WT-CYP106A2 and all the
mutants (except T396R). By using P as a substrate, 15p3-OH-P is
the main product of WT-CYP106A2 and all mutants (again
except T396R); however, the 11a-, 9a- and 6f3-hydroxylation
varies substantially in the case of the central mutants in SRS 6.
To compare the hydroxylation activities of WT-CYP106A2 and
the mutants, Ky and V,,,, values for the 15p-hydroxylation of
DOC and P have been determined by using various adreno-
doxin concentrations (Table 3).

Table 3. Catalytic properties of WT-CYP106A2 and the mutants. For the
15p-hydroxylation activities, WT-CYP106A2 and the mutants were recon-
stituted by using a concentration of 300 pm P or 400 um DOC, 0.25 pum
cytochrome P450s, 0.50 pm adrenodoxin reductase and differing concen-
trations of adrenodoxin. The reactions were carried out at 30°C for 3 min
in a volume of 500 pL in 50 mm HEPES (pH 7.4) in presence of a NADPH-
regenerating system. The products of the hydroxylation reaction were an-
alysed by HPLC. The Ky, and Vj, values and their standard deviations were
calculated from three independent experiments.

15 B-Hydroxylation activity

P DOC
KM Vmax KM Vmax
[um] [nmolmin~’ [um] [nmolmin~'
per nmol CYP] per nmol CYP]
WT-CYP106A2 1.5+05 233+16 1.54+0.2 246+9
E90V/D185G 1.0+04 205+20 1.94+06 208415
K27R/N171T/1215T  0.7+£03 276+36 24+08 265420
186T 0.9+03 280423 12404 254421
S394] 434+0.7 89+4 47+14 46+3
A395L 24+04 18647 42+12 10448
T396R n.d.* n.d.* n.d.* n.d.*
G397P 5.0+09 15£1 4.6+0.8 53+03
Q398S 49+0.7 155+5 56+1.0 75+3

n.d.*: not detectable.

In the case of DOC as a substrate, the V,.,, value of 15p3-hy-
droxylation of WT-CYP106A2 was 246 nmol 153-OH-DOC min™"
per nmol CYP106A2~". The V., values of the mutants for
which no participation in substrate binding was predicted
varied only between 85% and approximately 110% of WT-
CYP106A2. Also the K, values were comparable to WT-
CYP106A2. In the case of the mutants in SRS 6 region, the
result was quite different. In this set, mutant A395L had the
highest V,,,, value with only ~40% of the WT-CYP106A2 1503-
hydroxylation activity, followed by Q398S with ~30% and
S394| with ~20% of the wild-type activity. Mutant G397P ex-
hibited only 2% of the wild-type activity, and T396R did not
produce any hydroxylated product up to an adrenodoxin con-
centration of 100 um. In the case of P, WT-CYP106A2 had a V.
value of 233 nmol 15B3-OH-P min~" per nmol CYP106A2~". The
V...« Values for the mutants showed a similar trend as for DOC,
although the effect was less pronounced. For the mutants with
no predicted effect (E90V/D185G, K27R/I71T/1215T and 186T) it
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varied between 90% and 120% of the wild-type activity. For
the mutants in SRS 6 the result was again remarkably different.
As seen with the 158-hydroxylation of DOC, mutant A395L was
again the most active 15f3-hydroxylase with 80 % of the activity
of WT-CYP106A2, followed by Q398S with 70% and S394| with
40% of the wild-type activity. Also very comparable to the
DOC experiments, the 15p3-hydroxylation activity of the G397P
mutant was very low with only 6% of the WT-CYP106A2 activi-
ty, whereas again, mutant T396R did not produce any detecta-
ble products up to an adrenodoxin concentration of 100 pum.

In order to compare the regiospecificity of WT-CYP106A2
with the two sets of mutants, a representation of the product
distribution of the 153-, 11a-, 9a- and 6f3-hydroxylation for P is
shown on Figure 7. Figure 7 A represents the absolute product
formation of all monohydroxy-Ps produced, Figure 7B repre-
sents the relative product distribution when 158-OH-P is set

= 15p-OH-progesterone

A) 11a-OH-progesterone
mmmm 90.-OH-progesterone

e~ 250 - 6p-OH-progesterone
o

-§>-

33 200 -

G E

EE 150 4

SE

B8 100

i

52 50 g

-] X 72

2g . |

<= %

B) = 15p-OH-progesterone
11c-OH-progesterone
mmmm 90-OH-progesterone
6p-OH-progesterone

Relative Product Distribution (%)

Figure 7. Representation of the A) absolute and B) relative product distribu-
tion of 158-, 110-, 9a- and 6(3-OH-P produced by WT-CYP106A2 and the
mutants (153-OH-P is set to 100%). The reactions were carried out at 30°C
for 3 min in a volume of 500 pL in 50 mm HEPES (pH 7.4) in presence of a
NADPH-regenerating system. The concentrations were 300 um P, 0.25 um cy-
tochrome P450s, 0.50 pm adrenodoxin reductase and 20 um adrenodoxin.
The standard deviation corresponds to three independent experiments
(n.d.*: not detectable).
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to 100%. At a concentration of 20 pm adrenodoxin, WT-
CYP106A2 produces 160 nmol 153-OH-P min~" per nmol CYP.
1a-, 9a- and 6B3-OH-P are produced at only 9, 4 and 9%,
respectively. A comparable product distribution was observed
for the three mutants E90V/D185G, K27R/I71T/1215T and 186T,
for which no influence on substrate binding was predicted.
Mutant E90V/D185G produced 150 nmol 15B3-OH-P min~' per
nmol CYP and 11a-, 9a- and 6[3-OH-P are produced at 15, 6.5
and 12.5% of the wild-type activity, respectively. The respective
values for mutant K27R/I71T/1215T are 190 nmol 153-OH-
P min~' per nmol CYP and 8, 4 and 8%, and for 186T 205 nmol
15B-OH-P min~' per nmol CYP and 16, 6 and 13%. This means
that only in the case of E90V/D185G and 186T was a small but
perceivable increase in 11a- and 6f3-hydroxylation observed.
From the mutants in SRS 6 only the terminal mutants, S394l
and Q398S exhibited a comparable hydroxylation profile to
WT-CYP106A2. Mutant S3941 produced 70 nmol 153-OH-
P min~' per nmol CYP and 5, 4 and 5% of 11a-, 9a- and 6f-
OH-P, respectively, and mutant Q398S produced 115 nmol 15f-
OH-P min™' per nmol CYP and 7, 3 and 7% of 11a-, 90- and
6B-OH-P. The most dramatic changes in the hydroxylation pro-
file were observed for the two central mutants in SRS 6, A395L
and G397P. For mutant A395L, which produced 145 nmol 1583-
OH-P min™' per nmol CYP, the 11a-OH-P formation was in-
creased to 39%, that of 9a-OH-P to 20%, whereas 63-OH-P for-
mation was relatively unchanged (79%). This is a more than
fourfold increase in the relative 11a-hydroxylation activity and
a fourfold increase in the relative 9a-hydroxylation. The abso-
lute formation of 11a-OH-P increased therefore from 14 nmol
110-OH-P min~' per nmol CYP to 60 nmol 110-OH-P min~' per
nmol CYP and that of 90-OH-P from 6 nmol 9a-OH-P min™'
nmol CYP to 29 nmol 90-OH-P min~' per nmol CYP. This means
that even the absolute formation of this mutant is increased
more than four times in the case of 11a-OH-P and approxi-
mately five times in the case of 90-OH-P. In the case of mutant
G397P, the relative formation of 11a-OH-P is increased to 41 %,
followed by 63-OH-P to 21% and 90-OH-P to 9%. This also
represents a more than fourfold increase in the relative 110-hy-
droxylation activity, and a more than twofold increase in 6p3-hy-
droxylation of P compared to WT-CYP106A2. However, the ab-
solute product formation of mutant G397P is extremely low.
Because only 11 nmol 153-OH-P min~" per nmol CYP 153-OH-P
are produced by this mutant, which is approximately 7% in
comparison to WT-CYP106A2, the absolute formation of 11a-
OH-P and 6f3-OH-P is nevertheless lower than that of WT-
CYP106A2. Taken together, it can be stated that, as predicted
by the created computer model, the amino acid replacements
in the variable regions on the surface of CYP106A2 had no sig-
nificant effect on hydroxylation activity and selectivity, whereas
in the case of replacements in SRS 6 the activity as well as the
regiospecificity of the steroid hydroxylation were different.

Conclusions

By using the syByL 6.7 subroutine compPoskRr and five template
cytochrome P450s a low homology model of CYP106A2 has
been constructed. To assess the good quality and reliability of
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the model, a thorough theoretical evaluation of the model was
performed. Its stereochemical and energetic properties and
the packing environment of its residues are comparable to
those of the template proteins. The results showed that back-
bone and side-chain conformations, bond lengths and angles
(PrROCHECK), residue interaction (Prosa 11) and residue contacts
(wHATIF quality control) of the CYP106A2 model are well
within the criteria that have been established for reliable struc-
tures, and are in part of almost as good quality as those of the
reference proteins (Table 2, Figure 3). Predictions of the model
about the haem charge neutralisation, catalysis and redox-
partner interaction correlate well with features that are seen in
other cytochrome P450 structures. For example the haem pro-
pionate charge neutralisation in the CYP106A2 model appears
to be essentially homologous to the charge neutralisation that
is found in CYP119 and many other structurally characterised
cytochrome P450s. The finding that residues that are expected
to be highly conserved in cytochrome P450 structures can be
found at the corresponding positions in the CYP106A2 model
proves that the alignment, the most crucial step in homology
building, was reliable throughout the sequence. By using
FLEXX, the substrate P could be docked into the active site
with favourable energy scores. In the five favourable docking
solutions with the lowest energy scores at least one hydrogen
bond between the C3 keto group of P and the A395 to T396
loop could be observed; this indicates the importance of these
residues for substrate orientation in the active site of
CYP106A2 (Figure 4).

In order to evaluate the model experimentally, two sets of
mutants have been created, expressed and analysed in detail.
The first set comprises mutations for which no participation in
substrate binding is predicted by the modelled enzyme-sub-
strate complex. These six mutations are located in some of the
most variable regions of cytochrome P450s and comprise the
B'-helix and the F/G-loop. Both exhibit very different lengths
and orientations as well as very low sequence identity among
all structurally solved cytochrome P450s and are therefore the
most tentative regions in cytochrome P450 homology model-
ling.'*?242 Mutations 171T, 186T, E90V align with the region
around the B’-helix and D185G is situated in a putative sub-
strate entrance channel region between helices F and G.*" The
second set contains mutations in SRS 6. The docked complex
of CYP106A2 and the substrate P predicted an influence on
substrate binding for the residues A395 and T396. Therefore,
these residues and their nearer surrounding (5394, G397,
Q398) were taken as candidates for the design of mutants to
show their influence on the substrate binding experimentally.
These residues were mutated to the corresponding ones that
are found in the human 11f3-hydroxylase CYP11B1.

The UV-visible, difference, EPR (data not shown) and CD
spectra in the far-UV region (Figure 6A) of WT-CYP106A2 in
comparison to all the mutants showed that the haem was in-
serted correctly, and that no major changes in the backbone
conformation have occurred by the mutations. However, CD
spectra in the near-UV and visible region (Figure 6B) of the
mutants in SRS 6 gave rise to minor changes in the haem envi-
ronment compared with WT-CYP106A2. This was already the
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first hint that active-site residues are involved in these mu-
tants.

The Ky and V..., values for DOC and P hydroxylation as well
as the product distribution of P hydroxylation have been de-
termined for WT-CYP106A2 and were compared to both sets
of mutants. In the case of the mutants E90V/D185G, K27R/
I71T/1215T and 186T in which no effect on the activity was pre-
dicted by the model, the K, and V,,,, values are in the same
range as for WT-CYP106A2. In the case of the mutants S394l,
A395L, T396, G397P, Q398S in SRS 6, where an influence on
substrate binding was predicted, the V,,,, values were strongly
reduced and the K, values were partially dramatically in-
creased, especially in the centre of this region (A395, T396,
G397). In addition, the product distribution of P hydroxylation
was dramatically changed for A395L and G397P (Figure 7). For
mutant A395L, the amounts of 11a-hydroxylation and 9a-hy-
droxylation were increased fourfold and fivefold, respectively
compared to WT-CYP106A2. The relative formation of 11a-OH-
P by using mutant G397P was also more than four times
higher, and the formation of 6a-OH-P was more than twofold
increased in comparison to WT-CYP106A2. Mutant T396R did
not show any catalytic activity in the enzyme-reconstituted
assay up to an adrenodoxin concentration of 100 pum. This
result was rather surprising because T396 is not a conserved
residue at this position compared to other resolved cyto-
chrome P450s.

The interesting point is that in the case of two mutants
(A395L and G397P) mainly the 11-position of P hydroxylation
was affected. Although the mutants have been derived by an
alignment with the human 11p-hydroxylase CYP11B1, these
two enzymes are only sparsely related (20% sequence identi-
ty). Although residue swapping experiments between cyto-
chrome P450 families and subfamilies have been performed in
the past, this has been mostly done for highly homologous cy-
tochrome P450s. For example, by using the human CYP11B1
and CYP11B2 (93% sequence identity), the mutation of a
single residue in the glucocorticoid-synthesising CYP11B1 con-
ferred the mineralocorticoid-synthesising activity of CYP11B2
to CYP11B1,”*%¥ and in reciprocal residue swapping experi-
ments the mineralocorticoid-producing CYP11B2 could be con-
verted to a glucocorticoid-producing enzyme with only two to
three mutations.”" In the case of slightly more distantly related
cytochrome P450s, for example the progesterone 16a-hydroxy-
lase CYP2B1 and the progesterone 21-hydroxylase CYP2C5
(~50% sequence identity), seven residue replacements were
necessary to successfully confer CYP2B1 with 80% of the regio-
specificity of progesterone 21-hydroxylation.?

A long-sought practical goal in cytochrome P450 research is
to capitalise on the exquisite specificity of these enzymes in
regio- and stereoselective hydroxylation reactions for the pro-
duction of chemicals that are difficult to prepare by using
traditional organic synthesis methods. This is especially true in
the case of steroids, which are interesting pharmaceutical
target substances for the production of anti-inflammatory, di-
uretic, anabolic, contraceptive, antiandrogenic, progestational
and antitumour drugs. Therefore, the further development of
CYP106A2 mutants that produce pharmaceutically interesting

ChemBioChem 2008, 9, 1439 - 1449



www.chembiochem.org



Modelling and Engineering of CYP106A2

steroids will be a challenging goal, and interesting for indus-
tries that are involved in their production. The tools that are
described in this paper will certainly contribute to reach this
goal.

Experimental Section

Reagents and chemicals: DOC and P were from Sigma Chemicals
Co. (St. Louis, MO, USA). 11a-OH-P was from Steraloids Inc. (New-
port, RIl, USA). 63-OH-P, 90-OH-P 153-OH-P and 15B3-OH-DOC were
a kind gift of the Schering AG (Berlin, Germany). All other chemi-
cals were from standard sources and were of the highest purity
available.

Modelling: The modelling has been performed on a Silicon Graph-
ics 02 workstation by using the sysvL 6.7 subroutine composer.™
The amino acid sequence of CYP106A2 was taken from Rauschen-
bach etal®® The five template structures, namely CYP119 from
Sulfolobus solfataricus (P450sulso, 1F4T),*? CYP107A1 from Saccha-
ropolyspora erythrea (P450eryF, 10XA),*¥ CYP108 from Pseudomo-
nas sp. (P450terp, 1CPT),®® CYP101 from Pseudomonas putida
(P450cam, 1PHG)®® and CYP55A1 from Fusarium oxysporum
(P450nor, 1L6)"" were obtained from the Protein Data Bank.”® An
alignment of all cytochrome P450s was produced by using the
PMUTATION.HOMO similarity matrix."” Based on this alignment, the
SCRs of the proteins were built; then, a protein loop search was
done for the design of the SVRs. The SVRs were inspected visually
and chosen according to minimal steric interactions with the sur-
rounding parts of the protein, minimal root-mean-square distance
for the fit and maximal sequence homology and similarity to the
template cytochrome P450s. The F- and the G-helix were modelled
by using wHATIF®™ as a modelling program and CYP107A1 (10XA)
as template, and then these fragments were fitted into the model
of the whole protein. The structure was charged according to Gas-
teiger-Marsili,®® and 100 steps of minimisation were performed by
using the conjugate gradient algorithm and the TrRIPOS force
field.*" The protein was then solvated with 5000 water molecules
by using the algorithm xriT," and finally 300 minimisation steps
in the presence of water were performed as described above. Fur-
ther validation methods included procHEck prosa 1 and
WHATIF.2!

Docking and alignment with CYP11B1: Molecular docking calcula-
tions were performed for the substrate P. For the calculations, the
FLexX docking program was used.***? The docked complexes
were energy minimized for 5000 steps by using the steepest
descent and conjugant gradient optimisation procedures within
the crRomacs program and force field.* The alignment between
CYP106A2 and human CYP11B1 in the SRS 6 region was created by
using cLUSTAL w 1.8.1%9

Bacterial expression and purification of recombinant CYP106A2
and mutants: The CYP106A2 cDNA was a kind gift from Dr. Rai-
mund Rauschenbach (Schering AG, Berlin, Germany). Expression of
CYP106A2 was performed as described in Simgen et al.®” Purifica-
tion was performed according to Lisurek et al.|”

Site directed mutagenesis: Mutagenesis of residues S394, A395,
T396, G397 and Q398 was accomplished according to the protocol
of the Quick Change Site-Directed Mutagenesis kit (Stratagene, La
Jolla, CA, USA) by using oligonucleotide primers that were synthes-
ised by MWG Biotech AG (Ebersberg, Germany) and the plasmid
CYP106A2/pKKHC (Ncol/Hindlll).“® The three mutants 186T, E90V/
D185G and K27R/I71T/I215T were obtained by using a modified
plasmid CYP106A2/pKKHC (Kpnl/Sallll). All mutations were con-
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firmed by automatic sequencing by using a LiCor-4000 DNA se-
quencer (MWG Biotech AG).

Spectroscopic methods: Absorption spectra were recorded at
room temperature on a Shimadzu double beam spectrophotome-
ter UV2101PC (Kyoto, Japan). CO-difference spectra were recorded
according to Omura and Sato.” The haem content was deter-
mined according to Schenkman and Jansson.” For the determina-
tion of the molar absorptivity, the absorption of CYP106A2 solu-
tions with known protein concentrations (see below) were deter-
mined. Electron paramagnetic resonance (EPR) measurements were
carried out on a Bruker ESP300E spectrometer (Billerica, MA, USA)
at —196°C in 50 mm K;PO, (pH 7.4). Circular dichroism (CD) spectra
were recorded on a JascoJ720 spectropolarimeter (Victoria,
Canada). CD measurements at 195-260 nm were performed in
1 cm cuvettes that contained 0.5 um cytochrome P450s in 2.5 mm
K;PO, (pH 7.4) and for measurements at 300-450 nm 20 um cyto-
chrome P450s in 10 mm K;PO, (pH 7.4).

Catalytic activity and electron transfer: K, and V,,,, values for in-
creasing adrenodoxin concentrations were determined in a final
volume of 0.5 mL at 30°C for 3 min in 50 mm HEPES buffer, pH 7.4.
The reconstituted system contained 0.5 um adrenodoxin reductase,
0.25 pum cytochrome P450s, 400 um DOC or 300 um P as substrates,
a NADPH-generating system as previously described,”” and increas-
ing adrenodoxin concentrations depending upon the mutant until
the maximum substrate conversion was reached (in the case of
DOC 10 um WT-CYP106A2 and 186T, 20 um E90V/D185G, K27R/171T/
1215T and A395L, 50 um Q398S and 100 um S394l, T396R and
G397P were used, and in the case of P, 20 um WT-CYP106A2, E90V/
D185G, K27R/171T/1215T and 186T, 50 um A395L and 100 pum S394l,
T396R, G397P and Q398S were used). Incubations were terminated
and extracted with CHCl; (2x0.5 mL). The organic phases were col-
lected and the solvent was evaporated. The steroid metabolites
were redissolved in acetonitrile and applied to a reversed-phase
Waters Nova Pak Nukleosil C;5 (4 pm, 3.9% 150 mm) column. HPLC
experiments were carried out on a Jasco system that consisteed of
a P4-980 HPLC pump, an AS-950 sampler, a UV-975 UV7 visible de-
tector and a LG-980-02 gradient unit (Jasco, Gro3-Umstadt, Germa-
ny) by using an isocratic solvent system that consisted of acetoni-
trile/H,0 (40:60). All mobile phases were degassed before use. The
positions of the metabolites were identified by reference steroids;
corticosterone was used as internal standard for the DOC experi-
ments and 20B-OH-P was used as internal standard for the P
experiments to exclude an uneven extraction of the steroids. To
calculate the hydroxylation activity the relative amount of the
products was determined by using the relative peak area of the in-
ternal standard. Data were fitted by hyperbolic regression by using
Sigma Plot (Rockware, Golden, CO, USA).

To study the regiospecificity of P hydroxylation, the reactions and
HPLC were conducted as described above by using the following
mixture: 0.5 um adrenodoxin reductase, 20 um adrenodoxin,
0.25 um CYP106A2 or the corresponding mutants, 300 um P as
substrate, and the NADPH-generating system described above. The
HPLC patterns were compared to those with the corresponding
standard compounds.

Other procedures: Protein concentrations were estimated by
using the bicinchoninic acid method according to the method pro-
vided by the supplier (Uptima, Montlucon, France) and bovine
serum albumin was used as a standard. Adrenodoxin reductase
and adrenodoxin were heterologously expressed and purified
according to Sagara et al. and Uhlmann et al., respectively.”"’?
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Abbreviations: CD, circular dichroism; CYP, Cytochrome P450,
DOC, deoxycorticosterone; HEPES, [N-(2-hydroxyethyl)-piperazine]-
N'-ethanesulfonic acid; P, progesterone; SCR, structurally conserved
region; SRS, substrate recognition site; SVR, structurally variable
region; WT: wild type.

Systematic nomenclature: progesterone, 4-pregnene-3,20-dione;
corticosterone, 11p,21-dihydoxy-4-pregnene-3,20-dione; deoxycor-
ticosterone, 21-hydroxy-4-pregnene-3,20-dione.
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Identification of Bacterial Carotenoid Cleavage
Dioxygenase Homologues That Cleave the Interphenyl
o, Double Bond of Stilbene Derivatives via a

Monooxygenase Reaction

Erinn K. Marasco and Claudia Schmidt-Dannert*®

Carotenoid cleavage oxygenases (CCOs), which are also referred
to as carotenoid cleavage dioxygenases (CCDs) are a new class
of nonheme iron-type enzymes that oxidatively cleave double
bonds in the conjugated carbon chain of carotenoids. The oxida-
tive cleavage mechanism of these enzymes is not clear, and both
monooxygenase and dioxygenase mechanisms have been pro-
posed for different carotenoid cleavage enzymes. CCOs have
been described from plants, animals, fungi, and cyanobacteria,
but little is known about their distribution and activities in bacte-
ria other than cyanobacteria. We surveyed bacterial genome se-
quences for CCO homologues and report the characterization of
CCO homologues that were identified in Novosphingobium aro-
maticivorans DSM 12444 (NOV1 and NOV2) and in Bradyrhizo-
bium sp. (BRA-J and BRA-S). In vitro and in vivo assays with caro-

Introduction

Mono- and dioxygenases play important roles in the oxidative
modification and cleavage of metabolic compounds. Recently,
a new nonheme iron family of oxygenases has been described
that catalyzes the cleavage of double bonds in the conjugated
carbon chain of carotenoids to produce apocarotenoids."?
Carotenoid cleavage products have important biological func-
tions as signal molecules, hormones, and attractants for polli-
nators (reviewed in ref. [1]), and are also of considerable inter-
est for medical and agricultural applications (reviewed in
refs. [1-3]).

Carotenoid cleavage oxygenases (CCOs), which are also re-
ferred to as carotenoid cleavage dioxygenases (CCDs), have
now been identified in all taxa.* In higher plants, cleavage
enzymes have been identified that produce signaling mole-
cules to regulate growth and development, influence fruit
color, and affect aroma (reviewed in ref. [8]). Carotenoid oxy-
genases also play important metabolic and signaling roles in
metazoans.”® The symmetric cleavage of f8,B-carotene to reti-
nal via carotenoid oxygenase activity, for example, was an im-
portant medical discovery (reviewed in ref. [3]). The function of
the oxygenase enzymes in microorganisms is far less clear, al-
though recent studies on the cloning and characterization of
CCOs from cyanobacteria are beginning to address these ques-
tions. 101

Cloning and characterization of a number of mostly plant-
derived CCOs showed that these enzymes exhibit different
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tenoid and stilbene compounds were used to investigate the
cleavage activities of the recombinant enzymes. The NOV en-
zymes cleaved the interphenyl a-3 double bond of stilbenes that
had an oxygen functional group at the 4' carbon atom (e.g., re-
sveratrol, piceatannol, and rhaponticin) to the corresponding al-
dehyde products. Carotenoids and apocarotenoids were not sub-
strates for these enzymes. The two homologous enzymes from
Bradyrhizobium sp. did not possess carotenoid or stilbene cleav-
age oxygenase activities, but showed activity with farnesol. To in-
vestigate whether the oxidative cleavage of stilbenes proceeds
via a monooxygenase or dioxygenase reaction, oxygen-labeling
studies were conducted with NOV2. Our labeling studies show
that the double-bond cleavage of stilbenes occurs via a mono-
oxygenase reaction mechanism.

cleavage site and substrate specificities.®'*'® However, very

little is known about the mechanism by which these enzymes
catalyze the oxidative cleavage of double bonds to form two
aldehyde cleavage products. Currently only one crystal struc-
ture is available for an apocarotenoid-specific CCO from the cy-
anobacteria Synechocystis sp. PCC6803.'" The structure shows
that the enzyme contains a Fe*™ that is coordinated to four
His residues in the active site, which is embedded in a seven-
bladed [-propeller chain arrangement that is topped by a
dome; the dome is comprised of six large loops. Whether this
enzyme catalyzes oxidative cleavage via a mono- or dioxyge-
nase mechanism however, cannot be deduced from the struc-
ture. Labeling studies from plants that produce abscisic acid
suggested a dioxygenase mechanism.”” These data were sup-
ported by labeling studies that examined the production of
the aroma compound p-ionone from Arabidopsis thaliana
CCD1 (AtCCD1);" however, researchers studying vitamin A
biosynthesis have suggested at different times with different
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Monooxygenase Cleavage of Stilbene Substrates

enzyme examples, both a dioxygenase mechanism and a mon-
ooxygenase-like mechanism through a postulated epoxy inter-
mediate.”? Consequently, we chose to use the term CCO (for
carotenoid-cleavage oxygenase) to describe this class of en-
zymes.

We have recently begun to characterize the putative CCO
homologues that have been identified from genome sequen-
ces of cyanobacterial strains to gain a better understanding of
their functions in photosynthetic bacteria.”” Our analysis of
bacterial genome sequences for new members of the CCO
family also identified several putative CCO homologues in car-
otenogenic and noncarotenogenic bacteria; this indicates that
at least some of these enzymes probably cleave substrates
other than carotenoids. In the early 1990s, enzymes that cleave
the interphenyl a,f3 double bond of trans-stilbenes have been
described from the soil bacterium Sphinogomonas paucimobilis
TMY1009 (four isoforms SPA1-4)22Y These enzymes are be-
lieved to have a catabolic function by cleaving stilbene-type
compounds that are derived from lignin degradation, and
have therefore been named lignostilbene-a,f3-dioxygenases
(LSD, EC1.13.11.43); although dioxygen incorporation has
never been experimentally established for these enzymes. The
identification of CCOs several years later showed that the
Sphingomonas enzymes are the CCO homologues that are
most closely related to 9-cis-epoxycarotenoid dioxygenases
(NCEDs), which generate the precursor of the plant hormone
abscisic acid."**!

In this study we survey bacterial genomes for other CCO
homologues and describe the characterization of two CCO
paralogues, NOV1 and NOV2, which were identified in the non-
carotenogenic Novosphingobium aromaticivorans DSM12444,
and two CCO homologues from the noncarotenogenic Brady-
rhizobium japonicum USDA110 and carotenogenic Bradyrhizo-
bium sp. BTAi1 (BRA-J and BRA-S respectively). In addition, iso-
topic oxygen labeling experiments show that NOV2 is a mono-
oxygenase, which is in contrast to a recent study that suggest-
ed a dioxygenase mechanism for the Arabidopsis thaliana
CCD1 enzyme.?"

Results and Discussion
Bacterial CCO homologues

We previously surveyed cyanobacterial genome sequences for
putative CCO enzymes and characterized the cleavage activi-
ties of several recombinant enzymes.”’ As in plants, we expect-
ed to also find mostly CCO enzymes that cleave (apo)carote-
noids in cyanobacteria based on their presumed function in
general carotenoid breakdown and synthesis of apocarote-
noids for light-sensing (retinal, rhodopsin) and/or other signal-
ing functions. In fact, cloned putative cyanobacterial CCOs
cleaved (apo)carotenoids with different selectivities and cleav-
age specificities (9, 10, 9',10’; 15,15'; ap0o-9,10), although several
of these CCO sequences, for example, from Nostoc punctiforme
and Nostoc sp. PCC7120, were annotated as lignostilbene o,f3-
dioxygenases.” A BLAST analysis of published bacterial
genome sequences with sequences of experimentally charac-

ChemBioChem 2008, 9, 1450 - 1461
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terized CCOs identified a number of CCO homologues in bac-
teria with and without annotated carotenoid pathways in their
genomes (Figure 1 and Table ST in the Supporting Informa-
tion). The absence of carotenoid biosynthetic pathways in
some bacteria suggests the existence of catalytic activities
other than carotenoid cleavage. We selected four sequences
from carotenogenic and noncarotenogenic proteobacteria for
further characterization: two paralogues from Novosphingobi-
um aromaticivorans DSM12444 (NOV1 and NOV2), one each
from Bradyrhizobium japonicum USDA110 (BRA-J) and Bradyrhi-
zobium sp. BTAi1 (BRA-S). Novosphingobium does not have
characterized carotenoid biosynthetic pathways, although
there are several carotenoid-associated genes in the genome,
according to the KEGG database.”™ Novosphingobium is well
known for its ability to degrade phenolic structures.”” Brady-
rhizobium strains are nitrogen-fixing symbionts of legumes.”®
Whereas B. japonicum USDA110 is nonphotosynthetic and does
not synthesize carotenoids, Bradyrhizobium sp. BTAi1 is photo-
synthetic and therefore makes carotenoids.

The phylogenetic tree in Figure 1 shows that BRA protein se-
quences are most closely related to putative CCO homologues
in Ralstonia and Rhodopseudomonas, whereas NOV sequences
cluster with two known LSDs from Sphingomonas paucimobilis
SPA1 (protein accession number AAC60447) and SPA3 (protein
accession number AAB35856).% All four putative CCO sequen-
ces (NOV and BRA) are more closely related to cyanobacterial
enzymes than to plant CCOs. Alignments show that NOV1 and
the SPA1 and SPA3 proteins from Sphingomonas paucimobilis
share the highest degree of amino acid sequence identity
(55% and 56% respectively) between genera (Figure S1). This
is considerably different than the similarity between SPA en-
zymes and NOV2, which are 37-38%. The SPA enzymes are
more alike one another (68% identity) than are the NOV en-
zymes (36 %). The two BRA proteins share 32-37% identity to
both the SPA enzymes and the NOV enzymes (with 80% simi-
larity between BRA-J and BRA-S).

Survey of cleavage activities in carotenoid or stilbene
synthesizing E. coli strains

A CCO enzyme from Synechocystis has been shown to be
membrane associated;""" membrane association is one contri-
buting factor to the difficulty of developing optimal in vitro
assay conditions for CCO enzymes (other difficulties are de-
scribed in ref. [30]). As a result, in vivo detection of carotenoid
cleavage activity through coexpression of the CCO enzyme in
question with carotenoid biosynthetic pathways has become
the standard approach for identifying active enzymes. To de-
termine the cleavage activity of NOV and BRA enzymes, genes
were amplified from genomic DNA and cloned into the constit-
utive E. coli expression vector pUCmod.®" For a survey of stil-
bene or carotenoid cleavage activities, genes were expressed
in recombinant E. coli that produced [(-carotene, zeaxanthin,
torulene, or different stilbene compounds.

The in vivo cleavage of carotenoid structures that were pro-
duced in E. coli was investigated essentially as described previ-
ously for the characterization of cyanobacterial CCOs.” Briefly,
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& . .
- ACtln‘JbaCte”_a Nocardia farcinica IFM 10152
- Proteobacterlla Ralstonia metallidurans CH34
-~ Cyanobacteria Rhodopseudomonas palustris CGAD09
—¢ __ Mammals Bradyrhizobium sp. ORS278
2 __ Plants Bradyrhizobium sp. BTAi1

Bradyrhizobium japonicum USDA 110
Novosphingobium aromaticivorans NOV2 *
Novosphingobium aromaticivorans NOV1 *
Sphingomonas paucimobifis SPA1 *
Sphingomonas paucimobilis SPA3 *
Polaromonas naphthalenivorans Cj2
Mycobacterium smegmatis str. MC2 155
Prochlorococcus marinus str. MIT 9313
Gloeobacter violaceus PCC 7421

X Thermosynechococcus elongatus BP-1

* Represent functionally
characterized genes

Lignostilbene
Lignostilbene
Lignostilbene
Lignostilbene

yeyroooooooooooo

-3:} Synechocystis sp. strain PCC 6803 SYC2* ACO, 15,15
{I} Synechococcus elongatus PCC 7942 * 15,15'
{:} Nostoc sp. PCC 7120 NSC2 * 15,15’

{} Trichodesmium erythraeum IMS101
Synechocystis sp. strain PCC 6803 * ?
_ﬁ, Nostoc sp. PCC 7120 NSC3 * ACO, 9,10

{} Gloeobacter violaceus PCC 7421

[ Geobacler sulfurreducens PCA

[ Raistonia solanacearum GMI1000 pGMI1000MP

[ Caulobacter crescentus Cb15

{> Saccharopolyspora erythraea NRRL 2338

) Mus musculus BCO1 * 15,15’

() Mus musculus BCO2 * 9,10

) Mus musculus RPEB5 * isomerase
& Zea mays VP14 * 11,12

&> Zea mays CCD1* 9,10(9',10")
<& Phaseolus vulgaris CCD1 * 9,10(9,10')
<& Arabidopsis thaliana CCD1 * 9,10(9,10’)
&b Arabidopsis thaliana NCED1

J;L Lycopersicon esculentum CCD1 * 9,10(9',10')
& Petunia hybrida CCD1* 9,10(9,10")
%' Nostoc sp. PCC 7120 NSC1 * 9,10(9',10°)
[0 Sphingopyxis alaskensis Rb2256 Sa1

{> Mycobacterium smegmatis str. MC2 155 Ms1

<{) Frankia alni ACN14a

¢ Saccharopolyspora erythraeca NRRL 2338

<’> Mycobacterium smegmatis str. MC2 155 Ms2
[0 Sphingopyxis alaskensis Rb2256 Sa2

O Erythrobacter litoralis HTCC2594

[0 Caulobacter crescentus Cb15

Figure 1. Phylogenetic tree (average distance by percent identity) from the NOV1 and NOV2 amino acid sequences with additional representatives from se-
quenced microbial genomes (BLAST hits with high identity) and other characterized carotenoid oxygenase family representatives. Lignostilbene oxygenase ac-
tivity: NOV1 (accession no. YP_496081), NOV2 (accession no. YP_498079; this study), Sphingomonas paucimobilis isoform 1 (SPA1, accession no. AAC60447),23
and isoform 3 (SPA3, accession no. AAB35856).%* Apocarotenoid cleavage activity: Synechocystis PCC6803 (SYC2, accession no. 576169),"” Nostoc sp. PCC7120
9,10 (NSC3, accession no. ZP_00112423). 15,15'-Carotenoid cleavage activity: Synechococcus elongatus PCC7942 (SYO, accession no. ZP_00351210; unpub-
lished), Nostoc sp. PCC7120 (NSC2, accession no. AE2341)," mouse 15,15’-dioxygenase (MmBCO1, accession no. Q9JJ56).*" Unknown activity: Bradyrhizobium
japonicum USDA110 (BRA-J, accession no. NP_772430; this study), Bradyrhizobium sp. Btai1 (BRA-S, accession no. ZP_008636652; this study), Synechocystis
PCC6803 (SYC1, accession no. 576206)."% 9,10-9',10"-Carotenoid cleavage activity: mouse 9,10-9,10'-dioxygenase (MmBCO?2, accession no. Q99NF1), Zea
mays (ZmCCD1, ABF8565B), Phaseolus vulgaris (PvCCD1, Q94IR2),'® Arabidopsis thaliana (AtCCD1, accession no. NP_191911.1),") Lycopersicon esculentum
(LeCCD?1, accession no. AAT68187),""” Petunia x hybrida (PhCCD1, accession no. AAT68189),"® Nostoc sp. PCC7120 (NSC1, accession no. BAB73063)."” Isomerase
activity: mouse RPE protein (MmRPE65, accession no. Q912Q5);42 9-cis-epoxycarotenoid 11,12 cleavage activity: Zea mays (VP14, accession no. AAB-
621811.1),"% Arabidopsis thaliana (AtNCED1, accession no. AAN17413). Additional enzymes and accession numbers for putative oxygenases can be found in
Table S1. Underlined genomes do not contain carotenoid biosynthesis gene homologues, according to the KEGG database.

additional carotenoids with other structural features were also
tested: torulene, which is a monocyclic carotenoid with one -

CCO homologues in pUCmod were coexpressed with a carote-
noid pathway that was expressed from pACmod. Based on pre-

vious results that showed that the bicyclic carotenoid (-caro-
tene is a substrate for many CCOs,**?? B-carotene produced
by genes that are encoded by plasmid pAC-crtE-crtB-crtl14-
crtY was chosen as the model carotenoid for this study.*" Two
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ionone end group and a linear end, and zeaxanthin, which is a
bicyclic carotenoid with hydroxylated f-ionone end groups.
Cleavage of carotenoids in E. coli destroys the chromophore,
which causes a loss of cell color (also referred to as bleaching)
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Monooxygenase Cleavage of Stilbene Substrates

that can be visually detected when compared to con-
trol cells. None of the tested four enzymes however,
caused bleaching of the cell color of carotenoid-pro-
ducing E. coli; this suggests that carotenoids are not
likely to be a substrate of NOV and BRA enzymes.

We applied the same in vivo experimental ap-
proach to test the activity of the NOV and BRA en-
zymes against stilbene substrates. In previous re-
search, we created recombinant E. coli cells that coex-
press stilbene synthase (STS) and 4-coumaroyl CoA-
ligase (4CL); this enabled the synthesis of stilbene
compounds from phenylpropionic acid precursor
compounds, which were fed to recombinant cells.??
Biotranformation of the phenylpropionic acid precur-
sors coumaric acid, cinnamic acid, or caffeic acid
resulted in the synthesis of resveratrol (3,5,4-trihy-
droxy-trans-stilbene), pinosylvin  (5-(2-phenylvinyl)-
1,3-benzenediol), and piceatannol (3,3'.4,5-tetrahy-
droxy-trans-stilbene), respectively (Figure 2). E. coli
cells that expressed the stilbene pathway were co-
transformed with NOV and BRA genes, and the enzy-
matic cleavage of resveratrol, pinosylvin, and picea-
tannol produced by the recombinant cultures was in-
vestigated. In addition, E. coli cells that coexpressed
only 4CL and putative CCO enzymes were fed phe-
nylpropionic acid precursors, and the resulting com-
pounds were analyzed to rule out the cleavage of
CoA-activated phenylpropionic acids by NOV and
BRA enzymes.

NOV1 and NOV2 both efficiently cleaved resvera-
trol, which resulted in the complete degradation of
resveratrol by recombinant E. coli strains after 16 h in-
cubation and in the accumulation of two new prod-
ucts (Figure 2). The two new compounds were struc-
turally identified as 4-hydroxybenzaldehyde and 3,5-
dihydroxybenzaldehyde by comparison of retention
time and mass spectra with those from authentic
compounds. The dihydroxy product, 3,5-dihydroxy-
benzaldehyde was not extracted from the medium in
stoichiometric amounts; this suggests that it was fur-
ther degraded by E. coli enzymes or it formed Schiff
base adducts. Piceatannol, the stilbene compound

that is produced from caffeic acid, was also cleaved by NOV1
and NOV2 into the corresponding aldehyde products 3,4-dihy-
droxybenzaldehyde and 3,5-dihydroxybenzaldehyde (data not
shown). Because the conversion of the caffeic acid that was

A) o o

CoAS)J\/U\OH

3-malonyl CoAs)
OH
o o
4CL STS
HO” CoA” 7
HO
OH OH

p-coumaric acid p-coumaroyl-CoA

e
OH

resveratrol

NOV1
NOV2

OH

/@Vo
HO'

3,5-dihydroxybenzaldehyde

"L
OH
4-hydroxybenzaldehyde

B) 2 3

] \ j \__ pUC-STS + pAC-4CL-NOV2
A j\ } \__ pUC-STS + pAC-4CL-NOV1

4
Control

A (290 nm)

AN
N

| A

0 “éo_ 40

p-coumaric acid

4-hydroxybenzaldehyde

3,5-dihydroxybenzaldehyde

Figure 2. In vivo cleavage of resveratrol by NOV1 and NOV2. A) Engineered pathway in

E. coli for resveratrol biosynthesis from fed coumaric acid, and cleavage of synthesized re-
sveratrol in E. coli by coexpressed NOV enzymes. The enzymes that are shown are: 4-cou-
maroyl-CoA ligase (4CL; EC 6.2.1.12), stilbene synthase (STS; EC 2.3.1.95), and NOV oxy-
genases (NOV1, NOV2). B) HPLC analysis of extracts from coumaric-acid-fed recombinant
E. coli cultures that coexpressed the stilbene biosynthetic genes and NOV1 (pUC-STS +
PAC-4CL+NOV1) or NOV2 (pUC-STS + pAC-4CL + NOV2). The control culture contained
only stilbene biosynthesis genes (pUC-STS + pAC-4CL). HPLC traces of culture extracts
and of authentic standard compounds are shown. Peaks are: 1) 3,5-dihydroxybenzalde-
hyde (m/z 137.0), 2) 4-hydroxybenzaldehyde (m/z 121.0), 3) p-coumaric acid (m/z 163.2),
4) resveratrol (m/z 227.1). Control cultures converted coumaric acid to resveratrol. Addi-
tion of the oxygenase enzymes NOV1 and NOV1 resulted in a decrease in resveratrol and
the appearance of 4-hydroxybenzaldeyde and 3,5-dihydroxybenaldehyde. The products
were confirmed by standards and mass spectral analysis. 3,5-Dihydroxybenzaldehyde
was not extracted from the medium in stoichiometric amounts.

Surprisingly, no stilbene cleavage products were detected in
recombinant E. coli cultures that expressed BRA-J or BRA-S de-
spite their sequence similarity to the NOV and SPA enzymes.
Previously characterized cyanobacterial CCOs, such as NSC1,
NSC2, and SYC2,*' were also expressed in stilbene-producing

fed to the corresponding stilbene piceatannol by recombinant
E. coli cells was much slower than the production of resveratrol
from 4-coumaric acid,*? the amounts of piceatannol cleavage
products that were detected in the cultures were correspond-
ingly lower. Cleavage of pinosylvin, which is the stilbene prod-
uct from cinnamic acid, by NOV1 or NOV2 was not observed.
Both NOV1 and NOV2 were specific for stilbene cleavage, and
no cleavage products of fed phenylpropionic acids or CoA-acti-
vated phenylpropionic acids were detected in culture extracts
(data not shown).

E. coli cells and were found to not cleave stilbenes.

Characterization of in vitro cleavage activities

Assays with purified protein and/or whole cell protein extracts
were conducted to confirm the cleavage results that were ob-
tained in recombinant E. coli, and to test additional substrates.
NOV and BRA genes were overexpressed from a pET expression
vector in a recombinant E. coli strain that also expressed the
GroEL and GroES chaperones to aid in the production of solu-
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ble protein. Overexpressed histidine-tagged proteins were pu-
rified by immobilized metal affinity chromatography and were
used in in vitro assays. However, as with other reports from

this family of enzymes,?"*

! purified enzymes were far less

active than enzymes in protein extracts from whole-cell lysates

(more than 75% of their activity
was lost during purification). As
a consequence, protein extracts
from whole-cell lysates are fre-
quently used in assays with CCO
enzymes.”" We used both puri-
fied proteins and protein ex-
tracts from whole-cell lysates for
in vitro assays with NOV and
BRA enzymes and observed simi-
lar cleavage specificities for both
preparations; but ca. fivefold
lower cleavage rates were ob-
tained with purified proteins. A
series of cofactors and reducing
agents that were tested with the
enzyme (NAD, FAD, NADH,
FADH, ascorbate, excess Fe’",
glutathione, dithiothreitol) did
not improve enzyme activity.
Protein extracts from whole-cell
lysates were prepared from
E. coli cells that overexpressed
the NOV and BRA genes from
the  constitutive  expression
vector pUCmod (Figure S2).

A series of stilbene substrates
(rhapontigenin, resveratrol, rha-
ponticin, piceatannol and pino-
sylvin) with different hydroxyl
and methoxy functional groups
were tested in in vitro assays
with  NOV and BRA enzymes
(Figure 3). NOV1 and NOV2
cleaved stilbene compounds
that have a hydroxy or methoxy
group at the 4’ position at the
central double bond. As ob-
served in the in vivo cleavage
survey, pinosylvin, which carries
no substitution at the 4’ position
was not a substrate for NOV en-
zymes. Resveratrol was the pre-
ferred substrate for NOV1 and
NOV2, followed by piceatannol
and the 4’-methoxy-group-bear-
ing stilbenes rhapontigenin and
rhaponticin. In vitro assays with
equal amounts of protein lysates
resulted in complete cleavage of
1Tmm (68.5ug) resveratrol in
20 min, whereas complete cleav-

1454 www.chembiochem.org
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age of 1 mm (73.3 pg) piceatannol required 60 min of incuba-
tion (Figure 3). Cleavage of 1 mm (77.4 pg) rhapontigenin and
its glucosylated derivative rhaponticin by NOV1 and NOV2 was
much slower, and only 20% of the substrates were cleaved
after 60 min (data not shown).

A)
Compound R R? R® R* R® BRAJ BRAS NOVI NOV2
rhapontigenin | OH OH H OCH; OH - nd + +
resveratrol OH OH H OH H - - + +
rhaponticin O-glucose  OH H OCH; OH - nd + +
piceatannol OH OH H OH OH - nd + +
pinosylvin OH OH H H H - nd - -
B) OH
2 3
| oQ,
E \1 v H
[e]
3
<
NOV1
//7 AN NOV2
/ g BRAJ
— - Control
0 15 30 45
tr / min
C) 5
OH
e
(o] OH
— 04\@:0
E \ / H
o
3
< ] NOV1
7 NOV2
- Control
0 15 30
tr / min

Figure 3. In vitro cleavage of stilbene compounds. A) Stilbene compounds with different functional groups were
chosen as substrates for in vitro assays with NOV1, NOV2, BRA-J, and BRA-S protein lysates. Cleavage of the sub-
strates is indicated by a “+ " in the table based on product identification by HPLC and LC-MS; none of the en-
zymes cleaved pinosylvin. B) HPLC analysis of in vitro assays with resveratrol as substrate. Synthesis of 3,5-dihy-
droxybenzaldehyde (peak 1) and 4-hydroxybenzaldehyde cleavage products (2) from 1 mm resveratrol (3) with
NOV1 and NOV2 protein extracts. Residual resveratrol was not detected by HPLC or LC-MS. C) HPLC trace of in
vitro assay with piceatannol as substrate. Synthesis of 3,5-dihydroxybenzaldehyde and 3,4-dihydroxybenzaldehyde
cleavage products (4) from 1 mm piceatannol (5) with NOV1 and NOV2 enzymes protein extracts. Small amounts
of residual piceatannol could be detected for NOV2. BRA-J protein extracts did not produce cleavage products
with either resveratrol or piceatannol. Protein extracts from E. coli served as control.
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Monooxygenase Cleavage of Stilbene Substrates

To confirm the in vivo results that showed that none of the
four tested enzymes cleaved carotenoids, NOV and BRA en-
zymes were tested against the apocarotenoid substrate f-apo-
8’-carotenal. [-Apo-8-carotenal was chosen as a substrate
instead of P,3-carotene because of its greater solubility; this
results in higher activities of carotenoid-cleaving enzymes
with apocarotenoid substrates compared to full-length carote-
noids.? Moreover, some carotenoid cleavage enzymes are
specific for apocarotenoids,"” but no cleavage products of -
apo-8'-carotenal were detected in in vitro assays with the NOV
and BRA enzymes.

The BRA-J and BRA-S enzymes were also assayed with sever-
al stilbene compounds (Figure 3), but cleavage activity of stil-
bene compounds was not detected; this confirms the results
that were obtained with stilbene-producing E. coli cells. Brady-
rhizobium strain USDA110 has been shown to produce the
plant phytohormone abscisic acid via an unknown pathway.®*
We confirmed abscisic acid biosynthesis for strain B. japonicum
USDA110 and Bradyrhizobium sp. BTAi1 (Figure S4). Because
these Bradyrhizobium strains produce either no carotenoids at
all (USDA110) or no epoxy-carotenoids (BTAi1), abscisic acid
biosynthesis in Bradyrhizobium must occur via a different route
than the plant pathway, which involves oxidative cleavage of
epoxy-carotenoids by a CCO (NCEDs)."® In filamentous fungi,
abscisic acid is synthesized from farnesol via a partially de-
scribed pathway. The recent identification of an abscisic acid
gene cluster in Botrytis cinerea suggests the involvement of
several oxidative steps in the conversion of farnesol to abscisic
acid.®¥ Therefore, we tested
whether the BRA CCO homo-
logues have activity against far-
nesol. GC-MS analysis of in vitro
assays with farnesol showed the
conversion of farnesol into a new
compound by BRA-J and BRA-S,
but not by the NOV enzymes or
in the control reaction (Fig-
ure S5). The parent ion detected
for this new product had m/z
290, which is consistent with a
methanol adduct [M+32] of a
farnesol derivative that contains
two additional oxygen groups
m/z 258 [M]*. However, the
structure of this compound can
not be deduced from the MS
data alone.

Dioxetane

OH

Oxygen labeling studies with

NOV2
180

Catalytic cleavage of the central
double bond of stilbenes by CCO
homologues from Novosphin-
gobium identified in this study
and the previously reported
Sphingomonas LSDs®” is similar

3,5-dihydroxybenzaldehyde

mosphere.
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to the carotenoid cleavage reaction that is observed with
NCED enzymes in the production of abscisic acid,"® and the
central double bond cleavage that is observed by CCOs re-
sponsible for the production of retinal from B-carotene.*® An
enzyme mechanism that uses molecular oxygen and ferrous
iron is thought to be similar among the different types of caro-
tenoid or stilbene-cleaving oxygenases.” Incorporation of one
or two molecules of oxygen from atmospheric oxygen during
catalysis by these enzymes is still controversial, and both
mono- and dioxygenase mechanisms have been suggested for
carotenoid cleaving oxygenases (Scheme 1).2°*? Poor activities
of CCOs in in vitro assays and cleavage of water-insoluble sub-
strates might largely be responsible for the lack of rigorous
mechanistic studies of this new class of nonheme-iron oxygen-
ases. Despite a few reports of characterized purified recombi-
nant CCOs""*** many studies rely on protein lysates.”” Howev-
er, compared to previously studied CCOs,"?" cleavage reac-
tions with NOV enzymes are fast and stilbene substrates are
much more soluble than carotenoids and can be analyzed by
GC-MS. Both properties allow short assay times and a quick
analysis of the reaction products, which minimizes unspecific
label exchange during oxygen labeling studies. We therefore
sought to perform oxygen labeling studies with NOV2 to
determine whether this class of oxygenases uses a mono- or
dioxygenase mechanism.

First, resveratrol cleavage by NOV2 was assayed in an atmos-
phere of labeled oxygen '®0,. The reaction was stopped after
15 min and the labeled cleavage products were analyzed by

Monooxygenase reaction:

Resveratrol H

i 80,
OH

Epoxide

leo

OH H | OH
H o) H

4-hydroxybenzaldehyde

18"

3,5-dihydroxybenzaldehyde

Scheme 1. Possible mechanisms for the oxidative cleavage of resveratrol. Two proposed mechanisms are shown
for oxidative cleavage with CCO enzymes. A dioxygenase mechanism results in both aldehyde cleavage products
being labeled with isotopic *0 when the reactions are performed in an '®0 atmosphere. The monooxygenase
mechanism results in a single isotopic '®0-labeled cleavage product when reactions are performed in an %0 at-
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GC-MS. Only one of the expected cleavage products, 4-hydrox-
ybenzaldehyde, was found to carry a significant amount of the
80 label (over 69% labeled; Figure 4). In contrast, the 3,5-dihy-
droxybenzaldehyde product did not contain an equivalent
amount of the heavy oxygen label; this suggests that its alde-
hyde oxygen must come from unlabeled water in the reaction.

To confirm the oxygen labeling results, a second assay was
performed with labeled '®0-water. As expected, a reverse label-
ing pattern of the cleavage products was observed (Table 1).
Now, the 3,5-dihydroxybenzaldehyde carried the '®0 label (m/z

C. Schmidt-Dannert and E. K. Marasco

Table 1. Summary of labeling pattern from isotope experiments.

Product %0, Product ®0-water

mass mass
3,5-dihydroxybenz- m/z 282 unlabeled m/z 284 labeled
aldehyde ~65% ~92%

4-hydroxybenzaldehyde

m/z 196 labeled m/z 194 unlabeled

~69% ~90%

A)
4.00 x105 1
N/
s
8 0
S 3.00x105
'g 7
3 P °
© _/0 V4 ’ 73’-0
2 2.00x105 1 N 2
©
[0)]
x 2
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//’ T T T T T T T
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B) 180,
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1 2
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c
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Figure 4. GC-MS analysis of oxygen-labeled cleavage products of resveratrol synthesized by NOV2. A) Silylated
esters of cleavage products 4-hydroxybenzaldehyde (peak 1) and 3,5-dihydroxybenzaldehyde (2). B) Incorporation
of molecular oxygen into 4-hydroxybenzaldehyde. Mass spectra of 4-hydroxybenzaldehyde (left spectrum) and
3,5-dihydroxybenzaldehyde (right spectrum) in an ®0,-atmosphere showing labeled 4-hydroxybenzaldehyde (m/z
196) and unlabeled 3,5-dihydroxybenzaldehyde (m/z 282). C) Mass spectral data from incorporation of oxygen
from '80-water. Incorporation of label into 3,5-dihydroxybenzaldehyde (m/z 284); 4-hydroxybenzaldehyde re-
mained unlabeled (m/z 194). Note that the main fragments in panel B and C (m/z 181 and m/z 179) result from

the loss of a [-CH;] group from 4-hydroxybenzaldehyde.
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282/284=7.1:92.9) and the 4-
hydroxybenzaldehyde cleavage
product was predominately un-
labeled (m/z 194/196 =93.3:6.7;
Figure 4). The ratio was deter-
mined from the extracted ion
chromatograms [M+H] by using
the ratio of heavy to total 4-
hydroxybenzaldehyde (i.e., 196/
194 +196) as in Schmidt et al.?"
The ratio of labeled to unlabeled
aldehyde cleavage products
were higher in this '®0-water la-
beling experiment compared to
the corresponding atmospheric
oxygen labeling experiment.
One reason for the apparent im-
balance might be due to nonen-
zymatic oxygen exchange of the
hydroxyl groups in the labeled
water, which might lead to an
over representation of the la-
beled 3,5-dihydroxybenzalde-
hyde product. A time course (1,
5, 15, 30 min) was performed to
monitor  oxygen  exchange
during the enzyme assay and in
control reactions that contained
authentic 4-hydroxybenzaldehye
and 3,5-dihydroxybenzaldehyde
without the NOV2 protein (Fig-
ure S3, Table S2). Exchange of
the oxygen label in the enzyme
assays occurred more rapidly
with the dihydroxy cleavage
product, 3,5-dihydroxylbenzalde-
hyde, than with the mono-sub-
stituted 4-hydroxybenzaldehyde
(Figure S3). After 15 min the la-
beling pattern in the enzyme
reaction clearly showed heavy
label mainly on one product,
3,5-dihydroxylbenzaldehyde, and
only a small fraction of the 4-hy-
droxybenzaldehyde was labeled.
Control reactions showed that
some nonenzymatic label ex-
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change occurred predominantly with the dihydroxy cleavage
product. Together these results suggest that NOV2 cleaves
resveratrol via a monooxygenase mechanism and might have
a stereopreference for oxygen attack.

Conclusion

In this work we describe the cloning and partial characteriza-
tion of four bacterial enzymes that belong to a recently de-
scribed class of nonheme-iron oxygenases that so far mostly
includes carotenoid-cleaving enzymes from plants, mammals,
and cyanobacteria. Two enzymes (SPA1 and SPA3) from Sphin-
gomonas paucimobilis, which are known to cleave substrates
other than carotenoids, have been named lignostilbene dioxy-
genases (LSDs; for reviews see ref. [3]). This study expands the
number of noncarotenoid-cleaving family members with the
finding that two enzymes from Novosphingomonas aromatici-
vorans DSM12444 are stilbene-cleaving oxygenases. We show
in vivo and in vitro that the enzymes NOV1 and NOV2 cleave
the central double bond of trans-stilbene derivatives, but do
not cleave bicyclic, monocyclic, or hydroxylated model carote-
noid substrates. In contrast, the putative CCOs from Bradyrhi-
zobium japonicum USDA110 and Bradyrhizobium sp. BTAi1 were
not active against stilbenes or carotenoids, but showed activity
with farnesol. In the course of these studies, we also tested
known carotenoid cleavage enzymes for their ability to cleave
stilbenes and we did not find stilbene cleavage activity with
enzymes from the cyanobacteria Nostoc punctiforme, Nostoc sp.
PCC7120, or Synechocystis sp. PCC6803.1* %™

NOV1 and NOV2 are, to our knowledge, the second reported
examples of stilbene-cleaving oxygenases. Studies of LSD iso-
forms from Sphingomonas paucimobilis differ from this report
in a few significant respects.”>?*?%353 |n our assays, the re-
combinant enzymes were tested in vivo and in vitro against
natural substrates from plants such as resveratrol and piceatan-
nol. Previous reports identified the 4’-hydroxyl group of stil-
benes as a key structural feature for cleavage.® We found that
the recombinant Novosphingobium enzymes cleaved com-
pounds with 4’-hydroxyl groups or 4-methoxy functional
groups in vitro; this suggests that an oxygen functional group
(not specifically a hydroxyl) in that position might be impor-
tant for substrate binding. NOV1 and NOV2 did not cleave pi-
nosylvin, which is a substrate that lacks oxygen on the
4’ carbon. The NOV enzymes in this study displayed similar
substrate preferences (e.g., they cleaved resveratrol better
than the other substrates) as opposed to the Sphingomonas
enzymes, which all had different substrate specificities.* Final-
ly, we performed labeling studies to determine the oxygenase
cleavage mechanism of these enzymes.

The current controversy over the oxygenase mechanism of
this family of nonheme-iron enzymes stems from contradictory
findings from previous labeling studies, a lack of rigorous bio-
physical studies, and the difficulties associated with assays that
use purified carotenoid cleavage enzymes.?"?? The stilbene
cleavage reaction has several advantages over carotenoid
cleavage; this makes it a good candidate for mechanistic stud-
ies. First, the reaction, when carried out with protein extracts
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from whole-cell lysates, is fast (complete resveratrol cleavage
under 20 min with 5 pg of protein). Second, the stilbene sub-
strate resveratrol is more soluble in aqueous systems than the
lipophilic carotenoids and the cleavage products can be easily
worked up in organic solvents; this limits water exchange.
Third, stilbene cleavage products can be readily identified by
GC-MS after derivatization; this limits the amount of oxygen
exchange of the carbonyl group. In contrast, the aqueous and
acidic HPLC conditions that were used for the analysis of caro-
tenoid cleavage products in previous labeling studies led to
oxygen exchange, which rendered the interpretation of the re-
sults difficult.’?>2"

Assays performed in an %0, environment with NOV2 and re-
sveratrol as substrate resulted in predominant labeling (~69 %)
of one product, 4-hydroxybenzaldehdye. In the converse ex-
periment with '®0-water in an unlabeled O, environment, the
aldehyde group of the other cleavage product, 3,5-dihydroxy-
benzaldehyde, was almost completely labeled. Control experi-
ments with authentic aldehyde cleavage products and no
added enzyme showed some unspecific label exchange with
the more reactive 3,5-dihydroxybenzaldehedye product and
'®0-water (Table S2 and Figure S3). Despite the observed label
exchange with the 3,5-dihydroxybenzaldehyde product, data
from these assays indicate that recombinant NOV2 stilbene
oxygenase uses a monooxygenase reaction mechanism, and
that the atmospheric oxygen is preferentially added to the 4-
hydroxybenzaldehyde cleavage product.

Our results contradict findings from an abscisic acid labeling
study in plants as well as a recent in vitro oxygen labeling
study that was conducted with the recombinant CCO from
Arabidopsis (AtCCD1) that suggested a dioxygenase mecha-
nism for this enzyme family.**?" The abscisic acid study has
been criticized for examining only one cleavage product and
describing the reaction as a dioxygenase mechanism;?" we
examined both cleavage products and found regioselectivity,
which could explain the abundant label found on the one
cleavage product that was analyzed in the abscisic acid study.
In vitro labeling studies with a 15,15’ carotenoid cleavage oxy-
genase from the chicken also suggest a monooxygenase
mechanism, which is similar to our findings.”? However,
Leuenberger et al. used a coupled enzyme reaction in which
the formed aldehyde cleavage products were converted in situ
to the corresponding less reactive alcohol products to reduce
label exchange and facilitate GC-MS analysis of derivatized
alcohols. It is possible that different members of this enzyme
family catalyze similar reactions by a different oxygenase
mechanism, which might even vary depending on the cleaved
substrate. Rieske oxygenase family members, for example,
have been shown to have mono- or dioxygenase activity
based on different substrates®®“*? and enzymes.*! Examina-
tions of Rieske-type oxygenases show that subtle changes in
the active site can alter the enzyme mechanism.”® Perturba-
tions in the active site might create an environment that is
advantageous for a monoxygenase-like mechanism rather than
a dioxygenase mechanism or vice versa.

Exact mechanistic details have not been determined for this
new class of nonheme-iron oxygenases because of the poor
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activity of in vitro assays. Assays frequently use a reductant
such as ascorbate, DTT, TCEP, or excess Fe’" to preserve the
ferrous iron, but no other cofactors, iron-sulfur proteins or re-
ductases have been identified as required to balance the elec-
tron flow. It has been suggested that all the electrons in the
product can come exclusively from the substrate and
oxygen.” Unfortunately, there is only one crystal structure of a
carotenoid cleavage enzyme (Synechocystis sp. PCC6803)!"
available, and the stilbene oxygenases from Novosphingobium
model poorly onto the solved structure (Figure S6). The f3-
strands that form the propellers are conserved, but there is
large variation in the amino acid residues that form the dome
and entrance loop. Descriptions of the Synechocystis protein
structure state that ring structures will not fit through the
active-site tunnel.”” Cleavage of stilbene structures, however,
requires positioning of at least one phenol ring in the active
site of the NOV enzyme; this illustrates that there might be im-
portant differences in the structure and function among the
members of this enzyme family. NOV2 residues that surround
the tunnel entrance loops (residues Leu239-Lsy243 and
Phe106—-Pro110) are structurally different in the model than in
the Synechocystis structure. More labeling and mechanistic
studies along with structural investigations are required to
begin to understand the catalysis of these enzymes.

This study also showed that analysis of sequence informa-
tion is not sufficient to predict carotenoid or stilbene activity,
and that the substrate specificity needs to be determined em-
pirically for all new examples of these oxygenases. The two
Bradyrhizobium enzymes share a similar degree of sequence
identity to Sphingomonas enzymes as the NOV2 enzyme does
(~35%). However, the two enzymes from Bradyrhizobium did
not cleave stilbenes or carotenoids and instead showed activity
with farnesol. Although the mass fragmentation pattern of the
farnesol reaction product does not allow structural assignment,
the fragment at m/z 259 [M]* that arises from the loss of
methanol from the methanol adduct parent (m/z 290) suggests
the addition of two oxygen groups to farnesol (and likely bond
rearrangement in order to arrive at m/z 258) rather than oxida-
tive cleavage of farnesol by BRA enzymes, which would result
in products with lower molecular weight and shorter retention
times. Farnesol has been identified as the precursor of abscisic
acid in filamentous fungi.®¥ It is postulated that conversion of
farnesol to abscisic acid involves several oxidative steps.*”
Knockout studies in Botrytis cinerea have identified two P450
monooxygenases that likely catalyze two of the postulated oxi-
dation reactions.*® Biosynthesis of the phytohormone abscisic
acid in the Bradyrhizobium must also occur through a different
route than the epoxy-carotenoid cleavage pathway in plants
because these bacteria are either noncarotenogenic or do not
produce epoxy carotenoids. Additional studies that involve the
creation of gene knockouts will be necessary to investigate
whether BRA-J and BRA-S are involved in abscisic acid biosyn-
thesis in the plant symbiont Bradyrhizobium. Interestingly, a
BLAST search of the Botrytis cinerea genome sequence (Broad
Institute) with the BRA protein sequences identifies two puta-
tive CCO homologues. Deletion of these putative CCO genes
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could establish whether one of them catalyzes yet unknown
steps in abscisic acid biosynthesis in this ascomycete.

The activity of the BRA enzymes indicates that there might
be many new activities to be discovered for other putative mi-
crobial CCO homologues (Figure 1). Of equal interest are inves-
tigations that are aimed at identifying the biological functions
of these enzymes in bacteria and fungi. Carotenoid cleavage in
plants and mammals has functions that extend beyond pig-
ment degradation and synthesis of visual pigments as more
and more roles of carotenoid cleavage compounds in signaling
are being discovered.® It can be assumed that the bacterial
and fungal representatives of the CCO family have similarly
diverse functions beyond simple degradation.

Experimental Section

Chemicals and materials: Caffeic acid, ferulic acid, piceatannol,
rhaponticin, f-apo-8'-carotenal, and bis(trimethylsilyl)trifluoroaceta-
mide (BSTFA) were purchased from Sigma-Aldrich. 4-Coumaric
acid was purchased from ICN (Aurora, OH, USA), and resveratrol
was from Calbiochem. The 95% '80O-water was from Cambridge
Isotope Laboratories (Andover, MA, USA). All solvents were of
HPLC grade and were purchased through Fisher Scientific. HPLC
grade water was purchased from Malllinckrodt Chemicals (Phillips-
burg, NJ, USA). Vent DNA polymerase, T4 DNA ligase and restric-
tion enzymes were from New England Biolabs. Restriction buffers
were SURE/Cut buffers from Roche.

Gene cloning: Homology searches were performed by using NCBI
BLAST software based on the Sphingomonas paucimobilis lignostil-
bene oxygenase proteins, SPA1 (isoform I) AAC60447, SPA3 (iso-
form 1) AAB35856,%*?% and the previously characterized cyanobac-
terial CCOs™' CCO homologues were identified in published
complete genome sequences from NCBI and Joint Genome Insti-
tute (Figure 1 and Table S1). Putative CCO homologues from No-
vosphingobium aromaticivorans DSM 12444 (NOV1 (YP_496081);
NOV2 (YP_498079)), Bradyrhizobium japonicum USDA110 (BRA-J
(NP_772430) and Bradyrhizobium sp. BTAi (BRA-S) were selected for
cloning and functional characterization. The putative CCO genes
were amplified from genomic DNA by PCR with Vent polymerase
by using gene-specific primers with added restriction sites. NOV1
and NOV2 were cloned into the Bglll and Notl sites of the constitu-
tive expression vector pUCmod®" to give pUCmod-NOV1 and
pUCmod-NOV2. BRA-J and BRA-S were cloned into the Ndel and
Xhol sites of pUCmod to yield pUCmod-BRA-J and pUCmod-BRA-S.

For the expression of larger amounts of protein for purification of
NOV1 and NOV2, genes were subcloned into the Ndel and Xhol
sites of the inducible expression vector pET28b -+ (Invitrogen) to
give plasmids pET-NOV1 and pET-NOV2. The stop codon was elimi-
nated from the sequences for in-frame fusion with a C-terminal 6 x
histidine tag that was encoded in the pET28b+ vector to facilitate
protein purification. BRA-J and BRA-S were subcloned in a similar
fashion into the inducible expression vector pET24b + (Invitrogen)
to yield plasmids pET-BRA-J and pET-BRA-S.

For coexpression of the CCO homologues NOV1, NOV2, BRA-J, and
BRA-S (in the following collectively referred to as CCOs) with stil-
bene biosynthetic genes in E. coli, the entire CCO expression cas-
settes in pUCmod-CCO (including the constitutive lac promoter
and gene coding region®") were amplified by PCR by using se-
quence-specific primers with added restriction sites. The products
were subcloned into the Xbal site of plasmid pAC-4CL? which
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contained the gene for 4-coumaroyl ligase (4CL) from Arabidopsis
thaliana under the control of a constitutive lac promoter. The re-
sulting plasmid was called pAC-4CL-CCO.

All cloning and DNA manipulation were carried out in E. coli strain
IM109 by following standard techniques described elsewhere.®?
Cloned gene sequences were verified by sequencing.

Culture conditions and strains: Unless otherwise indicated, E. coli
cultures were grown in Luria-Bertani (LB) medium that was sup-
plemented with ampicillin (100 ugmL™") and chloramphenicol
(50 pgmL™") at 30°C. E. coli strains JM109 and BL21(DE3) were
used for gene expression from pUCmod and pET-plasmids, respec-
tively.

E. coli strain BW27784“" was used for in vivo analysis of stilbene
cleavage by CCO homologues. A modified M9 medium that con-
tained yeast extract (1.25 gL™"), glycerol (0.5% v/v), and the appro-
priate antibiotics was used for stilbene biosynthesis as described
previously.??

Protein expression and purification: Both pET-CCO and pUCmod-
CCO plasmids were used for protein overexpression. For expression
of genes from pUCmod-CCO, recombinant E. coli JM109 overnight
cultures (4 mL) were used to inoculate 1:100 LB medium (400 mL)
that contained the appropriate antibiotics. Cultures were grown
for 16 h at 30°C and the cells were harvested by centrifugation
and stored at —20°C until used. Cells that were collected from the
culture (50 mL) were lysed with BugBuster® protein extraction re-
agent (2 mL; Novagen). Cell debris was cleared by centrifugation
(14000 rpm, 5 min, 4°C), and the cleared protein extract was used
in in vitro activity assays. Protein levels were estimated by SDS gel
electrophoresis, and the concentrations were adjusted so that
comparable levels were added to assays.

The pET-CCO plasmids were used for the overexpression of CCO
proteins for protein purification. As previously observed with other
CCOs,"*?" these proteins are prone to inclusion body formation
when expressed at high levels (for example, from the strong T7-
promoter present in pET plasmids). To facilitate the expression of
soluble proteins, pET-CCO plasmids were transformed into E. coli
BL21(DE3) that harbored the plasmid pGRO7 (Takara, Madison, Wis-
consin, USA), which expresses the GroEL and GroES chaperones
(see also ref. [4]). E. coli BL21 cotransformed with putative CCO
homologue and groES-groEL were grown, overnight, at 30°C in
LB media (4 mL). This culture was used to inoculate (1:100) LB
(400 mL), and chaperone expression was induced with arabinose
(0.5 mgmL™"). Cells were grown at 30°C until an ODgy, of 0.6. Then
the cultures were cooled on ice and induced with isopropyl-3-p-
thiogalactopyranoside (IPTG; 1 mm) before incubation was contin-
ued, overnight, at 18°C; the cells were then harvested by centrifu-
gation and stored at —20°C until use. Cells that were collected
from culture (50 mL) were lysed with BugBuster® protein extraction
reagent (2 mL; Novagen). Cell debris was cleared by centrifugation
(14000 rpm, 5 min, 4°C). Aliquots of the cleared protein extract
were saved for in vitro assays and the remainder was used to
purify CCO proteins by metal affinity chromatography. Soluble pro-
tein was loaded onto a Talon Resin immobilized metal affinity chro-
matography (IMAC; Invitrogen) column and eluted in phosphate
buffer (50 mm, pH 7.2) with imidazole (300 mm) after three wash-
ing steps. The CCO proteins were eluted (4 mL) and the fraction
was concentrated by using an Amicon ultracentrifuge concentrator
with a 10 kDa molecular weight cut-off. The Amicon concentrator
was used to desalt the protein by exchanging the buffer 4 times
against phosphate buffer (50 mm pH 7.2). The protein was subject-
ed to iron center reconstitution by incubation with FeSO,
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(100 mm) under argon gas for 30 min to insure incorporation of
Fe?" into the active site. Protein concentrations were determined
by using the Bradford assay (BioRad).

In vivo analysis of carotenoid cleavage activity: To investigate in
vivo carotenoid cleavage, CCO enzymes on pUCmod were coex-
pressed with B,p-carotene biosynthetic genes expressed from pAC-
crtE-crtB-crtl14-crtY,*" pAC-crtE-crtB-crtl14-crtY-crtX, pAC-crtE-crtB-
crtl14-crtY2 in E. coli JM109 as described previously for cyanobacte-
rial CCO." Briefly, single colonies of E.coli JM109 transformants
that harbored the carotenoid and CCO plasmids to be tested were
grown, overnight, for 48 h in LB media (50 mL) that was supple-
mented with ampicillin and chloramphenicol at 30°C. The color
intensities of the resulting cell pellets from six replicate cultures
were then compared by visual comparison with control cells that
harbored the corresponding carotenoid plasmid and empty
pUCmod plasmid.

In vivo analysis of stilbene cleavage activity: CCO enzymes in
plasmid pAC-4CL-CCO, which also contained 4-coumaroyl CoA-
ligase 4CL, were coexpressed with stilbene synthase (STS) from
Arachis hypogaea (peanut) in the constitutive expression vector
pUC-STS. The construction of stilbene and flavonoid biosynthetic
pathways has been described previously.?'*?

To investigate the in vivo stilbene cleavage by CCOs, single colo-
nies of E. coli BW27784 transformants that harbored plasmids pUC-
STS and pAC-4CL-CCO, or only pAC-4CL-CCO (control for cleavage
of CoA-activated phenylpropionic acids), were grown, overnight, in
modified M9 medium (4 mL) at 30°C, and then used to inoculate
(1:100) a larger volume of modified M9 medium (50 mL). Cultures
were grown to an OD of 0.1 at 30°C when phenyl propionic acid
precursor compounds (1 mm, 200 uL of 4-coumaric acid, caffeic
acid or ferulic acid in DMSO) were added to the cultures to initiate
their biotransformation into stilbene compounds by the recombi-
nant E. coli pathway (STS and 4CL). Following an additional 16 h in-
cubation at 30°C, the culture supernatant was extracted and ana-
lyzed for product formation essentially as described previously.®?
In brief, the culture (1 mL) was centrifuged at maximum speed to
pellet cells. The media was decanted to a fresh 1.5 mL microfuge
tube, and the pH was adjusted by addition of 1N HCI (50 pL). Then
the media was extracted twice with EtOAc (500 uL) and the ex-
tracts were combined and dried under N,. The dried residue was
resuspended in MeOH (100 pL) and all samples were stored at
—20°C prior to HPLC and LC-MS analysis (see below).

In vitro assays: Assays were either performed with purified protein
(100-250 pg) or protein extracts (50 uL) in 300 pL reactions that
contained phosphate buffer (50 mm, pH7.2), NaCl (300 mm),
sodium ascorbate (10 mm), and FeSO, (0.5 mm). After 5 min of
equilibration, stilbene substrates (1 mm from 1 m resveratrol, picea-
tannol or rhapotinigenin dissolved in DMSO) or carotenoid sub-
strate (0.27 mm from 2 mm [-apo-8-carotenal dissolved in 1%
Tween 40") were added. In vitro reactions were carried out at
30°C for the prescribed amount of time (5 min to 12 h) before
being stopped with 1N HCI (50 pL) and extracted three times with
EtOAc (500 pl). B-Apo-8'-carotenal assays were extracted with Et,0.
The organic fractions were combined, dried under N,, and stored
until HPLC or GC analysis.

Isotope labeling: For labeling experiments with '®0-water, the pro-
tein extracts were freeze-dried to remove all water, and the resi-
dues were resuspended in of '®0-water (100 uL). No buffer, NaCl or
FeSO, was added to avoid contamination with unlabeled H,O. Re-
actions were started by adding resveratrol (1 mm in DMSO). After
15 min incubation at 30°C, assays were extracted two times with
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EtOAc (500 pL), dried under N,, and immediately derivatized to silyl
ethers for GC-MS analysis as described below.

Labeling experiments with '®0, were performed in screw-capped
glass vessels (2 mL) with a gas-tight Teflon septum by using reac-
tion conditions described above for standard assays with resvera-
trol. The vials were flushed three times with 0, and protein ex-
tract was added with an airtight Hamilton syringe. The reaction
mixture was allowed to equilibrate for 5 min before resveratrol
(1 mMm) was injected into the vial. The reaction was stirred for
15 min before being extracted twice with EtOAc (500 pL). Samples
were dried and immediately derivatized to silyl ethers for GC-MS
analysis as described below.

HPLC and LC/MS analysis: HPLC analysis was performed by using
an Agilent 1100 HP system with a quaternary pump and a photo-
diode array detector (Palo Alto, CA). Several HPLC conditions were
used to analyze possible 3-apo-8-carotenal cleavage products, as
described.”™ Briefly, cleavage of 3-apo-8'-carotenal at the 15,15’ po-
sition to retinal was analyzed by applying sample (50 pL) to an Ad-
sorbosil C18 column (4.6 x250 mm, 5 pum; Alltech, Deerfield, IL). The
gradient program was modified from Ruch et al."® by using a sol-
vent system of MeOH/tert-butylmethyl ether/H,0 (120:4:40, v/v/v;
B) and MeOH/tert-butylmethyl ether (500:500, v/v; A). The gradient
conditions were solvent B (100%) to solvent B (43%) over 45 min,
solvent B (43%) to solvent B (0%) for 11 min, solvent B (0%) for
14 min with a flow rate of 1 mLmin~". Dialdehyde cleavage prod-
ucts were determined by applying sample (100 pL) to a Zorbax RX-
C18 column (4.6x250 mm, 5 um; Agilent Technologies). The sol-
vent system was MeOH/water (70:30, v/v) with 0.1% NH,OAc (B)
and MeOH (A). The gradient conditions were solvent B (100%) to
solvent B (0%) over 16 min, solvent B (0%) until 26 min, and then
return to A (100%) with a flow rate of 0.8 mLmin™".

Stilbene cleavage products were detected by using conditions that
were modified from the HPLC methods described by Watts et al.*?
for the analysis of stilbene compounds. Sample (20 pL) was applied
to a reversed-phase Eclipse XDB-C8 column (4.6x150 mm, 5 um;
Alltech, Deerfield, IL) and analyzed with an isocratic program by
using a solvent system of H,O/trifluoroacetic acid (99.9:0.1, v/v; A)
and MeOH/trifluoroacetic acid (99.9:0.1, v/v; B) in a ratio of 73:27
with a flow rate of 0.8 mLmin~". To achieve better resolution of pi-
ceatannol cleavage products, a gradient program was used with a
flow rate of 0.5 mLmin™' and the following conditions: from 0-
10 min A/B (75:25), followed by a gradient from A/B (75:25) to A:B
(50:50) in 15 min, followed by 5min A/B (50:50. Stilbenes and
cleavage compounds were identified by comparisons of retention
times and UV/Vis spectra of standard compounds (resveratrol, pi-
ceatannol, rhaptonin, ferulic acid, coumaric acid, caffeic acid, 4-hy-
droxybenzaldehyde, 3,5-dihydroxybenzladehyde, 3,4-dihydroxyben-
zaldehyde) and mass spectrometry. For quantification of products,
standard curves were constructed by plotting peak areas of known
quantities of standards.

Mass fragmentation spectra were monitored in a mass range of m/
z 50-500 on a LCQ mass spectrophotometer that was equipped
with electrospray chemical ionization interface (Thermo Finnigan).
Mass fragmentation spectra of standard compounds and the ex-
tracted compounds were monitored with a negative electron spray
ionization (ESI) interface. Negative ion values for standard com-
pounds were as follows: 4-coumaric acid (m/z 163.1), caffeic acid
(m/z 179.1), ferulic acid (m/z 193.1), resveratrol (m/z 227.1), picea-
tannol (m/z 243.1), 4-hydroxybenzaldehyde (m/z 121.0), 3,5-dihy-
droxybenzaldhyde (m/z 137.0). The chromatography conditions
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were identical to the HPLC conditions described above with the
exception that trifluoroacetic acid was excluded.

GC-MS analysis: Dried samples were derivatized to silyl ethers by
addition of bis(trimethylsilyl)acetamide (BSTFA; 50 pL) reagent. GC-
MS analyses were performed with a HP6890 Series GC coupled to a
HP5973 mass-selective detector. GC conditions consisted of an HP-
5 column (30 m by 0.25 mm ID by 1.5 pm coated with 5% phenyl
methyl silicone) and a split injector (1:20) set to a temperature of
250°C. The temperature started at 60°C and increased to 280°C at
8°C/minute intervals with a helium flow rate of 1 mLmin™". The EI-
MS ionization voltage was 70 eV (electron impact ionization) and
the ion source and interface temperature were both 250°C. Mass
spectra were scanned in a range of m/z 40-500 at 1 s intervals.

Abbreviations: CCO, carotenoid cleavage oxygenase; NCED, 9-cis-
epoxydioxygenase; LSD, lignostilbene-a,-dioxygenases; STS, stil-
bene synthase; 4CL, 4-coumaroyl ligase.
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Synthesis and Transfection Activity of New Cationic
Phosphoramidate Lipids: High Efficiency of an

Imidazolium Derivative

Mathieu Mével,”® Gilles Breuzard,' Jean-Jacques Yaouanc,” Jean-Claude Clément,™
Pierre Lehn,® Chantal Pichon,” Paul-Alain Jaffrés,*® and Patrick Midoux*!

In an effort to enhance the gene-transfer efficiencies of cationic
lipids and to decrease their toxicities, a series of new phosphora-
midate lipids with chemical similarity to cell membrane phospho-
lipids was synthesised. These lipids contained various cationic
headgroups, such as arginine methyl ester, lysine methyl ester,
homoarginine methyl ester, ethylenediamine, diaminopropane,
guanidinium and imidazolium. Their transfection abilities, either
alone or with the co-lipid DOPE, were evaluated in HEK293-T7
cells. We found that imidazolium lipophosphoramidate 7 a/DOPE
lipoplexes gave the most efficient transfection with low toxicity

Introduction

The challenge of finding efficient and safe carriers for the intro-
duction of plasmid DNA (pDNA) encoding therapeutic genes
into cells invites chemists and biologists to investigate the
design of synthetic vectors. These vectors can be classified into
two categories: polymeric vectors (polyethyleneimine, polyly-
sine...) and monomolecular vectors (mainly cationic lipids).
Cationic lipids generally consist of three parts: a lipid moiety, a
cationic head and a spacer between these two parts. Molecular
variations of these three constitutive parts have been widely
investigated, and several reviews have compiled the different
molecular structures of the cationic lipids."™ The presence of
two saturated or unsaturated aliphatic chains, as mimics of the
membrane phospholipids, is one of their common structural
features. The polar head is generally formed by a cationic func-
tion (@ammonium, phosphonium, guanidinium, ...) allowing in-
teraction with the negatively charged phosphate group of
pDNA and the production of a supramolecular complex known
as lipoplex. These complexes are then able to enter into the
cells by an adsorptive endocytosis mechanism and to deliver
pDNA into the cytosol after destabilisation of the endosome
membrane.*”

A second crucial factor associated with the use of cationic
lipids is their toxicity. In most cases, a compromise between
transfection efficiency and toxicity is necessary. To decrease
toxicity, the addition of a neutral co-lipid in the formulation is
a widely used strategy. DOPE (dioleoylphosphatidylethanol-
amine) is the most common neutral co-lipid (zwitterionic phos-
pholipid) associated with a large variety of cationic lipids. Its
incorporation into the lipoplex decreases the concentration of
cationic lipid and promotes fusion with the endosome mem-
brane to facilitate the pDNA delivery into the cytosol.”! Never-
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(15 %). The luciferase activity was 100 times higher than that ob-
tained with DOTAP/DOPE lipoplexes. The size, T potential, pPDNA-
liposome interactions and cellular uptakes of the lipoplexes were
determined. No definitive correlation between the T potential
values and the transfection efficiencies could be established, but
the uptake of lipoplexes by the cells was correlated with their
final transfection efficiencies. Our results show that imidazolium
phosphoramidate lipids constitute a potential new class of cat-
ionic lipids for gene transfer.

theless, it is worth noting that, with certain cationic lipids, the
addition of DOPE decreases the in vivo transfection efficiency,
possibly by a mechanism involving lipoplex instability in the
presence of lipoproteins.”

We have developed a first generation of cationic lipids char-
acterised by a phosphonate function carrying the two aliphatic
chains. Variations of the cationic headgroup have been evalu-
ated, and factors influencing the transfection efficiencies of
such vectors have been reported."” Surprisingly, the most effi-
cient vector had an arsonium headgroup."'? A second gener-
ation of lipids containing phosphoramidate functional groups
rather than phosphonate ones was next designed. These cat-
ionic phosphoramidate lipids proved to be efficient in in vitro
and in vivo transfection experiments."”>™" |n this series of
vectors, one of the most efficient (in term of high transfection
efficiency and low toxicity) was KLN47 (Scheme 1). These
promising results encouraged us to investigate some new
structural modifications of phosphoramidate lipids and to eval-
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Scheme 1. Structures of the lipophosphoramidate derivatives and synthesis conditions: a) dioleylphosphite 1,
CBrCl, or CCl,, DIPEA, MeOH or CH,Cl, or CHCl;, 0°C to 20°C; b) CF;COOH, CH,Cl,, 2 h; c) K,CO;, NEt;, CH,Cl,,
d) HCl, Et,0; e) 1H-pyrazole-1-carboxamidine.monohydrochloride, DIPEA, ethanol, 78°C; f) CH,l, excess, 20°C, 16 h.

uate their influences on transfection efficiency. We focused our
attention on the modification of the cationic headgroup while
the phosphoramidate moiety including the aliphatic chains re-
mained unchanged. The choice of C,q, aliphatic chains (oleic
chains) linked to the phosphoramidate moiety was based on
our previous works showing that vectors possessing aliphatic
chains of this type were more efficient than those with shorter
or saturated chains.

A series of new cationic phosphoramidate lipids was there-
fore synthesised, and their in vitro transfection activities
(HEK293-T7 cells) were tested in formulations either alone or
with the co-lipid DOPE. Plasmid-encoded luciferase or EGFP
transgene expression were used as readouts to measure the
transfection efficiencies. The physical properties of liposomes
and lipoplexes were assessed by dynamic light scattering, C
potential, dye exclusion and gel electrophoresis. The lipoplex-
es’ toxicities were evaluated by cell viability with the aid of the
colorometric  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT) assay. Moreover, the binding and the
uptake of fluorescein-labelled pDNA complexed with a series
of lipophosphoramide/DOPE liposomes were assessed by flow
cytometry.
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Results and Discussion

Synthesis of a-amino acid ester
phosphoramidate lipids

NH, With a view to obtaining cationic
lipids with low cytotoxicities, we
first investigated the use of nat-
ural amino acid esters as cationic
polar heads. The chemical struc-
tures of the selected amino acid
esters were dictated by the pres-
ence of a basic group in the side
chain, to guarantee its protona-
tion at the physiological pH of
7.4 (Scheme 1). This approach
has already been explored, by
Springer and co-workers, with
cationic lipids possessing struc-
tures based on an amino glycer-
ol backbone." These lipids were
each characterised by two lipid
ether linkages and a polar head
formed by an amino acid group
attached through an amide
bond. The main differences be-
tween our vectors and those
reported by Springer are the
natures of the links between
the amino acid groups and
lipid chains and the presence
of phosphoramidate linkages.
These phosphoramidate linkages
allow the design of vectors with
different shapes and efficacies.
Among the available natural a-amino acid esters, we chose the
methyl esters of arginine and lysine, which are each character-
ised by the presence of a basic functional group in the side
chain (with pK, values of 12.48 and 10.54 for arginine and
lysine, respectively). Our study also included homoarginine
methyl ester, because of its similarity with arginine (pK, of the
guanidinium group ~12.5). The attachment of the phosphora-
midate groups on these a-amino acid esters was performed by
a methodology based on the Todd-Atherton reaction.'” This
method uses a dialkylphosphite 1 carrying two unsaturated lip-
ophilic chains, the amino acid methyl ester 2a or 2b as a hy-
drochlorate salt, bromotrichloromethane and diisopropylethyl-
amine (DIPEA) acting as a base to generate the free a-amino
acid esters in situ and to trap the produced HCl (Scheme 1A).
Similar conditions have been used in the past for the synthesis
of amino acids functionalised with a diisopropylphosphorami-
date function without any racemisation."®'? To avoid side reac-
tions between the acidic function of the amino acid and the
phosphite or phosphoramidate, these amino acids had to be
protected as their ester forms. Indeed, attempts to engage the
free carboxylic acid function in this reaction triggered side re-
actions characterised by the loss of some amount of lipophilic

N
(CH),—NH, CI-

0 c1-

S P-NH=(CHy,~ NH:VNHZ
NH;

6an=2

6bn=4

1463

www.chembiochem.org



www.chembiochem.org



BIO

P. Jaffres, P. Midoux et al.

Table 1. Synthesis of lipophosphoramidate-amino acid esters 3a, 3b and 4.

Substrate Product number R DIPEA Solvent Product name Yield% (mass g)®
NH,

2a . 31

(arginine methyl ester) 3a HN NH, 3 equiv MeOH Arg (1.26)
NH,

2b . 30

(homoarginine methyl ester) 3b HN NH, 3 equiv MeOH H-Arg (1.17)

2c 4 —NH, 2 equiv CHCl, Lys 90

(N-BOC lysine methyl ester) (3.50)

[a] Pure compounds.

chains, leading to complex mixtures. The postulated mecha-
nism could involve a cyclisation via the carboxylate intermedi-
ate as a nucleophilic reagent and the phosphorus atom of the
phosphoramidate functional group acting as the electrophile.
This type of intramolecular cyclisation involving a phosphorus
function has already been reported.?*?"

By our synthesis strategy, new amphiphiles derived from ar-
ginine (Arg, 3a) and homo-arginine (H-Arg, 3b) were isolated
in moderate yields (Scheme 1A and Table 1). This was probably
related to side reactions between the solvent (methanol) and
the bromodialkylphosphate generated in situ from dialkylphos-
phite under the Todd-Atherton coupling conditions. We inves-
tigated replacement of methanol with a less nucleophilic sol-
vent, but in all cases difficulties associated with the solubilities
of the precursors 2a and 2b ruled out these attempts. In spite
of the moderate yields, these syntheses were achieved at a
scale allowing isolation of 1 to 1.2 g of pure product in one
batch, and further scaling up was also possible. To apply this
methodology to lysine, protection of the amine function locat-
ed on the side chain of the amino acid was required. The use
of N-BOC-lysine (2¢) was suitable for the Todd-Atherton cou-
pling, providing (after deprotection with triflic acid and anion
exchange with HCl) compound 4 (Lys; Scheme 1B and
Table 1). The excellent yield (90%) might be explained by it
having been possible in this case to perform the Todd-Ather-
ton coupling in chloroform, which subsequently allowed the
formation of side products to be avoided.

Synthesis of m-amino- and w-guanidinium alkylphosphor-
amidate lipids

The carboxylic ester group present in lipids 3a, 3b and 4 may
have several effects on the vectorisation process. First of all, it
might act as a hydrogen bond acceptor and might therefore
play a role in the cohesion of the lipoplex. This carboxylic ester
function could also be hydrolysed by chemical or biochemical
processes and produces free carboxylic acid inside biological
media. This could induce a strong structural modification of
the lipoplex because one lipophilic chain could be lost. This
reaction was observed when the synthesis of lipids was per-
formed with amino acids containing an unprotected carboxylic
acid function. Furthermore, such hydrolysis would transform
the lipid from a cationic into a zwitterionic structure that could
help the pDNA escape into the cytosol. In order to evaluate
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the influence of the carboxylic ester group on the transfection
efficiency, we synthesised four other phosphoramidate lipids
exhibiting some structural similarities with the previous ones
but without the carboxylate ester function. Firstly, we attempt-
ed the synthesis of compound 6b in one step starting from
agmatine sulfate (4-aminobutyl-guanidine sulfate) under Todd-
Atherton coupling conditions. Unfortunately, the solubility of
that starting compound was very low in organic solvents, in-
cluding methanol, so we synthesised two w-aminophosphora-
midates in the presence of large excesses of ethylenediamine
and putrescine to avoid the formation of a diphosphoramidate
(Scheme 1C). Next, the resulting compounds 5a (EDA) and 5b
(BDA) were each treated with a guanidylation reactant (1H-
pyrazole-1-carboxamidine monohydrochloride) in ethanol
(Scheme 1C) to produce compounds 6a (E-guanidino) and 6b
(B-guanidino) in 70 % yields.

Synthesis of imidazolium alkylphosphoramidate lipids

The molecular diversity of our phosphoramidate was further
increased through incorporation of an imidazole heterocyclic
ring. Taking account of the fact that the imidazole ring present
on the histidine side chain has a pK, of 6.04, so that ~4% of
the molecules are protonated at physiological pH, we decided
to introduce an imidazolium group to guarantee a permanent
cationic charge. The cationic phosphoramidate 7a (imidazo)
was synthesised as already reported,”” while compound 7b
was prepared in two steps starting with treatment of the 3-
aminopropylimidazole with dialkylphosphite under Todd-Ath-
erton conditions, followed by imidazole quaternarisation in the
presence of methyl iodide (Scheme 1D). It is worth noting that
the structures of these imidazolium phosphoramidate lipids
were very different from that of DOTIM, a 1,3-dialkylated imida-
zolinium derivative developed by Solodin et al.**

Transfection efficiency

The ability of each phosphoramide lipid to transfect mammali-
an cells was examined with HEK293-T7 cells and pCMVLuc, a
plasmid encoding the luciferase gene. The plasmid DNA was
complexed with liposomes formed with a phosphoramidate
lipid either without DOPE (DOPE-free liposomes) or with one
molar equivalent of DOPE (DOPE liposomes). DOTAP was used
as a gold-standard transfection reagent. Surprisingly, we were

ChemBioChem 2008, 9, 14621471
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not able to prepare liposomes with the lipophosphorimidate
7b either in the absence or in the presence of DOPE. The
transfection efficiency was determined by measuring the luci-
ferase activity in cell lysates. Figure 1 summarises the transfec-

L
DOTAP

imidazo (7a)

BDA (5b) —'—‘”

Lys (4)

B-guanidino (6a

H-Arg (3b; —='—“
) —!—'
) _

EDA (5a
E-guanidino (6a

Arg (3a)
KLN47 ——
1x10% 1x10°  1x10° 1x107  1x10®  1x10°

RLU / mg protein ——

Figure 1. Transfection of HEK293-T7 cells with lipoplexes. Cells were trans-
fected with pCMVLuc (2.5 pg) in complexation with various phosphorami-
date liposomes made either with (m) DOPE (1:1, m/m) or without (o) DOPE.
The luciferase activity expressed as Relative Light Units (RLUs) per mg pro-
tein was measured after 48 h of culture. The values shown are averages of
three independent experiments. The lipid/DNA charge ratio was 2 for com-
pounds 7a and 6a and 4 for the other compounds.

tion efficiency obtained with 2.5 ng pDNA at the optimal lipid/
DNA charge ratio, which corresponds to the ratio between the
number of positive charges of the liposomes and the number
of negative charges of the pDNA phosphate, under the as-
sumption that at pH 7.4 all the lipid headgroups were positive
and all the pDNA phosphate functions were negative. Experi-
ments conducted with lipoplexes made with DOPE-free lipo-
somes revealed that the transfection efficiency was in the
same range whatever the cationic lipid used, with the lucifer-
ase activity ranging from 10’ to 5x10’ RLU per mg protein.
With DOPE-containing liposomes, the efficiency depended on
the type of the cationic lipid used, within a ranking in the fol-
lowing order: imidazo (7a)> E-guanidino (6a)>DOTAP~Lys
(4)~EDA (5a)>BDA (5b)~KLN47>Arg (3a)>H-Arg (3b)>B-
guanidino (6b). Thus, we first found that the transfection effi-
ciency was dramatically improved by the insertion of an imida-
zolium headgroup (100-fold in relation to KLN47). Next, the
highest luciferase activity with imidazo- (7a) and E-guanidino-
lipoplexes (6a) was obtained at a lipid/DNA charge ratio of 2
whereas with the other types of lipoplexes it was obtained at
a lipid/DNA charge ratio of 4. The imidazo-lipoplexes (7 a) gave
the highest luciferase activity (10° RLU per mg protein), ten
and ~100 times higher than those of the E-guanidino- (6a)
and DOTAP-lipoplexes, respectively. With reference to the lipo-
somes developed by Springer and co-workers"® composed of
diether lipids with structures based on an amino-glycerol back-
bone and cholesterol as the colipid, we also found that the
transfection efficiencies of Lys-lipoplexes (4) were superior to
those of Arg-lipoplexes (3 a). The efficacies of the imidazo-lipo-
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plexes (7 a) were 100 times higher when DOPE was present. In
contrast, no great benefit was observed on addition of DOPE
to the other cationic lipids, although it is widely accepted that
inclusion of DOPE promotes hexagonal organisation, favouring
membrane destabilisation.****' Here, one may suppose that a
lamellar/hexagonal transition phase might be favoured in imi-
dazo (7 a)/DOPE-liposomes. A higher transfection efficiency of
imidazo-lipoplexes (7a) than of DOTAP/DOPE lipoplexes was
also observed with Hela cells. The luciferase activities were
8.6x10° and 10° RLU per mg protein with imidazo-lipoplexes
(7 a) and DOTAP/DOPE-lipoplexes, respectively.

To ascertain the numbers of transfected cells, transfection
was also performed with pCMV-EGFP, a plasmid DNA encoding
the green fluorescent protein. As shown in Figure 2, 13, 12, 7
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Figure 2. Ascertainment of the number of transfected HEK293-T7 cells. Cells
were transfected with various cationic lipid/DOPE-liposomes in complexation
with pCMV-EGFP (2.5 pg). After a culture time of 48 h, the number of cells
expressing EGFP was measured by flow cytometry (4., =488 nm; A.,,=

520 nm). Each number indicates the mean fluorescence intensity (MFI) of
the cells in arbitrary units. The values shown are each averages of three in-
dependent experiments. The lipid/DNA charge ratio was 2 for compounds
7a and 6a and 4 for the other compounds.

and 3% of the cells expressed EGFP upon transfection with
imidazo (7a)/DOPE-, DOTAP/DOPE-, E-guanidino (6a)/DOPE-
and KLN47/DOPE-lipoplexes, respectively. This percentage with
the other lipoplexes was lower than 1%. Although imidazo
(7a)/DOPE- and DOTAP/DOPE-lipoplexes yielded very similar
percentages of transfected cells, the amount of EGFP produced
inside the cells (which was proportional to the mean of the
fluorescence intensity, MFI) was actually higher in cells trans-
fected with the former than with the latter. These results are in
agreement with the higher luciferase activity observed with
imidazo (7 a)/DOPE-lipoplexes than with the DOTAP/DOPE
ones (Figure 1)

Interestingly, imidazo (7 a)/DOPE-lipoplexes induced low tox-
icity (15%), the cell viability being comparable to those ob-
served for the other lipoplexes (Figure 3). In contrast, lipoplex-
es containing the guanidinium phosphoramidate lipid (6a)
displayed high cytotoxicity (62%, not shown). It should be
stressed that a cholesterol derivative with a headgroup bearing
two guanidinium groups,”® as well as a non-cholesterol-based
cationic amphiphile bearing a single guanidinium group,””
have been described previously. A cell viability of >75% was
claimed when CHO cells were transfected with the latter in as-
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Figure 3. Cell viability after transfection. Colorimetric MTT assay-based per-
centage cell viabilities after transfection with the various lipoplexes. The
lipid/DNA charge ratio was 2 for compounds 7a and 6a and 4 for the other
compounds.

sociation with cholesterol as colipid at a positive charge ratio
of 3, but high toxicity was in fact observed at higher charge
ratios.

Physical parameters of liposomes and lipoplexes

Dynamic light scattering measurements of DOPE-free lipo-
somes indicated that their diameters were between 130 and
240 nm (Table 2). In the presence of one molar equivalent
DOPE, H-Arg- (3b) and Lys-liposomes (4) were bigger in size
(+30% and +50%, respectively) than their DOPE-free counter-
parts. Slight decreases in size, by 16% and 13%, were noted
for the BDA- (5b) and B-guanidino-liposomes (6b), respective-
ly. There were no significant changes for the other cationic
lipid/DOPE-liposomes. The size of DOTAP-liposomes, which
was very small (35nm) in the absence of DOPE, increased
about sixfold in the presence of DOPE and was similar to those
of the lipophosphoramidate/DOPE-liposomes. Phosphorami-
date liposomes were positively charged, with { potential
values ranging from 24 to 76 mV. The global charges of the
Arg- (3a), H-Arg- (3 b), Lys- (4), B-guanidino- (6 b) and imidazo-
liposomes (7 a) were reduced by 15% to 20% in the presence
of DOPE, while that of the EDA-liposomes (5a) was lowered by
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38% (Table 2). Comparatively, DOTAP liposomes were less posi-
tively charged.

Usually when lipoplexes are formed at high positive charge
ratios, both lipids and pDNA undergo topological transforma-
tion into compact quasi-spherical particles, in which the com-
plexes have an ordered multilamellar structure. In these, the
sizes of the phosphoramidate lipoplexes (formed at their lipid/
DNA charge ratio optimal for transfection) were bigger (20%
to 67 %) than those of the corresponding liposomes (Table 2).
In contrast, the sizes of the imidazo- (7 a) and B-guanidino-lipo-
plexes (6b) did not increase. With regard to the global surface
charge, the T potential values of KLN47-, Arg- (3a), H-Arg-
(3b), Lys- (4), B-guanidino- (6b) and DOTAP-lipoplexes were
highly positive and close to those of their corresponding DNA-
free liposomes (Table 2). This suggests that the plasmid DNA
was surrounded by sufficient cationic lipids to neutralise the
negative charge of the DNA completely and to provide a com-
plex with a net positive charge. In contrast, E-guanidino (6a)/
DOPE-, imidazo- (7 a), EDA- (5a) and BDA-lipoplexes (5b) were
negative, suggesting either 1) that the liposomes did not com-
pletely surround the plasmid, or 2) that the pDNA and cationic
lipids were organised in a different way within those lipoplex-
es, thus providing complex with net negative charges. From
the transfection efficiency data (Figure 1), it is interesting to
notice that imidazo- (7a) and E-guanidino-lipoplexes (6a),
which gave the highest transfection efficiencies, had negative
¢ potentials. This indeed contrasts with the fact that efficient
transfection is usually correlated with a high association of
positively charged lipoplexes with negatively charged residues
on the cell surface.

Liposome-DNA interactions

SYBR Green | was used to investigate DNA-liposome interac-
tions. This nonfluorescent molecule becomes fluorescent once
intercalated between the base pairs of plasmid DNA. Converse-
ly, the fluorescence intensity drops, due to dye exclusion,
when DNA condensation occurs in the presence of cationic lip-
osomes. As shown in Figure 4, the dye exclusion depended on
the liposome types. The fluorescence intensities decreased

Table 2. Sizes and ¢ potentials of liposomes and lipoplexes.
Size [nm] g [mv]
Liposomes Lipoplexes Liposomes Lipoplexes

—DOPE™ +DOPE®! —DOPE™ +DOPE®! —DOPE™ +DOPE®! —DOPE® +DOPE®
KLN47 210+4 21444 229423 255+18 62+2 61+2 60+1 65+1
Arg (3a) 165121 169122 218+29 203 +42 76+6 65+2 6411 62+6
H-Arg (3b) 143+20 21143 239+31 220+£23 70+2 5343 75+2 50+3
Lys (4) 129437 218+6 170+32 240+£28 69+5 56+1 63+4 53+1
E-guanidino (6a) 177 £22 189+12 23147 226 +51 63+t4 64+1 21+£5 —17+2
imidazo (7 a) 244+ 56 269+29 236+20 231+£41 69+2 56+1 —1.2+0.2 —-10+4
EDA (5a) 212+26 202+£18 250+23 223+£12 39+4 2442 —26+2 —18+4
BDA (5b) 205+10 171+20 239426 228+18 40+£3 37+6 —942 —14+4
B-guanidino (6 b) 193+12 168 +40 219+8 186+ 14 71+2 62+6 42+6 39+2
DOTAP 3543 200+£25 77 +23 1254+10 20+4 3842 3141 37+1

243 +£20 293+£10

[a] With DOPE, the lipid/DOPE molar ratio was 1:1. Lipoplexes were formed at the lipid/DNA charge ratio which gave the highest transfection efficiency.
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Figure 4. DNA-liposome interactions: pDNA (1 pg) in the presence of SYBR
Green | was added to solutions containing various amount of liposomes
(cationic lipid/DOPE molar ratio of 1:1). After 30 min at 20 °C, the fluores-
cence intensities were measured (Ao =488 nm; A.,,=520 nm) and the frac-
tions of dye exclusion were calculated from the fluorescence intensities ob-
served in the absence and in the presence of liposomes. Arg (3a) (A); H-Arg
(3b) (a); imidazo (7 a) (e); E-guanidino (6a) (0); Lys (4) (0); DOTAP (m); EDA
(5a) (#); BDA (5b) (¥).

drastically when the amounts of E-guanidino (6a)/DOPE- and
DOTAP/DOPE-liposomes increased, indicating that they inter-
acted strongly with the plasmid DNA. Indeed, 50% of the dye
was excluded when 1 um DNA was added to 5 um and 10 um
(corresponding to lipid/DNA charge ratios of 0.8 and 1.7,
respectively) of E-guanidino (6 a)/DOPE- and DOTAP/DOPE-lipo-
somes, respectively. Half of the dye was excluded with 20 um
imidazo (7 a)/DOPE-liposomes, indicating that these liposomes
interacted significantly less with the plasmid DNA. BDA (5b)/
DOPE- and EDA (5a)/DOPE-liposomes led to 35% and 30%
dye exclusion at 30 pum. In conclusion, the strengths of the lip-
osome-DNA interactions were in the following order: E-guani-
dino (6a)>DOTAP> imidazo (7a)>BDA (5a)~EDA (5b). In
contrast, no significant dye exclusion was observed in the pres-
ence of Arg (3a)/DOPE-, H-Arg (3b)/DOPE- and Lys (4)/DOPE-
liposomes, suggesting the absence of tight complexes with
pDNA.

The gel retardation experiments confirmed that E-guanidino
(6a)/DOPE- and DOTAP/DOPE-liposomes formed strong lipo-
plexes (data not shown). Indeed, no migration of the pDNA
was observed in the presence of 20 um of those liposomes.
Conversely, a small amount of pDNA was released and migrat-
ed into the agarose gel in the presence of 20 um imidazo (7 a)/
DOPE-liposomes. In contrast, pDNA migration was observed
with the other DOPE liposomes. These data are in agreement
with dye exclusion experiments. It is notable that the elonga-
tion of the spacer by a methylene group between the lipid
moiety and the cationic head of H-Arg (3b) did not increase
the interaction with pDNA in relation to Arg (3a). The carbox-
ylic ester groups present in the Arg (3a), H-Arg (3b) and Lys
(4) phosphoramidate lipids did not seem to give any benefit
for DNA-liposome association. Theoretically, they would be
expected to impair the interactions between the phosphate
groups of the nucleic acid and the basic function of the cation-
ic lipids. Indeed, the E-guanidinium phosphoramidate lipid
(6a), without a carboxylic ester group, gave liposomes that
interacted more strongly with the DNA than their Arg (3a)
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counterparts. Similarly, the EDA (5a) and BDA (5b) phosphora-
midate liposomes interacted more strongly with the DNA than
their Lys (4) counterpart.

DNA uptake

It is widely accepted that the main entry route of lipoplexes
into the cells is endocytosis. To evaluate plasmid DNA internali-
sation as a function of the natures of the cationic headgroups
of liposomes, HEK293-T7 cells were incubated for 2 h at 4°C
or 37°C in the presence of lipoplexes made with fluorescein-la-
belled pDNA and of DOPE-containing liposomes. The cell fluo-
rescence intensities were then measured by flow cytometry.
Cells incubated at 4°C were harvested by scraping without
trypsin treatment to measure lipoplexes bound on the cell sur-
face, while upon incubation at 37°C, cells were harvested with
trypsin to discard lipoplexes bound on the cell surface and to
measure F-pDNA internalised into the cells. As shown in Fig-
ure 5A, the means of cell fluorescence intensity (MFI) of cells
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Figure 5. Uptake of lipoplexes. A) HEK293-T7 cells were incubated for 4 h
either at (m) 37°C or () 4°C with various lipoplexes made with fluorescein-
labelled DNA (2.5 pg) and cationic lipid/DOPE liposomes (1:1, m/m). After
having been washed, the cells were harvested as indicated in the text, and
the mean cell-associated fluorescence intensity (MFI) was measured by flow
cytometry (A.,=488 nm; A., =520 nm). The lipid/DNA charge ratio was 2
for compounds 7a and 6a and 4 for the other compounds. B) Histograms
of cells incubated at 37°C in a) the absence and b) the presence of 7 a-lipo-
plexes.

incubated at 4°C showed that the binding of E-guanidino-
(64a), imidazo- (7a) and KLN47-lipoplexes to the cell surfaces
was around three to four times stronger than with the other
lipoplexes. These data indicated that there was no obvious cor-
relation between the binding of the lipoplexes onto HEK293-
T7 cells and their ¢ potential values. The binding was indeed
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strong both with negative lipoplexes (imidazo (7a) and E-gua-
nidino (6a)) and with positive lipoplexes (KLN47 and DOTAP).

In relation to cells incubated at 4°C, the MFls of the cells in-
cubated at 37°C had increased twofold with E-guanidino- (6a)
and imidazo-lipoplexes (7 a) and fourfold with DOTAP-lipoplex-
es (Figure 5A). This indicated that those lipoplexes were readily
taken up by the cells. As shown by flow cytometry histograms,
the majority of the cells internalised imidazo-lipoplexes (7 a,
Figure 5B). In contrast, we observed only weak cellular uptake
with KLN47-, Arg- (3a), H-Arg- (3b) and Lys (4) lipoplexes. Ac-
cording to their weak interaction with pDNA as revealed by
dye exclusion and electrophoresis gel retardation, disassembly
of these latter lipoplexes in the extracellular environment or at
the cell membrane level might explain their low internalisation
by the cells. The transfection efficiency was correlated with the
uptake of pDNA. Indeed, lipoplexes that were taken up well
(imidazo- (7a), E-guanidino- (6a) and DOTAP lipoplexes) were
also those that displayed high transfection efficiencies (Fig-
ure 1). Different endocytosis mechanisms can occur depending
on the size of those lipoplexes. For instance, it has been re-
ported that lipoplexes with a size of ~200 nm are taken up by
clathrin-mediated endocytosis, but that bigger ones or aggre-
gates are taken up by caveolae-mediated endocytosis or mac-
ropinocytosis.” The differences in their transfection efficiencies
might thus be related to their propensity to form aggregates
once in culture medium. Difference could also occur in their
capacity to deliver the plasmid into the cytosol and/or the
nucleus.

Conclusions

Phosphoramidate lipids have been proposed in order to devel-
op a family of cationic lipids having some chemical similarity
to the phospholipids present in the cell membranes, to de-
crease lipoplex cytotoxicity. Cationic phosphoramidate lipids
with a polar head made of an ammonium, a phosphonium or
an arsonium group have proved to be efficient in transfecting
cells both in vitro and in vivo. Here, a series of new cationic
phosphoramidate lipids characterised either by a permanent
cationic charge (guanidinium or imidazolium groups) or by an
acquired charge at physiological pH (amino group) was syn-
thesised. The other cationic lipids were synthesised from a,w-
diaminoalkanes or a-amino-w-imidazolyl alkanes. We basically
found that the incorporation of an imidazolium headgroup
(compound 7a) resulted in a 100-fold improvement in the
transfection efficiency relative to that of the arsonium lipo-
phosphoramidate KLN47. Cationic liposomes made up of equi-
molar amounts of compound 7a and DOPE formed negatively
charged lipoplexes, yielding the most efficient transfection of
HEK293-T7 cells, with low toxicity. With regard to the other
derivatives, no benefit was obtained from the presence of car-
boxylic methyl ester groups in the arginine (3a), homoarginine
(3b) and lysine (4) polar heads. These lipophosphoramidates
did not form tight complexes with DNA, and transfections
were equal to or less efficient than with those observed with
the analogous compounds (6a, 6b, 5a, 5b) without carboxylic
methyl ester groups. Comparison between lipoplexes made
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with compounds 3a versus 3b, 5a versus 5b and 6a versus
6b shows that the transfection efficiency was better when the
spacer between the phosphoramidate moiety and the polar
head was short. Our results indicate that the uptake of lipo-
plexes by the target cells was clearly correlated with their final
transfection efficiencies. The absence of any evident correlation
between the & potentials of the lipoplexes and their transfec-
tion efficiencies, as well as their capacity to bind to and be
taken up by the cells, suggests that more physicochemical and
biological characterisations of lipoplexes will have to be con-
ducted. Although the guanidinium counterpart of compound
7a also exhibited high transfection efficiency, compound 6a
induced very high cytotoxicity, suggesting that imidazolium
group is less harmful for the cells than guanidinium. Com-
pound 7 a, which is more effective in vitro than KLN47, the in
vivo efficiency of which has been demonstrated, might be
expected also to be more effective in vivo. In conclusion, the
design of cationic lipids with a permanent cationic charge con-
tributed by an as yet not greatly developed imidazolium group
might be worth consideration for the design of new cationic
lipids for nonviral gene delivery.

Experimental Section

All reagents were purchased from Sigma (St. Quentin Fallavier,
France) unless stated otherwise. Solvents were freshly distilled on
appropriate drying agents (CH,Cl, was distilled over P,0Os;, DIPEA
was distilled over NaOH), and reactions were run under nitrogen.
All compounds were fully characterised by 'H (500 MHz), "*C
(100 MHz) and 3*'P (121.49 MHz) NMR spectroscopy (Bruker AC 300
and Advance DRX 500 spectrometers). Coupling constants (J) are
given in Hertz. When needed, *C heteronuclear HMQC and HMBC
were used to establish structures unambiguously. Mass spectrosco-
py analyses were performed by CRMPO (Université de Rennes 1,
Rennes, France) with a MS/MS high-resolution Micromass ZABSpec-
TOF. Commercial compounds [Boc-lysine methyl ester hydrochlo-
ride (2¢, Novabiochem, VWR International S.A.S, Fontenay sous
Bois, France), ethylenediamine, diaminobutane, pyrazolecarboxa-
mide hydrochloride, 3-aminopropylimidazole] were used as re-
ceived. The other amino esters 2a-b were synthesised from amino
acids.”® Dioleylphosphite (1) was synthesised by the reported
method.”” DOTAP was purchased from Sigma and DOPE from
Fluka.

General procedure for the synthesis of phosphoramidates from
a-aminomethyl esters 3a and 3b: Phosphite 1 (2.91 g, 5 mmol)
and arginine or homoarginine methyl ester dihydrochloride (1.3 g,
or 149, 5mmol) were dissolved in methanol (20 mL). CBrCl;
(550 pL, 5.5 mmol) was then added under nitrogen at 0°C, fol-
lowed by slow addition of DIPEA (2.6 mL, 15 mmol). The reaction
mixture was stirred for 2 h at 0°C and for one night at 20°C. After
purification by silica column chromatography (CHCl;/MeOH 100:0
to 80:20) these compounds were obtained as orange oils (yields:
3a=31%, 3b=30%).

0,0-Dioleyl-N-(L-arginine methyl ester)phosphoramidate 3:
'H NMR (DMSO): =0.83 (t, *Jyy=6.6 Hz, 6H; CH;), 1.23 (m, 44H;
CH,), 1.53 (m, 4H; CH, B-0), 1.96 (m, 8H; CH, a-CH=CH), 1.52 (m,
2H), 1.65 (m, 2H), 3.10 (m, 2H), 3.60 (m, CH), 3.61 (s, 3H; OCHj),
3.95 (M, ¥ypu=>)py=6.4 Hz, 4H; CH, 0-0), 531 (m, 4H; CH=CH),
542 (t, 1H; NH), 7.80 ppm (m, 1H; NH); '*C NMR (DMSO): 6=13.8
(s; 2CH,), 22.0 to 31.3 (s; 28CH,), 25.1 (s; CH,), 29.0 (d, *Jpc=

ChemBioChem 2008, 9, 14621471



www.chembiochem.org



High Transfection Efficiency of an Imidazolium Derivative

6.2 Hz; 2CH, B-0), 30.0 (s; CH,), 39.9 (s; CH,), 51.6 (s; OCH,), 53.6
(s; CH), 65.3 (d, ZJRC:6.6 Hz; 2CH, a-0), 129.5 (s; CH=CH), 129.9 (s;
CH=CH), 156.8 (s; C=NH,), 173.5 ppm (s; CO,); *'P NMR (DMSO):
0=89 ppm (s); ESI for C,HgN,OsP: calcd 769.63359 [M+H]";
found: 769.6338.

0,0-Dioleyl-N-(.-homoarginine methyl ester)phosphoramidate
(3b): '"HNMR (DMSO): 6=0.83 (t, *Jyy=6.6 Hz, 6H; CH;), 1.23 (m,
44H; CH,), 1.53 (m, 4H; CH, B-0), 1.45 (m, 2H), 1.50 (m, 2H), 1.65
(m, 2H), 1.96 (m, 8H; CH, a-CH=CH), 3.06 (m, 2H), 3.54 (m, CH),
3.62 (5, 3H; OCH), 3.95 (M, *Jyyy= "oy =6.4 Hz, 4H; CH, 0-0), 5.31
(m, 4H; CH=CH), 5.38 (m, 1H; NH), 7.65 ppm (m, 1H; NH); '*C NMR
(DMSO): 6=13.8 (s; 2CH;), 22.0 to 31.3 (s; 28CH,), 21.3 (s; CH,),
27.8 (s; CH,), 29.0 (d, *Jpc=6.2 Hz; 2CH, B-0), 29.4 (s; CH,), 40.7 (s;
CH,), 51.4 (s; OCH,), 54.5 (s; CH), 65.3 (d, *Jpc=6.6 Hz; 2CH, a-0),
129.5 (s; CH=CH), 129.9 (s; CH=CH), 156.8 (s; C=NH,), 173.5 ppm (s;
CO,); *'P NMR (DMSO): 5=8.8 ppm (s); ESI for C,,HgN,OsP: calcd
783.64924 [M+H]"; found: 783.6484.

Synthesis of O,0-dioleyl-N-(L-lysine methyl ester)phosphorami-
date (4): Phosphite 1 (2.91 g, 5 mmol) and Boc-lysine methyl ester
hydrochloride (1.48 g, 5 mmol) were dissolved in CHCl; (20 mL).
CBrCl; (550 pL, 5.5 mmol) was then added under nitrogen at 0°C,
followed by slow addition of DIPEA (1.74 mL, 10 mmol). The reac-
tion mixture was stirred for 2 h at 0°C and for one night at 20°C.
After evaporation under reduced pressure, the crude product was
dissolved in ether. After filtration, the residue was concentrated in
vacuo to produce the N-BOC-protected phosphoramidate. This
compound was then stirred in a CH,Cl,/CF;CO,H mixture (5 mL/
5mL) over 2 h at 20°C. After concentration in vacuo, the residue
was dissolved in CH,Cl, and stirred in the presence of an excess of
K,CO; (1.5 g) and one drop of NEt;. The solution was stirred for 2 h
at 20°C. After filtration, an excess of HCl in solution in diethyl
ether (2N/4 mL) was added, and the reaction mixture was stirred
for 1 h at 20°C. Evaporation of the solvents produced compound 4
as an orange oil. (yield=70%). '"H NMR (DMSO): 6=0.83 (t, *Jyu=
6.6 Hz, 6H; CH;), 1.23 (m, 44H; CH,), 1.35 (m, 2H), 1.53 (m, 4H; CH,
B-0O), 1.55 (m, 2H); 1.60 (m, 2H), 1.96 (m, 8H; CH, a-CH=CH), 2.70
(t; *Jyu=7.4Hz, 2H), 3.55 (m, CH), 3.71 (s, 3H; OCH,), 3.95 (m,
*Jyn=>Joy=6.4Hz, 4H; CH, 0-0), 531 (m, 4H; CH=CH), 5.35 ppm
(m, TH; NH); *C NMR (DMSO): 6 =13.8 (s; 2CH,), 22.0 to 31.3 (s;
28CH,), 25.0 (s; CH,), 26.5 (s; CH,), 28.8 (s; CH,), 29.0 (d, *Jpc=
6.2 Hz; 2CH, 3-0), 38.5 (s; CH,), 51.6 (s; OCHj3), 53.9 (s; CH), 65.3 (d,
2J,c=6.6 Hz; 2CH, 0-0), 1295 (s; CH=CH), 129.9 (s; CH=CH),
173.6 ppm (s; CO,); *'PNMR (DMSO): 6=8.7 ppm (s); ESI for
Cu3HgN,OsP, IM4H]™; calcd: 741.62744; found: 741.6262.

Synthesis of ®-aminoalkylphosphoramidates: Phosphite 1
(2.91 g, 5 mmol) and ethylenediamine or diaminobutane (3.34 mL
or 4.17 mL, 50 mmol) were dissolved in CH,Cl, (10 mL). CBrCl,
(500 pL, 5 mmol) was then added, and the solution was stirred for
one night. After washing with water (2x50 mL), the organic phase
was dried over anhydrous magnesium sulfate, filtered and evapo-
rated to give the desired compound as a yellow oil (yields: 5a=
85%, 5b=76%).

0,0-Dioleyl-N-ethylenediaminephosphoramidate (5a): 'H NMR
(CDCly): 6=0.86 (t, *Jy;;=6,.6 Hz, 6H; CH,), 1.26 (m, 44H; CH,), 1.65
(m, 4H; CH, B-0), 1.99 (m, 8H; CH, a-CH=CH), 2.64 (m, 2H; NH,),
2.78 (t, *Jyy=>5.5Hz, 2H), 2.94 (m, 2H), 3.33 (m, 1H; NH), 3.98 (m,
Jun=Jpy=6.4Hz, 4H; CH, 0-0), 532ppm (m, 4H; CH=CH);
BBCNMR (CDCls): 6=14.1 (s; 2CH,), 22.6 to 32.0 (s; 28CH,), 30.3 (d,
3Joc=6.2 Hz; 2CH, B-0), 42.7 (s; CH,), 43.7 (s; CH,), 66.1 (d, Ypc=
6.6 Hz; 2CH, 0-0), 129.6 (s; CH=CH), 129.7 ppm (s; CH=CH);
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P NMR (CDCl;): 6=10.0 ppm (s); ESI for CygH,gN,O,P; calcd:
641.57501 [M+H]"; found: 641.57309.

0,0-Dioleyl-N-diaminopropanephosphoramidate (5b): 'H NMR
(CD,0D): =0.89 (t, *y;=6.6 Hz, 6H; CH,), 1.29 (m, 44H; CH,),
1.52 (m, 2H), 1.53 (m, 2H), 1.66 (m, 4H; CH, 3-O), 2.00 (m, 8H; CH,
a-CH=CH), 2.69 (t, 2H), 2.89 (m, *J,,,=5.5 Hz, 2H), 3.98 (M, )y, =
3Joy=6.4 Hz, 4H; CH, a-0), 5.32 ppm (m, 4H; CH=CH); *C NMR
(CD,0D): 6=14.5 (s; 2CHs), 23.7 to 33.6 (s; 28CH,), 30.0 (s; 2CH,),
30.8 (d, 3Jpc=6.2 Hz; 2CH, B-0), 41.9 (s; CH,), 42.0 (s; CH,), 67.5 (d,
2Joc=6.6 Hz; 2CH, a-0), 130.8 (s; CH=CH), 130.9 ppm (s; CH=CH);
'PNMR (CD;0OD): 6=9.7 ppm (s); ESI for C,HgN,0;P calcd:
669.60631 [M+H]"; found: 669.6067.

Synthesis of guanidinium phosphoramidates 6a and 6b: Com-
pounds 5a or 5b (1.92 g or 2 g, 3 mmol) and pyrazolecarboxamide
hydrochloride (440 mg, 3 mmol) were dissolved in absolute etha-
nol (30 mL). DIPEA (523 pL, 3 mmol) was then added, and the reac-
tion mixture was heated at reflux overnight. After concentration in
vacuo, the residue was dissolved in CH,Cl, (30 mL) and washed
with water (2x50 mL), and the organic phase was dried over an-
hydrous magnesium sulfate, filtered and evaporated to give the
desired compound (yield =70%).

0,0-Dioleyl-N-(2-guanidinylethylene)phosphoramidate (6a):
"HNMR (CD;0D): 6 =0.84 (t, *J;,,=6.6 Hz, 6H; CH;), 1.24 (m, 44H;
CH,), 1.55 (m, 4H; CH, B-0), 1.96 (m, 8H; CH, a-CH=CH), 2.85 (m,
2H), 3.14 (m, 2H), 3.87 (m, *Jyy="Jpy=6.4 Hz, 4H; CH, a-0), 4.96
(m, 1H; NH), 532 (m, 4H; CH=CH), 7.54 ppm (m, 1H; NH); *C NMR
(CD;0D): 6=14.1 (s; 2CHy), 22.6 to 32.0 (s; 28CH,), 26.6 (d, *pc=
6.2 Hz; 2CH, B-0), 39.9 (s; CH,), 42.0 (s; CH,), 65.4 (d, 2Jpc =6.6 Hz;
2CH, a-0), 129.6 (s; CH=CH), 129.7 (s; CH=CH), 157.8 ppm (s; C=
NH,); 3'P NMR (CD;0D): 6 =9.9 ppm (s); ESI for C3gHg,N,O5P: calcd:
683.59681 [M+H]"; found: 683.5967.

0,0-Dioleyl-N-(3-guanidinylpropylene)phosphoramidate (6 b):
"H NMR (CD;0D): 6 =0.89 (t, *},,,=6.6 Hz, 6H; CH,), 1.29 (m, 44H;
CH,), 1.53 (m, 2H), 1.55 (m, 2H), 1.62 (m, 4H; CH, (-0), 2.00 (m,
8H; CH, a-CH=CH), 2.91 (m, 2H), 3.17 (m, 2H), 3.95 (m, *Jy, =
3Jon=6.4 Hz, 4H; CH, a-0), 5.34 ppm (m, 4H; CH=CH); *C NMR
(CD,0D): =145 (s; 2CH;), 26.7 to 33.6 (s; 28CH,), 26.9 (d, *Jpc=
6.2 Hz; 2CH, B-0), 28.0 (s; 2CH,), 41.5 (s; CH,), 42.1 (s; CH,), 67.6
(d, 2Jpc=6.6 Hz; 2CH, 0-0), 130.9 (s: CH=CH), 131.4 (s; CH=CH),
157.0 ppm (s; C=NH,); *'P NMR (CD;0D): 6 =10.3 ppm (s).

Synthesis of 0,0-dioleyl-N-[3N-(N-methylimidazolium iodide)pro-
pylene]phosphoramidate (7b): Phosphite 1 (2.91 g, 5 mmol) and
3-aminopropylimidazole (597 pL, 5 mmol) were dissolved in CHCI,
(20 mL). CCl, (530 pL, 5.5 mmol) was then added under nitrogen at
0°C, followed by slow addition of DIPEA (870 uL, 5 mmol). The
reaction mixture was stirred for 2 h at 0°C and for one night at
20°C. After evaporation under reduced pressure, the product was
dissolved in diethyl ether, and the ammonium salts were removed
by filtration. After concentration in vacuo, the residue was dis-
solved in CH;l (3 mL), and the solution was stirred overnight at
20°C. After evaporation of the volatiles, compound 7b was ob-
tained as an orange oil (yield=80%). 'H NMR (CD,0D): 5 =0.89 (t,
3JH,H=6.6 Hz, 6H; CH,), 1.28 (m, 44H; CH,), 1.65 (m, 4H; CH, -O),
2.00 (m, 8H; CH, a-CH=CH), 2.03 (m, 2H), 2.94 (m, 2H), 3.67 (s, 3H;
CHy), 3.97 (m, *Jyy="Jpy=6.4 Hz, 4H; CH, a-0), 430 (t, 2H), 5.33
(m, 4H; CH=CH), 7.57 (s; CH), 7.64 ppm (s; CH); *C NMR (CD,0D):
0=145 (s; 2CH,), 23.7 to 33.6 (s; 28CH,), 26.7 (d, *Jpc=6.2 Hz;
2CH, pB-0), 28.3 (s; CH,), 36.5 (s; CH,), 38.5 (s; CH,), 48.0 (s; CH,),
67.9 (d, 2Jpc=6.6 Hz; 2CH, a-0), 123.8 (s; CH), 125.1 (s; CH), 130.7
(s; CH=CH), 130.9 ppm (s; CH=CH); *'P NMR (CD,0D): 6=9.9 ppm
(s); ESI for Cy3HgsN;O5P: caled 720.61721 [M+-H1*; found: 720.6143.
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Cells and cell culture: Human Embryo Kidney HEK293-T7 cells
(kindly given by Drs. L. Huang and M. Brisson, University of Pitts-
burgh, Pittsburgh, PA)B®? and human epithelial ovary carcinoma
Hela cells (CCL21, ATCC, Rockville, MD) were cultured in DMEM
and MEM, respectively. Culture media contained Fetal Bovine
Serum (FBS; 10%), L-glutamine (2 mm; Life Technologies), sodium
pyruvate (1 mm; Life Technologies), penicillin (100 unitsmL™"; Life
Technologies) and streptomycin (100 UnitsmL™"; Life Technologies)
and geneticin (400 pg mL™"; for HEK293-T7 cells). Cells were myco-
plasma-free, as evidenced by the bis-benzimidazole (Hoechst
33258, Molecular Probes) method.®"

Plasmids: pTG11033 (pCMV-Luc; 9514 bp; kindly donated by Trans-
gene S.A., Strasbourg, France) and pCMV-EGFP were plasmids en-
coding the firefly luciferase gene and the jellyfish Aequorea victoria
green fluorescent protein (EGFP) under the control of the human
cytomegalovirus promoter, respectively. Supercoiled plasmid DNA
was isolated by a standard alkaline lysis method, and purification
was carried out with the QIAGEN Mega Kit (QIAGEN, Courtaboeuf,
France). The pCMV-Luc was labelled with the Label IT fluorescein
nucleic acid labelling kit (MIRUS, Madison, WI, USA) at 1:1 (reagent/
pDNA) w/w ratio according to the manufacturer’s instructions.

Liposomes: A lipid film was prepared in a sterile balloon (10 mL)
under nitrogen by drying an ethanol mixture of one cationic lipid
(10.8 mm, 0.5 mL) and DOPE (10.8 mMm, 0.5 mL; molar ratio of 1:1).
The film was hydrated in sterile HEPES buffer (10 mm, 1 mL) at
pH 7.4, vortexed for 3 min and kept at 4°C. After 2 h, the mixture
was vortexed and sonicated for 15 min at 37 kHz with a Bioblock
ultrasonic bath (Bioblock Scientific, llikirch, France).

Lipoplexes: Liposomes (5.4 mm, 9 uL, 0.0486 pmol positive charge
or 18 pL, 0.0972 umol positive charge), made either with a cationic
lipid alone or with a mixture of a cationic lipid and DOPE (molar
ratio of 1:1), were diluted in HEPES buffer (10 mm, 200 pl) at
pH74. After 15min, pCMV-Luc (7.5ug, 1.19x107° umol,
0.0227 umol negative charge) in HEPES buffer (10 mm, 20 uL) at
pH 7.4 was added to the liposome solution, and the mixture was
incubated for 30 min at room temperature. The lipoplex solution
was made up to 1.5 mL with serum-free medium, and the NaCl
concentration was adjusted to 0.15m with a 5m NaCl solution.

DNA-liposome interactions: Liposomes (5.4 mm, 4 pL) were dilut-
ed in HEPES buffer (10 mm, 500 pL) at pH 7.4 and serial dilutions
were performed. pCMV-Luc (1 pg) in HEPES buffer (10 mm, 20 pL)
at pH 7.4 mixed with SYBR Green | (Molecular Probes; final dilution
1/10000) was added to the liposome solution. After 30 min at
20°C, the fluorescence intensity was measured with a Shimad-
zu 5000 spectrofluorimeter (1., =480 nm; A.,,=520 nm). DNA/lipo-
some complex formation was evaluated by dye exclusion by the
following relationship: (Fmple—Fbiank)/ (Fonaony—Fblank)  Where  Fo,ope
and Fpnaony Were the fluorescence intensities of SYBR Green | in the
presence of DNA and liposomes and in the presence of DNA with-
out liposomes, respectively. F .. was the fluorescence intensity of
SYBR Green | in the absence of DNA and liposomes.

Size and { potential measurements: Liposomes and lipoplexes
were diluted in HEPES buffer (10 mm, 1 mL) at pH 7.4. Their  po-
tentials were measured by electrophoretic mobility with ZetaSiz-
er 3000 (Malvern Instruments, Orsay, France). The following param-
eters were set up: viscosity, 0.891 cP; dielectric constant, 79; tem-
perature, 25°C; F(Ka), 1.50 (Smoluchowsky); maximum voltage of
the current, 15V. The system was calibrated with DTS 5050 stan-
dard (Malvern). Measurements were carried out ten times with the
zero-field correction. The & potential was calculated by use of the
Smoluchowsky approximation. The sizes of liposomes and lipoplex-
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es was measured by quasi-elastic laser light scattering (QELS) with
the ZetaSizer 3000 instrument in HEPES buffer (10 mm) at pH 7.4
with a sample refractive index of 1.59 and a viscosity of 0.89. The
system was calibrated with the 20045 nm polystyrene polymer
(Duke Scientific Corps Palo Alto, CA). The diameters of liposomes
and lipoplexes were calculated in the automatic mode.

Transfections: Two days prior to transfection, cells were seeded at
1x10° cells per 2 cm? in culture medium (1 mL) in a 24-well plate.
At the time of the experiment, cell cultures were 80% confluent.
Cells were washed twice with serum-free culture medium before
incubation with lipoplexes. The lipoplex solution (0.5 mL, 2.5 ug
pDNA) was then added in each well, and cells were incubated at
37°C. After 4 h, the medium was removed, and cells were cultured
48 h at 37°C in complete culture medium.

Luciferase assay: For measuring luciferase gene expression, the lu-
minescence activity was monitored according to De Wet et al.®?
The medium was discarded, and cells were washed three times
with PBS. The homogenisation buffer (200 pL)—containing Tris
phosphate (25 mm, pH7.8), MgCl, (8 mm), DTT (1 mm), EDTA
(1 mm), Triton X-100 (1%), and glycerol (15%)—was poured into
each well, and tissue culture plates were kept for 15 min at 20°C.
The solution was recovered and spun down (5 min at 800 g). ATP
(2 mm) in the homogenisation buffer without Triton X-100 (95 ulL)
was added to the supernatant (60 pL), and the solution was
shaken with a vortex. The luminescence was recorded for 4s in a
Lumat LB 9501 luminometer (Berthold, Wildbach, Germany) after
addition of luciferin (167 mm) in water (150 pL). Measurements
were done in duplicate. The number of RLUs of 1 pgmL™" of luci-
ferase under these conditions was 2000. The data shown corre-
spond to the number of relative light units (RLUs) per mg proteins.
Proteins were determined on each sample by a modified bicincho-
ninic acid (BCA) colorimetric assay.*>3

Measurement of EGFP-positive cells: Forty-eight hours after trans-
fection with pCMV-EGFP lipoplexes, cells were harvested by treat-
ment with trypsin and washed in complete medium, and the pellet
was suspended in sheath fluid. The cell-associated fluorescence
intensity was then measured by flow cytometry (FACSort, Becton
Dickinson; A.,=488 nm; 4., =520 nm).

Toxicity assay: The cell viability was evaluated by the colorometric
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay.”™ MTT (5 mgmL~' in PBS, 50 uL) was added to the cell cul-
ture 48 h after transfection, and the system was incubated for 4 h
at 37°C. MTT converted into an insoluble dye in living cells was
then solubilised with acidic isopropanol. The absorbance was mea-
sured at 570 nm and expressed as a percentage of the absorbance
measured for untransfected cells cultured under the same condi-
tions as those used for transfected cells.

Plasmid DNA uptake: HEK293-T7 cells were incubated at 4°C or
37°C for 4h with lipoplexes made with a fluorescein-labeled
pCMV-Luc. After having been washed, the cells incubated at 4°C
were harvested by scraping, while cells incubated at 37°C were
harvested with trypsin. The cell-associated fluorescence intensity
was then measured by flow cytometry (FACSort, Becton Dickinson;
Aex =488 Nm; A, =520 nm).
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Real-Time Amperometric Analysis of Reactive Oxygen and
Nitrogen Species Released by Single Immunostimulated

Macrophages

Christian Amatore,*™ Stéphane Arbault,” Cécile Bouton,” Jean-Claude Drapier,”

Hala Ghandour,” and Alaric C. W. Koh™

Macrophages are key cells of the immune system. Immunologi-
cally activated macrophages are known to release a cocktail of
reactive oxygen and nitrogen species. In this work, RAW 264.7
macrophages were activated by interferon-y and lipopolysac-
charide, and the reactive mixture released by single cells was an-
alyzed, in real time, by amperometry at platinized carbon micro-
electrodes. In comparison with untreated macrophages, signifi-
cant increases in amperometric responses were observed for acti-
vated macrophages. Nitric oxide (NO’), nitrite (NO,~), and peroxy-
nitrite (ONOO~) were the main reactive species detected. The
amounts of these reactive species were quantified, and their aver-

Introduction

Macrophages are key immune cells responsible for the phago-
cytosis of pathogens and cellular debris, as well as for the acti-
vation of other immune elements. It is now generally accepted
that the antimicrobial activities of immunostimulated macro-
phages involve the release of reactive oxygen species (ROS)
and reactive nitrogen species (RNS)."® However, severe differ-
ences of opinion remain over the exact identities of the reac-
tive species involved, and in particular, about the occurrence
of peroxynitrite (ONOO~/ONOQH).l"*'

Peroxynitrite is a potent oxidizing and nitrating agent
formed via the near diffusion-limited reaction (k ~ 10"°m™"'s™")
of nitric oxide (NO) and superoxide (O,”)."™ This coupling
occurs faster than the superoxide dismutase (SOD) catalyzed
disproportionation of 0, to 0, and H,0, (k= 10°m~'s7").l" In
other words, ONOO™ is expected to be formed in situations
where both NO* and O, are produced at similar rates. Indeed,
several reports in the literature suggest that the majority of
NO" produced by activated macrophages is converted to
ONOO™, which is presumed to be a major actor in the antimi-
crobial activity of macrophages."™ It is also well established
that the bolus addition of ONOO™ to cells at physiological pH
can lead to oxidation, nitrosylation, and nitration of a vast
array of biomolecules, as well as to cell death.""""*" However,
in spite of the afore-mentioned observations, it is still debated
whether ONOO™ is actually formed in vivo, and if so, whether
it plays any pathophysiological role.

This controversy, we believe, is largely due to the lack of reli-
able detection methods for evidencing minute release of per-
oxynitrite in real time directly after cell activation. In many
studies, the presence of 3-nitrotyrosine (3-NT) is considered to
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age fluxes released by a single, activated macrophage were eval-
uated. The detection of ONOO™ is of particular interest, as its role
and implications in various physiological conditions have been
widely debated. Herein, direct evidence for the formation of
ONOO" in stimulated macrophages is presented. Finally, the pres-
ence of 1400W, a selective inducible nitric oxide synthase (iNOS)
inhibitor, led to an almost complete attenuation of the ampero-
metric response of activated RAW 264.7 cells. The majority of the
reactive species released by a macrophage are thus likely to be
derived from NO* and superoxide (O, ) co-produced by iNOS.

be evidence of prior ONOO™ formation in vivo. This is based
on observations that the addition of ONOO™ to tyrosine, or to
proteins containing tyrosine residues, lead to the formation of
3-NT under physiological conditions."*' However, alternative
mechanisms of tyrosine nitration, such as via the nitrite/H,0,/
myeloperoxidase pathway,”®?? have since been proposed,
leading to the specificity of 3-NT as a “footprint” for in vivo
ONOO™ formation to be called into question.>2*2!

Most of the other techniques (such as fluorescence, chemilu-
minescence) used to measure ONOO™ are also indirect meth-
ods that rely on the measurement of secondary species.”*>% In
order for these techniques to be accurate, the molecular
probes must be completely specific and highly sensitive for
ONOO™ over any other ROS/RNS that might be present. This is,
unfortunately, difficult to ascertain in practice. For example, di-
hydrorhodamine 123 (DHR) and 2,7-dichlorodihydrofluorescein
(DCFH) are two of the more commonly used fluorescent
probes for ONOO~ 2" However, it has been shown that DHR is
oxidizable by species such as cytochrome ¢, HOCI, or H,0, in
the presence of peroxidases, whereas DCFH can also be oxi-
dized by species such as HO’, ROO’, NO', H,0,, cytochrome c,
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and xanthine oxidase.””"* In other studies, ONOO™ is detected
based on its reaction with luminol to yield chemiluminescence.
Like DHR and DCFH, luminol is not specific for ONOO™, and is,
as a matter of fact, also used as a probe for 0, .?*?” To further
complicate matters, probes may sometimes interfere actively
in the analysis by generating ROS/RNS themselves: luminol
radicals, for example, are known to be able to reduce O, to
0, 26272930 It i5 thus clear that great care must then be exer-
cised with the use of indirect analytical techniques so as to
minimize erroneous interpretations and inadvertent measure-
ments of artifacts.

Electrochemistry, on the other hand, offers the possibility of
direct, on-line and short-time measurements of important bio-
logical species, such as neurotransmitters or neuromodulators,
released by cells.*>>% Microelectrodes, which can be posi-
tioned in close proximity to single living cells with submicro-
metric accuracy, are able to detect the release of biological
species with attomole and subsecond resolutions.>>3? We
have previously reported the use of amperometry at platinized
carbon microelectrodes to detect and quantify ROS/RNS re-
leased by human lymphocytes®” or skin cells,*® as well as the
application of this technique to biomedical studies concerning
initial oxidative mechanisms of skin carcinogenesis.®*¥ We have
also measured the oxidative bursts produced by single macro-
phages stimulated by their mechanically induced membrane
depolarization.”” Similarly, the release of ROS/RNS by macro-
phages cultured in a microfluidic chamber and stimulated by
the microinjection of a calcium ionophore was measured with
platinized band electrodes.>®

As a consecutive effort, we present herein amperometric
studies of ROS/RNS that are released by single immunostimu-
lated macrophages. In this work, macrophages were stimulated
with interferon-y (IFN-y) and lipopolysaccharide (LPS) in order
to induce expression of the inducible isoform of nitric oxide
synthase (iINOS, NOS2), which is known to produce large
amounts of NO over a prolonged period.® The ensuing release
of ROS/RNS by a single macrophage was then followed in real
time by amperometry. The various ROS/RNS were quantified,
and in particular, ONOO~ was shown to be present at high
levels. This is, to the best of our knowledge, the first direct evi-
dence that ONOO™ is released by immunologically activated
macrophages. The biological implications of these findings will
be discussed.

Results
Nitrite determination by fluorimetry

Nitrite (NO,7) is one of the stable end products of NO* and
ONOO™. The production of NO*-derived species by immunosti-
mulated macrophages over time can thus be estimated by
measuring the accumulation of NO,™ in the culture medium.
This was performed by fluorimetry, because of the low cell
density (see the Experimental Section), for both IFN-y/LPS
treated and untreated macrophages, as presented in Figure 1.

The variation of the culture supernatant’s NO,~ concentra-
tion, accumulated over a period of 8 to 48 h, was insignificant
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Figure 1. Nitrite production by 10° macrophages treated (@) and untreated
(m) with IFN-y (20 unitsmL™") and LPS (50 ngmL™"). The shaded area indi-
cates the time window over which the amperometric measurements (and
hence, the calculations of charges) represented in Figures 3 and 4 were
made.

for untreated RAW 264.7 macrophages. This was expected, as
iNOS should not have been expressed in these untreated cells.
With stimulated RAW 264.7 macrophages, the release rate re-
veals two distinct parts: between 8-18 h, the increase in NO,~
concentration was slight, featuring an induction period; a
strong and linear increase was then observed for the period
between 18-48 h. The slow increase in NO,~ accumulation ob-
served at the start is consistent with the fact that the iNOS
gene must first be transcribed (lag time of approximately 5-
6 h)® and after which, additional time was required for the
accumulation of NO,™ to sufficiently high levels for detection
by fluorimetry. Linear regression of the data over 18-48 h indi-
cated that NO,” was accumulated in the cell culture medium
(2 mL) at a rate of 0.486 um per 10° cells per hour (R=0.997) in
fully activated macrophages. This corresponds to the release of
several attomoles of NO* derivatives by a single activated mac-
rophage every second. This should thus be detectable at our
platinized carbon microelectrodes (see Introduction), yielding a
more precise view of ROS/RNS release. Unlike the fluorimetric
method, which only allows for the selective detection of rela-
tively high quantities of NO,”, amperometry at the platinized
carbon microelectrodes would allow for the detection of
minute release of four different species - H,0,, ONOO~, NO',
and NO,™ (vide infra).

Single-cell amperometric measurements

Amperometric analysis of the release of ROS/RNS was per-
formed by positioning a platinized carbon disk microelectrode
in close proximity with the cell membrane of an isolated
macrophage (see Figure 2). This method was similar to that,
termed “artificial synapse” configuration, which was previously
described for investigating vesicular exocytosis in bovine chro-
maffin cells.”” The only difference was that the carbon micro-
electrodes used in the current work were platinized to increase
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Figure 2. A) Photomicrograph and B) schematic representation of the experi-
mental setup. The microelectrode in (A) appears slightly out of focus as it is
above the plane of the cell.

the sensitivity and selectivity towards ROS/RNS. There were no
visually observable differences between the overall morpholo-
gy of cells that were in, or not in, close proximity to a micro-
electrode over the course of the experiments.

The release of ROS/RNS was detected in real time by amper-
ometry at a constant potential, E, versus a sodium-saturated
calomel reference electrode (SSCE). Amperometric measure-
ments were made at E of +300 mV, +450 mV, +650 mV, and
+ 850 mV versus SSCE to allow for detection and quantification
of each released species. These potentials were selected based
on previous in vitro voltammetric studies of the oxidation of
independent H,0,, ONOO~, NO', and NO,” phosphate-buffered
saline (PBS) solutions.***? Linear combinations of the mea-
sured currents obtained at each value of this set of potentials
were found to specifically characterize and quantify each of
the four species [see Egs. (1)-(4)].

A typical response of the amperometric measurements of
single immunostimulated macrophages is presented in
Figure 3. Two distinct features are observed in the responses
that were obtained. Firstly, broad and relatively weak peaks,
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Figure 3. A typical amperometric response from a single IFN-y/LPS-stimulat-
ed macrophage, measured at +450 mV versus SSCE after 19.5 h stimulation
in this case. The black triangle indicates the time at which the platinized
carbon microelectrode was placed in contact with the cell. Insets show rep-
resentative zooms of two amperometric spikes.
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persisting over several tens of minutes, were observed. Exam-
ples of such peaks can be seen in Figure 3, ranging approxi-
mately over the interval of 300-2000s. Secondly, sharp
“bursts” superimposed upon the afore-mentioned broad peaks.
These amperometric spikes usually have half-widths of several
tens of milliseconds, and less frequently, up to several tens of
seconds (see Figure 3 insets).

In order to quantify the various species released, the base-
line current drifts were subtracted from the individual ampero-
metric responses (see the Experimental Section). Each resultant
curve was then integrated over time (1 h duration) to obtain
the total charge, Q, that corresponds to the overall oxidation
process(es) occurring at each specific measurement potential.

We have established previously®® that the detected current
at each potential, " can be written as a linear combina-
tion of the responses of each of the four species,“” with differ-
ent weights. The weights, dependent only on the detection
potential and the type of electrode used, are experimentally
determined from in vitro steady state voltammograms of each
respective species. NO* and NO,~ oxidation waves are well sep-
arated from the other two species,”*” and are close to their pla-
teau potentials at +650 mV and + 850 mV versus SSCE, respec-
tively. The difference between I*°*™ and ™, and that be-
tween #°™ and #°™ thus corresponds to currents originat-
ing from the electrooxidation of NO* and NO,”, respectively.
The voltammograms of H,0, and ONOO™~, however, overlap. At
+450 mV versus SSCE, the oxidation waves of H,0, and
ONOO™ are both near their plateau potentials, whereas at
4300 mV versus SSCE, the H,0, wave is close to its plateau
potential while that of ONOO™ is close to its half-wave poten-
tial (see Figure 3 of ref.[40]). The amperometric responses
measured at +300 mV and +450 mV are thus cumulative
responses of both H,0, and ONOO™-, albeit with different
weights. In summary, we have:

1™ = Iy 0, + lonoo- + Ino + Ino,- M
™ = o, + looo. + hio @
150™ = 0.99 x Iy, + 0.90 X lonoo- (3)
O™ — 0,85 x 0, +0.29 X lonoo- (4)

The system of linear equations is readily solved to deconvo-
lute the currents due to each of the four individual species.
The emission fluxes (D,ecies) Of €ach species can then be calcu-
lated from their respective current intensities obtained above,
by using Faraday’s Equation (5):

qsspecies = Ispecies/(nspecies X F) (5)

where .., is the number of electrons per molecule ex-
changed for the oxidation of one species (Nyyeqes=2 for H,0,
and NO,; Ngeies=1 for ONOO™ and NO)*” and F is the Fara-
day constant. Therefore, amperometric measurements of statis-
tically significant numbers of single macrophages at four differ-
ent potentials (+300, +450, + 650, and +850 mV versus SSCE)
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enable a direct quantification with excellent precision of the
release of H,0,, ONOO~, NO*, and NO,".

Finally, at each potential, the current may be time integrated
to provide the overall detected charge over any time interval
(to o) [EQ. (B)]:

t0+0

/ lspecies dt (6)

Qspecies =

where .. is given by Equations (1)-(4). Owing to the lineari-
ty of Equations (1)-(4), the same equations apply to the charg-
es detected at each potential.

Detection and quantification of the reactive species released
by immunostimulated RAW 264.7 macrophages

The results of the above amperometric measurements of ROS/

RNS release by immunostimulated RAW 264.7 macrophages

are presented in Figure 4 in terms of the charges detected
2] Ountreated cells (controls)

il

450 650
E versus SSCE / mv

257 miFn- y/LPS-stimulated cells

Q"1/nC —
-~ @

o
(4]
I

Figure 4. Total charges (Q*) involved in oxidation processes, over a period
of 1 h, at four different potentials (E). Single cell measurements were per-
formed for macrophages that had been activated by IFN-y/LPS over a
period of 18-24 h (corresponding to the shaded area in Figure 1). The black
and white bars represent the average charge detected over single immuno-
stimulated RAW 264.7 cells (n> 30 at each potential), and untreated RAW
264.7 cells (n>8 at each potential), respectively. Error bars represent SEM.
Note that the charge detected at each potential is obtained through time-
integration of the current monitored at the measurement potential [see

Eq. (6)].

over a 1h period. At all potentials, except that of +300 mV,
the total charges transferred were significantly larger for IFN-y/
LPS-stimulated macrophages than untreated, control macro-
phages. This is direct evidence that the induction of iNOS ex-
pression leads to an increased release of oxidizable ROS/RNS
species from a macrophage.

The fluxes of emission of each species were calculated as de-
scribed above. The effective quantities of each species were
then obtained by taking the integral of the fluxes over the
period of measure (1 h). Overall, each immunostimulated mac-
rophage released, on average, approximately 8.9+ 1.9 fmol of
NO°, 7.5+0.9 fmol of ONOO~, and 4.0+ 1.3 fmol of NO,™ per
hour. Interestingly, no significant amount of H,0, was detected
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over IFN-y/LPS stimulated RAW 264.7 macrophages, though it
should be mentioned that the release of H,0O, is evidenced
over phorbol 12-myristate 13-acetate (PMA) activated macro-
phages of this same cell line.*?

In a further series of experiments, the highly selective iNOS
inhibitor, 1400W, was added to the culture medium during the
IFN-y/LPS-activation of macrophages. Measurements were per-
formed at potentials of +450, +650, and +850 mV versus
SSCE. In all measurements (n=15) of macrophages co-treated
with 1400W, only very weak, basal levels of amperometric re-
sponses were obtained (Figure 5). Taken together, our results

1.54
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<
a 4
s ] {
£ 05 il 'y IFN-y /LPS only
rgen 1 1400W / IEN-y / LPS

T T —
1500 2000 2500 3000

tis —

T T
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Figure 5. A typical amperometric response (black) from a single immunosti-
mulated macrophage that was co-treated with 1400W. This particular re-
sponse was measured at +650 mV versus SSCE, which would allow for the
detection of any H,0,, ONOO™, and NO' released. In comparison with the
corresponding response obtained at the same potential, but in the absence
of 1400W (gray), it is evidenced that the majority of ROS/RNS released by
IFN-v/LPS-stimulated RAW 264.7 macrophages were derived from iNOS.

strongly suggest that the induction of iNOS expression is cru-
cial to the production of several ROS/RNS in RAW 264.7 macro-
phages.

Effects of peroxynitrite scavenging

We have previously reported a detailed electrochemical charac-
terization of ONOO™ at our platinized carbon microelectrodes,
demonstrating that this elusive species can be detected quan-
titatively by the method used herein®® The results of the
amperometric measurements reported above establish that
ONOO™ is one of the major reactive species released by acti-
vated macrophages after expression of iNOS. In this case, one
would expect observing partial decreases in amperometric re-
sponses when the measurements were carried out in the pres-
ence of ONOO™ scavengers, provided these scavengers may
act efficiently before ONOO™ is captured and oxidized by the
electrode surface. Measurements were performed at +450 mV
versus SSCE because, as evidenced above, this potential allows
for the quantification of ONOO™ as no H,0, is detected [viz.,
hi,0,=0 in Eq. (3)].

Uric acid® (UA; 1 um) or (—)-epicatechin® (EC; 0.1 mwm),
both of which are considered to be efficient scavengers of
ONOO™, were used for this series of experiments. In addition,
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ONOO™~ is known to react rapidly with CO, (k=3x
10*m~"'s7"),“ and “CO,"—added as NaHCO; (5 mm)—was also
used to “scavenge” ONOO™. Under our experimental condi-
tions, PBS solutions of UA, EC, and NaHCO; were checked to
have no effects on the microelectrodes’ sensitivity or stability
at the concentrations used (data not shown). Indeed, as one
can see from Figure 6, amperometric responses at -+450 mV

W immunostimulated cells

0.8 -

mUA (1 pm)

B NaHCC3 (5 mu)
06 1 BEC (0.1 mu)

Ountreated cells (controls)

0450 m\t"l nc —
=
=

0.2

+450 mV versus SSCE

Figure 6. Effects of peroxynitrite scavenging by uric acid (UA; gray bar with
vertical stripes), NaHCO; (gray bar with horizontal stripes), or (—)-epicatechin
(EC; gray bar with diagonal stripes) on amperometric responses measured at
+450 mV versus SSCE. Significant decreases (*) were observed when com-
pared with immunostimulated cells without ONOO™ scavenging (black bar).
The responses in the presence of ONOO™ scavengers were, nonetheless, still
more significant (A) than that detected for unactivated RAW 264.7 macro-
phages (white bar), thus evidencing that scavenging was not totally due to
the competition with the electrode oxidation.

versus SSCE were observed to decrease significantly in the
presence of UA, EC, or NaHCO;, though the control level was
not reached.

Discussion

The preliminary fluorimetric measurements of nitrite accumula-
tion (Figure 1) in the culture medium strongly suggested that
NO"-derived species are released by stimulated macrophages.
However, the actual identities of the released species could
not be determined by using this method. Conversely, in the
present study, the reactive cocktail released by immunostimu-
lated macrophages was easily detected, characterized, and
quantified in real time by amperometry at platinized carbon
microelectrodes. More specifically, stimulation of RAW 264.7
macrophages was achieved by incubation in the presence of
IFN-y and LPS, which is known to induce high levels of iNOS
expression. As would be expected, both the above-mentioned
amperometric and fluorimetric methods yielded similar esti-
mates for the release rates of NO* derivatives. The excellent
temporal resolution offered by the electrochemical method
vis-a-vis the fluorimetric method was, however, evident. For
the latter method, estimates were obtained based on the accu-
mulation of NO,™ over prolonged periods. In other words, with
the fluorimetric method, one could obtain information about
the total amount of NO® derivatives produced over a certain
period, but not information about any temporal variations in
the rates at which these were released. Amperometry, on the
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other hand, offered the possibility of real-time detection with
much better temporal resolutions. Indeed, the amperometric
responses that were obtained feature the superimposition of
two distinct types of release: weak broad peaks, and sharp am-
perometric spikes. These features would not have been detect-
ed by using solely the comparative fluorimetric method.

The weak broad peaks are likely to be due to the quasi-con-
tinuous detection of one or more types of ROS/RNS. Certain
ROS/RNS, such as NO''®* and ONOO~/ONOOH,*” are known
to be able to freely diffuse across cellular membranes. A
steady production of such species would then lead to a contin-
uous flux being detected at the microelectrode, which would
account for the weak broad peaks observed. On the other
hand, the sharp amperometric spikes were similar, albeit with
slower kinetics, to what we and others had previously ob-
served during vesicular exocytosis of catecholamines at chro-
maffin cells.*" This suggests that the observed sharp spikes in
this work might be due to cellular events such as exocytosis of
late endosomes and recycling endosomes, or perhaps secre-
tion during membrane trafficking and fusion."® For example,
Nelson and co-workers™® have reported a correlation of am-
perometric spikes and changes in membrane electrical capaci-
tance during the exocytosis of phagosomes by J774 macro-
phages. As we have shown in our previous works on chromaf-
fin exocytosis,”"” much useful information can be obtained by
studying the kinetics of such spikes. More detailed studies of
the spikes that were observed thus appear to be of interest in
our measurements of stimulated macrophages; this is, howev-
er, beyond the scope of the current paper and will be dis-
closed in a forthcoming work.

Quantification of ROS/RNS released by immunostimulated
macrophages was achieved by treatment of the amperometric
responses based on Equations (1)-(6). The average amounts of
ROS/RNS that were detected from single immunostimulated
macrophages are summarized in Table 1. For comparison, the

Table 1. Reactive oxygen and nitrogen species released by a single
stimulated RAW 264.7 macrophage.

ROS/RNS H,0, ONOO"~ NO NO,~
Stimuli [fmol] [fmol] [fmol] [fmol]
IFN-y/LPS 0@ 754099 89+19®  4041.3%
Mechanically

induced membrane ~ 5+1® 94 1® 14420 641"

depolarization*”!

[a] Total quantity released sampled over 1 h. [b] Total quantity released
during the few minutes of intense activity following mechanical mem-
brane depolarization.

amounts of ROS/RNS that were detected upon mechanically
induced membrane depolarization of RAW 264.7 cells are also
shown, though these corresponded to intense bursts limited
to a few minutes of activity.”!

Indeed, we have previously demonstrated that macrophag-
es, stimulated by depolarization of their membranes, release
significant amounts of all four ROS and RNS species (H,0,,
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ONOO~, NO', NO, ). |n the present work, under conditions
mimicking an in vivo inflammatory situation, we again detect-
ed the presence of ONOO™ amongst the complex cocktail of
reactive nitrogen species produced, yet no H,0, was detected.
Immunostimulated macrophages were found to release
ONOO™ at an average rate of (2.1£0.3) amol per cell per s.
Other groups!*'"*"—albeit with the use of indirect detection
methods—have also reported significant levels of ONOO™ pro-
duction by macrophages. In particular, Ischiropoulos and co-
workers'" estimated the rate of ONOO™ formation in activated
macrophages to be (1.8+0.3) amol per cell per s, which is in
excellent agreement with our direct measurements. Evidence
for the presence of ONOO™ was further strengthened by the
observation that the amperometric responses of IFN-y/LPS-
stimulated macrophages were significantly decreased (40-
60%) in the presence of ONOO™ “scavengers” such as UA, EC,
or CO,. The responses were, nonetheless, still higher than
those due to unactivated cells. This is most likely due to in-
complete scavenging of ONOO™, as the close microelectrode-
cell distance limits the available scavenging time.

At this point, we wish to highlight the usefulness of the
direct amperometric measurements by “artificial synapses” for
the detection of ROS/RNS such as ONOO™. It has been report-
ed that ONOO™-dependent oxidations or nitrations might be
affected in an excess of either NO* or O, .®'% This is clearly
the case for IFN-y/LPS-stimulated macrophages, which, as
shown herein, release significant amounts of both NO" and
ONOO". It is thus likely that the rates and efficiencies of pro-
tein tyrosine nitration or DHR oxidation by macrophage-pro-
duced ONOO™ are affected. This being the case, it follows that
reliance on these indirect methods of ONOO™ detection (such
as 3-NT detection or fluorescence) necessarily leads to system-
atic errors in ONOO™ estimates. On the other hand, as ONOO™
is oxidized and directly detected at platinized carbon electro-
des, the modulation of ONOO™ reactivities by excess NO" does
not have any effect on its detection and quantification by am-
perometry. In fact, this would also hold true for all the three
other detectable ROS/RNS species as they are also directly oxi-
dized at the electrodes.

It is noteworthy that macrophages stimulated by physical
depolarization of their membranes release H,0,, whereas im-
munologically activated RAW 264.7 macrophages do not (see
Table 1). Based on our previous work,®***%% it is suggested
that membrane depolarization simultaneously activates con-
stitutive NO synthases and NADPH oxidases, leading to co-pro-
duction of NO" and O, at different cell locations. H,0, may
then be produced by the (SOD-catalyzed) disproportionation
reaction of the superoxide ion whereas this latter species dif-
fuses before it may meet the diffusive NO" front. In this work, a
different set of enzymes was activated. Whereas the stimula-
tion of macrophages with IFN-y and LPS induces iNOS expres-
sion, it is not known to lead to NADPH oxidase activation.® It
is thus expected that the stimulated macrophages produce
higher fluxes of NO* as compared to O,. Most of the O, if
produced, would thus be coupled with NO* to form ONOO™
before having any chance to disproportionate into H,0O, at sig-
nificant amounts. Consequently, only minute amounts of H,0,,
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if any, could be formed by the disproportionation of the re-
maining O, (see Introduction). Very low fluxes of H,0, would
be immeasurable if the slight variations in amperometric cur-
rents due to these fluxes are of similar, or smaller, magnitude
compared to the background noise. The other reactive species
were, however, produced in significant quantities and could be
detected with excellent precision at the microelectrodes. We
were thus able to quantify both excess NO°, as well as ONOO™
that was formed. In addition, NO,, presumably derived from
the spontaneous decomposition of ONOO~,** was also quanti-
fied. Indeed, while we cannot totally exclude the formation of
NO,” from the decomposition of NO in the presence of O,,
this pathway appears less likely because of the relatively slow
reaction rate.

In a further series of experiments, macrophages were acti-
vated in the presence of 1400W. 1400W is known to be one of
the most effective iINOS inhibitors, and is reported to be at
least 5000 and 200 times more selective for iNOS than eNOS
or nNOS, respectively.”™ As only basal levels of responses were
measured from macrophages co-incubated with 1400W, we
conclude that the ROS/RNS released from IFN-y/LPS-stimulated
macrophages are formed mainly, if not exclusively, by iNOS. In
fact, it has been previously reported that iNOS produces O,
following cytosolic depletion of L-arginine.®” The ROS/RNS de-
tected in this work may therefore be likely to have stemmed
from the co-production of NO" and O, by iNOS. As NO,”
could only result from the decomposition of ONOO~, which in
turn was formed from equimolar fluxes of NO" and O, ", then
each NO,™ or ONOO™ molecule detected would have been de-
rived from one NO" and one O, released primarily. Residual
NO" was detected directly. One can thus estimate that immu-
nostimulated macrophages release at least (5.7 4+0.7) amol per
cell per s of NO* and (3.2+0.5) amol per cell per s of O, of
which the majority are likely to have been produced by iNOS.

At this point, it should be mentioned that the values for NO
and O, release rates calculated above are likely to be under-
estimates. Certain ROS/RNS, such as "OH and NO,, are too re-
active—and consequently too short lived—to be detected,
though their release cannot be excluded."® Also, NO;~, a
stable end product of RNS decompositions, is not electroactive
at our electrodes, and is thus undetectable.®¥ Similarly, hypo-
chlorous acid (HOCI/OCI™) cannot be oxidized at our electrodes
at the imposed potentials (data not shown), and as such, is
also undetectable. There is, however, no substantial evidence
of HOCI/OCI~ production by IFN-y/LPS-stimulated macrophag-
es, though it has been reported for myeloperoxidase-express-
ing macrophages under particular circumstances, such as in
human atherosclerotic lesions and Alzheimer’s disease.*®
Nonetheless, as we have demonstrated herein and else-
where,B*¥- amperometry at platinized carbon microelectro-
des remains an effective means of monitoring the cellular re-
lease of ROS/RNS in real time. Indeed, our estimate of the rate
of NO* production by macrophages was found to be in excel-
lent agreement with previous literature values reported by
Lewis et al.*” ((6.0+0.4) amol per cell per s), as well as by Nal-
waya and Deen®® ((4.94-0.6) amol per cell per s). In addition,
consistent with what we report herein, Porterfield et al. previ-
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ously reported the direct detection of NO* fluxes from IFN-y-
stimulated RAW 264.7 macrophages with the use of NO" micro-
electrodes.”

Literature estimates of O, production by RAW 264.7 macro-
phages were, however, more variable: ranging from (0.32+
0.07) amol per cell per s,%® to (1.3+0.4) amol per cell per s,
as well as to 2.9 amol per cell per s.57 It is not clear why the
values differ so much, but it is plausible that different intracel-
lular L-arginine levels led to different rates of O, generation
by iNOS. It should also be pointed out that different indirect
methods of O, quantification were used in each case. For ex-
ample, Nalwaya and Deen®® determined the rate of O, syn-
thesis by monitoring the reduction of ferricytochrome c to fer-
rocytochrome c. In their studies, incubation of macrophages
was performed in the presence of a NOS inhibitor, N®-mono-
methyl-L-arginine (L-NMMA), to prevent NO from competing
for ferricytochrome c. Unfortunately, by doing so, any produc-
tion of O, from iNOS would have been underestimated,
which might possibly account for their relatively low O, esti-
mate. In addition, it is also possible that the rate of O, pro-
duction varies with time. In this work, measurements were
made after 18-24 h of stimulation, a period corresponding to
the beginning of the intense and steady production of ROS/
RNS, as determined from fluorimetry (see Figure 1). Measure-
ments were made by Nalwaya and Deen,*® Brune et al.,** and
Lewis et al.,®”" at 0-10, 6-8, and 16 h, after stimulation, respec-
tively, that is, at different stages of the incubation period
shown in Figure 1.

Finally, we would like to caution that, tempting as it might
be, the presence of ONOO™ in activated macrophages, as dem-
onstrated in this paper, does not necessarily prove its implica-
tion in all in vivo oxidative/nitrative reactions. For example,
some of us have previously reported that endogenous tyrosine
nitration of iron regulatory protein-1 (IRP-1) in stimulated mac-
rophages was more likely due to the nitrite/H,O,/peroxidase
pathway, rather than the ONOO™~ pathway.”” Work reported by
other groups®?¥ similarly favored the former pathway. Taking
those results together with this work, it seems likely that,
whereas ONOO™ is produced by stimulated macrophages, the
reactivity of ONOO™~ towards tyrosine nitration is modulated,
possibly because of the presence of excess NO* as discussed
above. The relatively high in vivo concentrations of CO, might
also lead to further modulations of ONOO™ reactivity.
Indeed, the compartmentalized co-production of NO* and O,
by iINOS might possibly be a means of facilitating ONOO™ for-
mation during phagocytosis. However, the role played by
ONOO~ is versatile: it might be that of an antimicrobial
agent,”"’ or as a messenger as demonstrated in human leuko-
cytes,® or to protect the macrophage against IFN-y/LPS-in-
duced cell death.® In all likelihood, multiple roles and in vivo
reactions are possible, depending on various factors such as
the exact physiological and redox conditions.

Conclusions

This work has demonstrated that the cell release of reactive
oxygen and nitrogen species can be directly detected and
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quantified by amperometry at platinized carbon microelectro-
des. RAW 264.7 macrophages, stimulated by IFN-y and LPS, re-
lease a cocktail comprising mainly of NO*, NO,™, and, of partic-
ular interest, ONOO™. This offers, to the best of our knowledge,
the first direct evidence that ONOO™ is released by immunosti-
mulated macrophages. Finally, our results also strongly suggest
that the majority of ROS/RNS released derived from the co-pro-
duction of NO" and O, by iNOS.

Experimental Section

Chemicals: Murine recombinant interferon-y (IFN-y; specific activi-
ty, 2x 10" unitsmg™') was provided by R&D Systems. Escherichia
coli lipopolysaccharide (LPS), uric acid (UA), (—)-epicatechin (EC),
NaHCO;, and N-(3-(aminomethyl)benzyl)acetamidine (1400W) dihy-
drochloride were from Sigma. Unless otherwise stated, phosphate-
buffered saline (PBS) was used in all experiments. PBS (pH 7.4;
0.137m NaCl, 0.01m Na,HPO,, and 0.003m KCl) was prepared by
dissolving tablets (Sigma) in water. Purified water from a Milli-Q
purification system (resistivity =18 MQ cm™'; Millipore) was used in
the preparation of all solutions.

Cell culture and treatment: The murine macrophage RAW 264.7
(American Type Culture Collection) cell line was cultured at 37°C
under a 5.5% CO, atmosphere in Dulbecco’s modified Eagle’s
medium (DMEM) containing 1.0 gL™' b-glucose and sodium pyru-
vate (Invitrogen). The medium was supplemented with 5% fetal
bovine serum (Invitrogen) and 20 gmL™' gentamycin (Sigma). 18
to 24 h prior to electrochemical studies, confluent monolayers of
RAW 264.7 cells were harvested mechanically, and resuspended in
Petri dishes (35 mm diameter; Nunc), with or without the addition
of IFN-y (20 unitsmL™") and LPS (50 ngmL™") to induce the produc-
tion of endogenous reactive species. In some experiments, cells
were co-treated with 1400W (400 nm), a highly selective iNOS in-
hibitor, in the presence of L-arginine (400 pm).

Nitrite measurements by fluorimetry: RAW 264.7 macrophages
are cultured to a density of 10° cells per well in phenol red-free
DMEM (2 mL), with or without IFN-y (20 unitsmL™") and LPS
(50 ngmL™") treatment. At the times indicated in the figure and
text, the cell culture supernatant was filtered (Centricon 5 K, Milli-
pore), and the filtered medium (200 pL) was allowed to stand for
30 min in the presence of 2,3-diaminonapthalene (DAN; 40 mm,
10 pL), water (400 pb), and HCI (1N, 100 pL). NaOH (1N, 150 pb)
was then added, and fluorescence measurement was immediately
done (excitation wavelength 375nm, emission wavelength
405 nm). Nitrite concentration was calculated from a sodium nitrite
standard curve.

Microelectrodes fabrication: The preparation of microelectrodes
has been previously described in detail**%? Briefly, individual
carbon fibers (10 pm diameter; Thornel P-55S, Cytec Engineered
Materials) were sealed into pulled-glass capillaries (1 mm diameter;
GC120F-10, Clark Electromedical Instruments), and the protruding
carbon fibers were insulated by electrochemical deposition of poly-
(oxyphenylene) following literature procedure.® The tip of the in-
sulated carbon fiber was then polished at an angle of 45° on a dia-
mond particle whetstone microgrinder (Model EG-4, Narishige) to
expose a clean, elliptical carbon surface. The polished carbon sur-
face was then platinized by reducing hydrogen hexachloroplati-
nate (Sigma) in the presence of lead acetate (Sigma) at —60 mV
versus SSCE. The platinization process, followed on a computer,
was interrupted when the electrical charge of the signal reached
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5 uC, which corresponds to the optimal activity of the electrode
surface in this series of experiments.

Single-cell measurements: Experiments were performed at con-
trolled room temperature (22+1°C) on the stage of an inverted
microscope (Axiovert 135, Zeiss) placed in a Faraday cage. Immedi-
ately prior to measurements, the medium was emptied from a
Petri dish containing adherent macrophages, which was then
rinsed three times and filled with PBS. In some experiments, the
buffer used contained UA (1 um), EC (0.1 mm), or NaHCO; (5 mm).
The microelectrode was positioned about 30 um above the cell of
interest and polarized for 3 min at the start of each measurement.
The microelectrode tip was then lowered slowly with a micromani-
pulator (MHW-103, Narishige) till it was just in contact with the
cell. The release of ROS/RNS was detected in real time by amper-
ometry (AMU130 amperometer, Radiometer Analytical) at a con-
stant potential, E, versus a sodium-saturated calomel reference
electrode. Values of E corresponding to + 300, + 450, + 650, and
+850 mV were chosen based on previous in vitro voltammetric
studies of the oxidation of independent H,0,, ONOO~, NO', and
NO,  solutions.®¥ The time course of the amperometric current
was monitored and stored on a computer (Latitude D600, Dell)
through a D/A converter (Powerlab 4SP, ADInstruments) and its
software interface (Chart version 4.2 for Windows, ADInstruments).
The exponential decrease of the baseline current due to microelec-
trode polarization over the course of the measurement was fitted
and subtracted by using commercial software (Origin version 7.0,
OriginLab Corporation).

Data analysis: Graphs were plotted from data expressed as
mean =+ standard error of the mean. Data was statistically analyzed
by using Student’s t-test (two populations). Results were consid-
ered significantly different at: * p <0.1; ** p <0.05; *** p<0.01.
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Electrochemically Protected Copper(l)-Catalyzed Azide-

Alkyne Cycloaddition

Vu Hong,® Andrew K. Udit,”” Richard A. Evans,” and M. G. Finn*®

The copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC) reac-
tion has found broad application in myriad fields. For the most
demanding applications that require high yields at low substrate
concentrations, highly active but air-sensitive copper complexes
must be used. We describe here the use of an electrochemical po-
tential to maintain catalysts in the active Cu' oxidation state in
the presence of air. This simple procedure efficiently achieves ex-
cellent yields of CuAAC products from both small-molecule and
protein substrates without the use of potentially damaging
chemical reducing agents. A new water-soluble carboxylated ver-
sion of the popular tris(benzyltriazolylmethyl)amine (TBTA) ligand
is also described. Cyclic voltammetry revealed reversible or quasi-
reversible electrochemical redox behavior of copper complexes of

Introduction

The highly efficient and exquisitely selective copper(l)-cata-
lyzed azide-alkyne cycloaddition (CuUAAC)—the most widely
recognized of the “click” reactions’-?—has been rapidly adopt-
ed since its discovery®* for application in fields as diverse as
surface science,*'? dendrimer synthesis,"*"'” polymer liga-
tion,"® combinatorial organic synthesis,' and bioconju-
gation.®*¥ Exemplifying its power is our use of the process to

26-29]

NS
R N-N R
1(R=H) 3
2 (R = CO,Na)
NaO;S HN@SO3Na
. o
NN
thy
N NH
NaO,S 4

Scheme 1. Accelerating ligands that are used for CUAAC reactions.
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the TBTA derivative (2; E,,=60 mV vs. Ag/AgCl), sulfonated bath-
ophenanthroline (3; E,,=—60 mV), and sulfonated tris(benzimi-
dazoylmethyl)amine (4; E,,~—70mV), and showed catalytic
turnover to be rapid relative to the voltammetry time scale.
Under the influence of a —200 mV potential that was established
by using a reticulated vitreous carbon working electrode, CuSO,
and 3 formed a superior catalyst. Electrochemically protected
bioconjugations in air were performed by using bacteriophage
Qp that was derivatized with azide moieties at surface lysine resi-
dues. Complete derivatization of more than 600 reactive sites per
particle was demonstrated within 12 h of electrolysis with sub-
stoichiometric quantities of Cu-3.

create polyvalent virus particles for diagnostic and therapeutic
applications, typically requiring hundreds of attachment reac-
tions to occur on each particle under mild and dilute reaction
conditions.**"

CuAAC requires that the copper catalyst, which is usually
prepared with an appropriate chelating ligand, be maintained
in the air-sensitive Cu' oxidation state, usually by the use of an
in situ reducing agent such as ascorbate or tris(2-carboxy-
ethyl)phosphine (TCEP). The most commonly used ligand is
tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyllamine (TBTA, 1,
Scheme 1), which was first reported by Fokin and co-workers
to accelerate the reaction.*? Partly because of its poor water
solubility, bioconjugations that use 1 are slow and require a
large excess of substrates (typically low mm in concentration),
as well as mm concentrations of Cu' and an excess of reducing
agent. The latter two components can be detrimental to bio-
macromolecules: for example, ascorbate-mediated degradation
of DNA™ and copper-mediated generation of reactive oxygen
species (via Cu' or Cu") are potentially destructive side reac-
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tions, and dehydroascorbate and other ascorbate byprod-
ucts can react with protein side chains.’~* Our initial solution
to this problem was the identification of a more potent cata-
lyst by using sulfonated bathophenanthroline ligand 3,°% a dis-
covery that we have optimized into a robust bioconjugation
protocol.®¥ However, a significant drawback of this system is
its acute air sensitivity, which requires air-free techniques that
can be difficult to execute; for example, bubble degassing or
freeze-pump-thawing can cause proteins to denature when
an inert-atmosphere glove box is unavailable. Further, despite
being “catalytic”, efficient bioconjugations are generally only
achieved in the presence of excess Cu' complex. We introduce
here a more water-soluble version of TBTA as well as the use
of an electrochemical cell to generate and protect catalytically
active Cu'-ligand species for CuUAAC bioconjugation and syn-
thetic coupling reactions; this allows demanding reactions to
be performed on the bench under mild conditions with mini-
mal effort to exclude air.

[44-46]

Results and Discussion

The poor water solubility of ligand 1 limits its use in CUAAC re-
actions, particularly for bioconjugation. The p-carboxylate ver-
sion 2 was therefore prepared and found to be substantially
more soluble in water. Kinetic comparisons between 1 and 2
revealed the Cu-2 complex to be slightly more reactive than
Cu-1 in a standard CuAAC reaction in organic solvent (data not
shown). We therefore employed 2 as a surrogate for 1 in the
bioconjugation experiments described below. We also included
sulfonated tris(benzimidazoylmethyl)lamine 4, a fully water-
soluble example of the benzimidazole class of chelating li-
gands, which was recently shown to provide catalysts of high
activity."

Cyclic voltammetry at 100 mVs™' in buffer (10 mm HEPES
pH 8/20% DMSO/100 mm KPFg; Figure 1A) revealed half-wave
potentials for Cu' complexes of 3 and 4 (E,,~—60 to —70 mV;
all potentials vs. Ag/AgCl) to be approximately 120-130 mV
more negative than Cu-2 (E,,=+60 mV); this is consistent
with the electron-donating power of phenanthroline and ben-
zimidazole relative to triazole.®? A titration of peak current vs.
metal/ligand ratio showed that the electroactive species have
a 1:2 stoichiometry, which is consistent with the expected co-

CU‘22 — B)

_._
~—
T
>
Lo a4 v oW o

F N I SR

CU'42 -14

M. Finn et al.

ordination environments (Supporting Information). When the
chelating ligands are omitted, CuSO, gives no observable cur-
rent under these conditions in the examined potential
window. Plots of cathodic peak current vs. (scan rate)"’? for the
copper-ligand complexes were linear; this indicates diffusion-
controlled electron transfer with diffusion coefficients D, of
1.1x10°%cm?s?, 24x10°cm?s?, and 24x10%cm?s® for
Cu-2,, Cu-3,, and Cu-4,, respectively (Supporting Information).

The electrochemical activity of the copper-ligand complexes
suggested that the active Cu' catalysts for solution-phase
CuAAC reactions could be generated by bulk electrolysis, in ac-
cordance with studies at electrode surfaces by Collman, Chid-
sey, and co-workers.®® The ability of each complex to mediate
the reaction was first evaluated by using benzyl azide and phe-
nylacetylene as substrates, with concentrations that approxi-
mated those that were typically used for CuAAC bioconju-
gation reactions. Electrolyses were performed in a two-com-
partment cell with a glass frit separating the Pt mesh counter
electrode from the Ag/AgCl reference and reticulated vitreous
carbon working electrodes. Product formation was monitored
and quantified by LC-MS with an internal standard.

Each electrochemical reaction was conducted by first elec-
trolyzing a buffered solution of CuSO, and ligand (1:2 molar
ratio) at a potential that was just negative of the cathodic
peak in the appropriate cyclic voltammogram to reduce the
metal complex to the active Cu' oxidation state. During this
period the current decayed with time and reached a small
steady value after 30 min (Supporting Information). For Cu-3,,
the total number of electrons passed during this period (ca.
0.96 C) was found to be approximately four times the molar
amount of O, that was expected to be dissolved in an aqueous
solution of that volume (0.27 mwm); this is consistent with the
expected four-electron reduction to water that is mediated by
the Cu' complex.” Solutions of phenylacetylene and benzyl
azide in DMSO were then added, and the reaction was moni-
tored with maintenance of the initial applied potential. No
effort was made to exclude air from the reactions other than
to cap the working compartments of the cell with septa when
not adding or withdrawing material.

Table 1 lists the applied potentials and yields for the electro-
chemical reactions, and for analogous reactions that were per-
formed by using sodium ascorbate as the reductant. No signifi-

1) — (1) 0.5 mm Cu-2
— (2) 0.5 mm Cu-2
1 mm alkyne
(3) 0.5 mm Cu-2
3 mm alkyne
(4) 0.5 mm Cu-2
3 mm alkyne

2 mM azide
- (5) 0.5 mm Cu-2
3 mM alkyne

o \*-\"/ (4) and (5)

05 04 03 02 01 0 -01-02 -03 -04 -05
V (vs. Ag/AgCI) / V

05 04 03 02 01 0

. : ; v ) 4 mm azi
0.1 -02 -0.3 -04 -05 azile

V (vs. Ag/AgCI) / V

Figure 1. A) Cyclic voltammograms of the copper-ligand complexes (0.5 mm CuSO,, T mm ligand) recorded with a glassy carbon electrode at 100 mVs ~' in
10 mm HEPES buffer (pH 8.0), containing 20% DMSO and 0.1 m KPF,. B) Cyclic voltammograms in the presence of the indicated reagents, added in the order

indicated; conditions as in part (A).

1482

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemBioChem 2008, 9, 1481 - 1486



www.chembiochem.org



Azide-Alkyne Cycloaddition

Table 1. Results from the reaction shown in Equation (1) as a function of
ligand and applied electrochemical potential. The reported yields were
obtained by quantitative LC-MS analysis of aliquots removed at the indi-
cated times, and are the average of three independent runs (error +5%).
oo
CuS0, (0.1 mm)
0.9 mM Ilgand.(0.2 mM) NN@ )
+ 20% DMSO in 10 mM HEPES \
. C 100 mM KPFg, pH 8.0 N=N
= Eappiied = =50 0r -200 mV
vs. Ag/AgCI
0.15 mM
Reductant Copper Ligand Yield [%]
15 min 60 min

1 E, none® none none 1 1

2 none CuSO, none 3 3

3 E, none® Cuso, any 3 3

4 ascorbate!® Cuso, none 4 8

5 ascorbate® Cuso, 2 82 97

6 ascorbate!® Cuso, 3 68 68

7 ascorbate!® Cuso, 4 98 99

8 E, —50 mV CuSO, none 3 5

9 E, —200 mV CuSO, none 4 8
10 E, -50 mV CuSO, 2 58 84

Il E, —200 mV CuSO, 3 98 29
12 E, —200 mV CuSO, 4 6 42
[a] In the electrochemical cell with electrodes disconnected. [b] 1 mm
sodium ascorbate.

cant triazole formation occurred in the absence of copper or in
the presence of only Cu" (entries 1-3). As noted previously,*”
even in the presence of ascorbate, Cu' without accelerating li-
gands was insufficiently active to provide substantial amounts
of triazole at the dilute concentrations that were tested (en-
tries 4, 8, and 9). Cu-3 proved to be the most potent system
under the electrochemical conditions, giving complete conver-
sion within 15 min (entry 11 vs. 10 and 12). In contrast, ligands
2 and 4 provided better yields in the presence of ascorbate.
This is due to the much faster re-
action of Cu-3 with atmospheric
oxygen, which depletes the as-
corbate pool and deactivates the
catalyst within several minutes, ;
as indicated by the yields and (NH2),

(0] o]
sy~ AN
H 5 0
25 mm

half-wave of the Cu-2 complex was diminished relative to the
reduction wave (Figure 1B); this suggests that formation of
the Cu'-acetylide complex is fast and that the redox potential
of this species lies outside of the electrochemical window.
When benzyl azide was added, the oxidation wave returned to
give the reversible couple characteristic of [Cu-2]"", at scan
rates up to 500 mVs~'. This behavior indicates that the tria-
zole-forming catalytic turnover steps are also fast relative to
scan rate, and it establishes Cu-2 as the resting state of the cat-
alyst under these turnover conditions.

We tested the highly active Cu-3 electrochemical system in a
bioconjugation reaction that involved bacteriophage Qf, an
icosahedral virus comprising 180 copies of a 14.1-kDa coat pro-
tein.® We have previously employed the noninfectious capsid
as a robust scaffold for the display of gadolinium complexes,
carbohydrates, and other species;***" these were attached
with the use of [Cu-3,]OTf under strictly inert atmosphere con-
ditions in a glove box. The polyvalent CuAAC substrate 6 was
prepared by acylation of surface lysine and N-terminal amine
groups (4 per subunit; 720 per particle) with a large excess of
azido N-hydroxysuccinimide ester 5 (Scheme 2). The 4-penty-
noyl amide of selenomethionine (7) was used as the alkyne
component to give polytriazole adduct 8. After purification,
the amount of selenium that was attached to the protein was
measured by inductively coupled plasma optical emission
spectroscopy (ICP-OES). This technique replaces our normal
use of dyes such as fluorescein, which can suffer from batch-
to-batch differences in purity of the commercial reagent, occa-
sional changes in molar absorptivity upon protein attachment,
and particle instability for some capsids.”® Although ICP-OES is
not as convenient as UV/visible absorption spectroscopy, it is
highly sensitive and has the advantage of being unaffected by
the chemical environment of the probe element(s).

The benchmark for comparison is our previously established
CuAAC bioconjugation method by using the Cu' complex Cu-

[0}

the loss of the characteristic
color of the Cu' complex of 3. In

DMSO/buffer (1:4), pH 7, RT, 24 h

H H
NMN\/\/NCi
0] 0 n
6

separate experiments, Cu-3 also QB
provided a rare example of cata- Cu(MeCN),OTF (1 miv) CuS0, (0.5 mm)
lytic performance under the 3(1 mm) o SeCH 3 (1 mm)

. e . N, atmosphere /(\ 3 electrolysis, —200 mV
dilute conditions that are typical 2 p

f  bi jugation  reactions: 120, RT Z N oo 120 Rt
o |oconJuga.| : 6605 70 , = 650 £ 60
200 pm Cu-3 with 5 mm benzyl
azide and 5 mm phenylacetylene
produced the 1,4-triazole prod- N=N /
uct in 90% yield after 3 h. NMNVCOZH

Electrochemical ~ monitoring O < SeCH;
also proved to be informative
8

about the reaction mechanism.
In the presence of ligand 2 and

phenylacetylene, the oxidation 400 um in azide) and 7 (2.5 mm).
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Scheme 2. Electrochemically protected CuAAC bioconjugation with substrates 6 (2 mgmL~', approximately
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(MeCN),OTf (0.5 mMm) and 3 (1 mm) in a nitrogen-atmosphere
glovebox.?¥ Under these conditions, 690 +60 molecules of 7
were attached, which represents complete loading of the parti-
cle. The electrochemical reaction that is shown in Scheme 2
was initiated by prereduction of a 1:2 mixture of CuSO,/3 at
—200 mV for 30 min to form the active Cu' catalyst. This spe-
cies provided a convenient visual report on its oxidation state:
because the Cu' complex of 3 is deep green, whereas the Cu"
complex is pale yellow. The virus-azide (6) and 7 were then
added, and the electrochemical potential (and characteristic
color of Cu"3) was maintained throughout the course of the
overnight reaction. The product virus-like particles were puri-
fied by ultracentrifugation through a sucrose gradient, the
band that corresponded to the intact capsids was isolated,
concentrated by ultrapelleting, and resuspended in the desired
buffer. Good yields (>70%) of labeled particles were obtained
that bore 650+ 60 SeMet-alkynes per capsid, which is within
the experimental error of the glovebox reaction. Notably, when
catalytic quantities of Cu-3, precatalyst (0.25 mm) were used,
comparable loadings were obtained after 12 h (620+60 per
particle). The decrease in the required copper-ligand concen-
tration is generally desirable as it facilitates purification and
minimizes potentially detrimental protein-catalyst interactions
(although we find that the presence of the chelating ligand
shields most proteins from copper complexation). The recov-
ered Qf} protein was exclusively in the form of intact icosahe-
dral capsids, as shown by size-exclusion chromatography and
transmission electron microscopy (Supporting Information).

Conclusions

The oxidized products from ascorbic acid such as dehydroas-
corbate are potentially reactive with biomacromolecules.” 84"
The use of ascorbate as a reducing agent for the generation of
the active Cu' catalysts for CUAAC reactions will not always be
compatible with bioconjugation applications,”” since the oxi-
dized products of ascorbate are potentially reactive with bio-
macromolecules. The electrochemical protocol described here
provides an efficient and facile way to perform CuAAC reac-
tions when chemical reducing agents cannot be employed,
thereby eliminating the need for manipulations under an inert
atmosphere it simplifying the product purification. This is espe-
cially important for the highly active complex of Cu' and bath-
ophenanthroline ligand 3, which provides superior perfor-
mance in bioconjugation at the cost of extra acute air sensitivi-
ty, owing to its more reducing Cu”" redox potential.*¥ We also
highlight the use of two other water-soluble accelerating li-
gands, including a more hydrophilic version of the popular
tris(triazolyl)methyl TBTA structure. The successful bulk synthe-
ses of both small-molecule and larger-biomolecule triazole
conjugates by using these ligands, under the protective
umbrella of a reducing electrochemical potential, provides a
broadly applicable method for CuAAC ligation in aqueous
environments.
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Experimental Section

Ligands and linker 4: Compounds 1,? 45" and 5% were pre-
pared as previously reported; 3 was commercially available. Note:
We found occasional batches of 3 to be contaminated with sub-
stantial quantities of NMR-silent material (presumably inorganic
salts) as received. The problem was detected by quantitative NMR
(adding a known quantity of an internal standard), and resolved by
recrystallization. Ligand 2 was prepared by the reaction of tripro-
pargylamine with p-azidomethylbenzoic acid under similar condi-
tions as reported for 1. After the azide-alkyne cycloaddition reac-
tion was completed, the highly water soluble carboxylate salt form
of the ligand was precipitated by acidification with glacial AcOH. If
further purification was desired, the material could be boiled in
MeOH or dissolved in aqueous base and reprecipitated with AcOH.
Synthetic details can be found in the Supporting Information.

Protein: Expression and purification of the QP coat protein from a
recombinant plasmid has been previously described.”® Briefly, a
135-amino-acid version of the QP coat protein gene was cloned
into the vector pQE-60 and expressed under IPTG control in
M15MA cells in SOB media. After expression, collected cells were
lysed by sonication and lysozyme treatment, and then centrifuged
to remove insoluble cell components. The virus-like particles were
precipitated from the resulting supernatant by using 8%
PEG 8000. Following further centrifugation, the isolated pellet was
resuspended in 0.1 M K;PO, (pH 7.0). The capsid then underwent a
final purification by ultracentrifugation through a 10-40% sucrose
gradient followed by ultrapelleting and resuspension in 0.1m
K;PO, (pH 7.0). QB concentrations were determined by using the
Modified Lowry Protein Assay (Pierce).

Qp that bore azides at surface-exposed lysine residues (6) was pre-
pared by incubating a 10 mgmL™" solution of Qf with 25mm 5
(35-fold excess with respect to protein subunit) in 0.1m K;PO,
buffer (pH 7) with 20% DMSO for 12 h. The derivatized virus was
separated from excess reagent by ultracentrifugation by using a
10-40% sucrose gradient, the protein band that corresponded to
intact virions was isolated and concentrated by subsequent ultra-
pelleting and solvation in 20 mm HEPES buffer (pH 8). Mass recov-
eries of derivatized virus were typically 60-80%. Size-exclusion fast
protein liquid chromatography (FPLC, Superose-6 column) indicat-
ed that >95% of the recovered virus was composed of intact
particles.

For the reference bioconjugation reaction, a solution of QB-azide
6 (20mgmL™", 140 um in protein subunits, 560 um in azide
groups) and alkyne 7 (2.5 mm) was prepared under a N, atmos-
phere in a glove box (Vacuum Atmospheres, Inc., Hawthorne, CA,
USA). A solution of Cu(MeCN),(OTf) and ligand 3 in a 1:2 molar
ratio was added to initiate the reaction, which had a final volume
of 1 mL, and a final copper concentration of 0.5 mm. The reaction
was agitated by gentle tumbling overnight at room temperature
under N,, and the resulting conjugate 8 was purified and charac-
terized as above. Reaction yields were quantified by comparing
protein concentration (Lowry assay) to the concentration of Se
that was determined by ICP-OES and was calibrated with reference
standards (10-10000 ppb Se) in the presence of a constant quanti-
ty of YbCl; as an internal standard. The error limits given for load-
ing values were derived from repeated independent experiments
and reflected mostly the uncertainties in protein concentration
that was determined by the Lowry assay.

Cyclic voltammetry: Electrochemical measurements were per-
formed with an Epsilon workstation (Bioanalytical Systems, Inc.,
BAS, West Lafayette, IN, USA), by using glassy carbon working
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(area 0.07 cm?) and Ag/AgCl reference electrodes. The surface of
the working electrode was prepared by polishing with a 0.3 pm
alumina slurry followed by brief sonication in H,O and drying in air.
Voltammetry experiments were performed in a two-compartment
cell with a Luggin capillary separating the working electrode and
platinum wire counter electrode from the reference. All voltamme-
try experiments were performed under argon in thoroughly de-
gassed buffer (100 mm KPFg, 10 mm HEPES, pH 8, 20% DMSO).

Bulk electrode-driven CuAAC: Electrolyses were conducted in a
two-compartment cell in air with a glass frit separating the plati-
num gauze counter electrode from the reticulated vitreous carbon
working and Ag/AgCl reference electrodes. For CUAAC of phenyl-
acetylene and benzyl azide, reactions were initiated by placing
0.1 mm CuSO, (10 mL) into the working chamber with ligands 2, 3,
or 4, and [D,]1-benzyl-4-phenyl-1,2,3-triazole (internal standard) in
buffer (100 mm KPFg, 25 mm HEPES, pH 8, 20% DMSO). Electrolyses
at the appropriate potential (Table 1) were then conducted for
30 min. Solutions of phenylacetylene and benzyl azide in DMSO
were then added to final concentrations of 0.15 mm and 0.9 mwm,
respectively, and the applied potential was maintained throughout
the reaction. Aliquots (5 pL ) were taken every 15 min and diluted
with EtOH (1.5mL) for LC-MS analysis on an Agilent 1100
(G1946D) instrument, that was equipped with a 35 mm Agilent
Zorbax 1.8 micron SB-C18 column. The elution solvent for the de-
tection of 1-benzyl-4-phenyl-1,2,3-triazole was H,O0/CH;CN (55:45),
with 0.5% trifluoroacetic acid. Detection was performed in single-
ion mode (SIM) with [D,]1-benzyl-4-phenyl-1,2,3-triazole as internal
reference for all experiments.

Bioconjugation reactions were conducted in air by first placing
into the working chamber CuSO,/3 (1:2, 8 mL, 0.5 mm with respect
to copper) in buffer (100 mm KPF, 25 mm HEPES, pH 8). Electrolysis
was then performed for 30 min to generate the active Cu' oxida-
tion state. A total of 2 mL of virus and substrate solutions were
added, to give final concentrations of 2 mgmL™" virus and 2.5 mm
7. The chambers of the cell were capped loosely by septa when re-
agents were not being introduced or withdrawn. The electrochemi-
cal potential was applied during the 12 h reaction period, with a
low, steady-state passage of current noted throughout. The current
was presumably due to the reduction of Cu" to Cu', the former was
generated by oxidation of reduced metal by oxygen diffusing into
the reaction mixture. No traces of reactive oxygen species such as
peroxide, superoxide, or singlet oxygen were detected by standard
tests; this was consistent with the known electrochemically driven
four-electron reduction of O, to water by Cu-phenanthroline.*”
Furthermore, no decomposition of ligands, substrates, or products
was observed by LC-MS. Virus particles were purified from the re-
action mixture and analyzed as described above.
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Arginine Dynamics in a Membrane-Bound Cationic Beta-
Hairpin Peptide from Solid-State NMR

Ming Tang,” Alan J. Waring,”” and Mei Hong*®

The site-specific motion of Arg residues in a membrane-bound di-
sulfide-linked antimicrobial peptide, protegrin-1 (PG-1), was in-
vestigated by using magic-angle-spinning solid-state NMR spec-
troscopy to better understand the membrane insertion and lipid
interaction of this cationic membrane-disruptive peptide. The C—
H and N-H dipolar couplings and "C chemical shift anisotropies
were measured in the anionic POPE/POPG membrane, and were
found to be reduced from the rigid-limit values by varying ex-
tents; this indicates the presence of segmental motion. An Arg
residue at the [3-turn region of the peptide showed much weaker
spin interactions, which indicates larger amplitudes of motion
than an Arg residue in the (-strand region of the peptide. This is

Introduction

Molecular motion is common in membrane proteins and is
often intimately related to the function and lipid interaction of
these molecules. Solid-state NMR (SSNMR) spectroscopy is a
versatile tool for characterizing molecular dynamics on a wide
range of timescales (picoseconds to seconds), and for deter-
mining the amplitude of anisotropic motion. Large-amplitude
segmental motion has been reported, for example, for a bacte-
rial toxin that spontaneously inserts into the lipid membrane
as a result of its intrinsic conformational plasticity," a lipidated
Ras signaling protein,”? the catalytic domain of a membrane-
bound enzyme,® and the loops of the seven-transmembrane-
helix protein rhodopsin.® In addition to internal segmental
motion, whole-body reorientation has been discovered for
many small membrane peptides of both 3-sheet and a-helical
secondary structures.””

Protegrin-1 (PG-1) is a broad-spectrum antimicrobial peptide
found in porcine leukocytes.® It is a B-hairpin molecule that
is stabilized by two disulfide bonds and contains six Arg resi-
dues (RGGRLCYCRRRFCVCVGR). PG-1 achieves its antimicrobial
function by forming nonselective pores in the microbial cell
membrane that disrupt the membrane’s barrier function.'®™
Recently, the high-resolution oligomeric structure of PG-1 at
these pores was determined by using 'H and '°F spin-diffusion
NMR spectroscopic techniques.'? The peptide was found to
self-assemble into a transmembrane f3 barrel in bacteria-mim-
etic anionic POPE/POPG membranes. The *C-*'P distance con-
straints indicate that the Arg residues in these transmembrane
B barrels are complexed with lipid phosphates;" this suggests
that charge neutralization by ion pairing reduces the free
energy of peptide insertion into the hydrophobic part of the
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consistent with the exposure of the 3 turn to the membrane sur-
face and the immersion of the f3 strand in the hydrophobic
middle of the membrane, and supports the previously proposed
oligomerization of the peptide into {3 barrels in the anionic mem-
brane. The °C T, and 'H T, relaxation times indicate that the f3-
turn backbone undergoes large-amplitude intermediate-timescale
motion in the fluid phase of the membrane; this causes signifi-
cant line broadening and loss of spectral intensity. This study il-
lustrates the strong correlation between the dynamics and struc-
ture of membrane proteins, and the capability of solid-state NMR
spectroscopy to provide detailed information on site-specific dy-
namics in complex membrane-protein assemblies.

membrane, and the consequent tethering of lipid headgroups
might be the cause for toroidal pore formation.

The experiments that yielded the equilibrium oligomeric
structure of PG-1 and the toroidal pore morphology of the
lipid membrane were carried out at low temperatures of about
—40°C, which is in the gel phase of the membrane, to elimi-
nate any motion that would average the distance-dependent
dipolar couplings. On the other hand, PG-1 carries out its anti-
microbial action in the liquid-crystalline (LC) phase of the
membrane, where it is expected to be more mobile. How the
dynamics of PG-1 and its Arg side chains affect toroidal pore
formation has not yet been studied. If Arg—-phosphate complex
formation is true, then the functional groups involved in the
complex, that is, the guanidinium ions, the lipid phosphates,
and possibly water, should be less mobile than in their respec-
tive bulk environments. Thus, understanding Arg motion in
PG-1 in the lipid membrane might provide additional insight
into guanidinium-phosphate interaction. More generally, al-
though the motion of long-chain amino-acid residues has
begun to be investigated in microcrystalline proteins,*'®
motion of the same residues in membrane proteins is still
scarcely studied by NMR spectroscopy. Arg is particularly

[a] M. Tang, Prof. M. Hong
Department of Chemistry, lowa State University
Ames, IA 50011 (USA)
Fax: (+1)515-294-0105
E-mail: mhong®@iastate.edu
[b] Prof. A. J. Waring
Department of Medicine
University of California at Los Angeles School of Medicine
Los Angeles, CA 90095 (USA)
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common in many medically important membrane peptides
and proteins such as antimicrobial peptides (AMPs),"” cell-
penetrating peptides,"®' and voltage-sensing domains of ion
channels.?”

In this work we report the amplitudes of the microsecond
timescale motions of Arg and other residues in PG-1 that are
bound to the POPE/POPG membrane. We found that an Arg in
the B-strand part of the molecule, which is embedded in the
hydrophobic interior of the membrane is much less mobile
than an Arg in the B-turn part of the molecule, which is ex-
posed to the membrane surface. This is consistent with the oli-
gomeric structure and lipid interaction of this antimicrobial
peptide.

Results

We first characterized the dynamic structure of PG-1 in POPE/
POPG bilayers by variable-temperature *C and "N CP-MAS
NMR spectroscopy experiments. A series of CP spectra were
collected between 243 and 308 K on PG-1 that contained U-
B3C, “N-labeled Arg4, Leu5, and Arg11, and "°N-labeled Phel2.
As shown in Figure 1, the Co peaks of Arg4 and Leu5 are
much sharper and higher than the Ca peak of Arg11. At 295 K,
the full widths at half-maximum (FWHM) of Arg4 and Leu5
Ca's were ~3 ppm, compared to 6 ppm for the Arg11 Ca. As
the temperature decreases, the Arg11 Ca intensity increases

A) PG-1
1 @C Rig
mR@@@@CF

M. Hong et al.

A) Argd ) Argii

Arg4Nm Arg11Nn

Arg11Ne

Arg4No. ArgdN
308 K
LeuSNa \ NM
1
1

! r

15’0 160 5‘0 15‘0 160 5’0
5N diso/PPM 15N Sigo/PpPm

Figure 2. "N CP-MAS NMR spectra of PG-1 in the POPE/POPG membrane at
various temperatures. A) Arg4, Leu5; B) Arg11 and Phe12. Assignments were
obtained from the 2D "*C-"°N NMR correlation spectra (not shown).

significantly. This suggests that in the liquid-crystal-
line phase of the membrane the Arg11 backbone
undergoes large-amplitude intermediate-timescale
motion that becomes frozen in the gel phase of the
membrane, while the Arg4 and Leu5 Ca sites are
more rigid. In other words, the f-turn backbone is
more mobile than the -strand backbone. A similar
trend is observed in the N CP-MAS NMR spectra
(Figure 2). The backbone No peaks of Arg4 and Leu5
are sharp and well resolved, with FWHM of 2-3 ppm
at 283 K, but the Arg11 Na peak is broad and over-
laps with Phe12 Na to give a FWHM of 9 ppm for the
combined peak at 283 K. Only at 243K do the
Arg11 No and Phe12 Na peaks become resolved. We
assigned the Na peaks by *C-"N 2D NMR spectro-
scopic correlation experiments (data not shown).?"!
To distinguish between the contribution of the
static structural heterogeneity versus dynamic disor-
der to the linewidths, we measured the '*C T, relaxa-
tion times of Arg4 and Arg11 at two different tem-
peratures, 283 and 243 K, by using the Hahn echo ex-
periment. Table 1 shows the '>C apparent linewidths,
A*, which were read off from the CP spectra, and the
3C homogeneous linewidths, 4, which were ob-
tained from the T, values according to A=1/aT,. At

150 100 50 150 100 50 150 100
13C diso / PPM 13C diso / pPM

Figure 1. *C CP-MAS NMR spectra in PG-1 bound to the POPE/POPG membrane (P/L,
1:12.5) from 243 to 308 K. A) Amino acid sequence of PG-1; labeled residues are shaded.
B) *C CP-MAS NMR spectra of Arg4; C) 3C CP-MAS NMR spectra of Leu5; D) '*C CP-MAS

NMR spectra of Arg11. Peptide peaks are assigned and annotated.
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50 243 K, the homogeneous linewidths of Arg4 and

Arg11 are similar; this indicates that the motion is
largely frozen. However, the apparent linewidth of
the Arg11 backbone Ca (604 Hz, or 6.0 ppm) is much
larger than Arg4 Ca (222 Hz, or 2.2 ppm); this indi-
cates that there is much more conformational disor-
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Table 1. '*C apparent linewidths (4*) and homogeneous linewidths (A)
of PG-1 in POPE/POPG membrane at 283 and 243 K. The apparent line-
widths were read off from 1D CP spectra. The homogeneous linewidths
were obtained from T, measurements as 4= 1/xT,. The linewidths were
measured at a '*C Larmor frequency of 100 MHz.

Residue Sites 283 K 243 K
A* [Hz] A [HzZ] A* [Hz] A [HZ]
Arg4 Ca 272 199 222 118
cd 222 187 493 289
Cct m 84 201 80
Arg11 Ca 473 289 604 133
cd 161 106 534 265
ct 81 53 222 94

der at the B-turn backbone than at the f strand. In compari-
son, the side chains of Arg4 and Arg11 at 243 K exhibit similar
homogeneous linewidths as well as similar apparent line-
widths; this indicates that both the static and dynamic hetero-
geneities are comparable for the two side-chains. At 283 K, the
Arg11 Co exhibits both larger 4 and larger A4* than the
Arg4 Ca; this indicates that the p-turn backbone has greater
dynamic as well as static disorder than the [3-strand backbone.
In contrast, the side-chain of Arg11 has narrower A4 and A4*
than the Arg4 side-chain; this indicates that the Arg11 side-
chain undergoes faster motions than the Arg4 side-chain.

To obtain information on the motional amplitudes of the
Arg side-chains, especially the guanidinium group, we mea-
sured the 3C chemical shift anisotropy (CSA) of CT, the center
of the guanidinium ion. We chose the intermediate tempera-
ture of 283 K for the CSA and the subsequent dipolar coupling
experiments since at this temperature the spectra have the
best overall combination of resolution and sensitivity. The the-
oretical phase-transition temperature of the POPE/POPG (3:1)
membrane is 291 K, thus the spectra theoretically correspond
to the gel-phase membrane, but the phase transition is likely
broadened by the peptide. The peptide mobility closer to the
physiological temperature can be extrapolated from the 283 K
data and is expected to be higher, but the differences between
residues should be similar. We used the 2D separation of un-
distorted powder patterns by the effortless recoupling (SUPER)
experiment® to recouple the CSA interaction and correlate it
with the isotropic *C chemical shift. Figure 3 shows the 2D
SUPER spectra and 1D cross sections of the model compound
Fmoc-Arg(MTR)-OH, and Arg4 and Arg11 in PG-1 bound to the
POPE/POPG membrane. For the dry powder sample of Fmoc-
Arg(MTR)-OH, the CC cross section yielded a CSA anisotropy
parameter 6, which is defined as the difference between the
largest principal value 6, and the isotropic shift J,, of
78 ppm. This CSA is the rigid-limit value, since C-H dipolar
couplings of the side-chain carbons in this model compound
have nearly rigid-limit values (Table 2). In comparison, the CT
of Arg4 and Arg11 of PG-1 both give reduced CSAs: the Arg4
CT & is 47.3 ppm whereas the Arg11 CT CSA is much smaller at
10.3 ppm. These correspond to a motional scaling factor of
0.13 for Arg11 and 0.61 for Arg4. Thus, the Arg11 side-chain
has larger amplitude motion than Arg4. Since the T, data indi-
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Figure 3. Arg CT chemical-shift anisotropies from the SUPER experiment.
The 2D SUPER spectra are shown in A), C), E), and the corresponding CC 1D
cross sections are shown in B), D), and F). A) and B) Fmoc-Arg(MTR)-OH. C)
and D) PG-1 Arg4. E F) PG-1 Arg11. The PG-1 data were measured at 283 K in
the POPE/POPG membrane.

Table 2. Dipolar order parameters and CSA motional scaling factors®® of
PG-1 residues at 283 K and of three crystalline model compounds at
295 K.

Sites Arg4 Arg11 Fmoc-Arg Arg-HCl Leu5 Leu
Na 1.05 0.70 - - 0.95 -
Ca 0.93 0.70 0.91 0.91 0.93 0.95
Cp 0.61 - 0.86 0.91 0.56 0.93
Cy 0.63 - 0.91 0.91 0.44 -
cd 0.48 0.21 0.91 1.02 043 0.34
Ne 0.48 0.24 - - - -
e 0.61 0.13 - - - -
Nn 0.36 0.28 - - - -

cate narrower homogeneous linewidths of Arg11 Cd and Cg
than Arg4, the Arg11 side-chain motion is both faster and
larger in amplitude than the Arg4 side-chain motion.

To obtain more quantitative information on the motional
amplitude, we measured C-H and N-H dipolar couplings,
whose tensor orientation and rigid-limit coupling strength are
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lipid peaks, so we used a double-quantum (DQ) fil-

=

> 2 tered DIPSHIFT experiment to suppress the lipid sig-
‘¢ o8 %0-8 nals and measure the C-H couplings of these Arg
£ 06 Eos sites." Figure 5 shows representative 1D DQ NMR
§ 04 E 04 oz spectra and DQ-DIPSHIFT dephasing curves of Arg4
Eg,g é 02 ) and Leu5. Arg11 has prohibitively low sensitivity in
5 o 5 o the DQ-DIPSHIFT experiment due to unfavorable mo-
z 213 kHz = tional rates at this temperature, and was thus not
0 005 010 tt;.15 0.20 025 0 005 0,10”0.15 020 025 measured. Table 2 shows that in general the side-
me me chain order parameters decrease with increasing dis-
) Ne-H Ni-H, tance from the backbone. Arg11 at the f3 turn, which
o 1 > 1 is close to the membrane surface, has much higher
'g 0.8 g 0.8 2 3.2kHz amplitudes of motion, or much lower order parame-
= 08 € o6 ters, than Arg4 and Leu5 in the B-strand part of the
T s ® 04 4.0 kHz peptide, which is embedded in the membrane.'?
‘% 02 53 kHz T 02 To obtain further information on the rates of mo-
% 0 % 0 tions of these residues, we measured the 'H T, , relax-
z z ation times (Table 3). Most sites in Arg4, Leu5, and
0 0.10 ”m%ZO 0.30 0 0.10 t/mso'zo 0.30 Arg11 have similar 'H T, values (1.6-2.6 ms), except

Figure 4. *C-"H and ""N-"H DIPSHIFT curves of several sites of Arg4 (m) and Arg11 (o) in
PG-1 at 283 K. A) Ca-H; B) Cd-H,; C) Ne-H; D) Nn-H,. Arg11 gives weaker couplings than
Arg4; this indicates larger motional amplitudes.

for Arg11 Ha, which has a much shorter T,, (0.83 ms)
than Arg4 Ho. (2 ms). This is consistent with the *C T,
data that indicates more pronounced intermediate-
timescale motion of the f-turn backbone compared
to the B-strand backbone.

exactly known. The dipolar couplings were readily measured

by using the 2D dipolar chemical shift correlation (DIPSHIFT)

experiment to yield the bond

Figure 4 shows representative DIPSHIFT curves of Arg4 and
Arg11 in POPE/POPG-bound PG-1.

bone, while Cd-H,, Ne-H, and
chains. The order parameters are
compiled in Table 2. Both the
backbone Na and Co of Arg4
and Leu5 exhibited nearly rigid-
limit couplings, with order pa-
rameters of 0.93-1.00. In con-
trast, the Arg11 Ca and Na have
significantly lower order parame-
ters of 0.70. Thus, the f-strand
backbone of the peptide is im-
mobilized in the POPE/POPG
membrane at this temperature,
whereas the Arg11 backbone re-
tains significant local segmental
motion. For resolved sites (C9,
Ne, and Nr) in the side chains,
Arg4 and Leu5 also have stron-
ger dipolar couplings than those
of Arg11; this indicates that the
[p-strand side chains have smaller
amplitudes of motion, which is
consistent with the variable-tem-
perature spectra and the CSA re-
sults. Some "*C sites in the side-
chain, such as Arg CB, Cy, Leu
Cy, and C9, overlap with the
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Discussion

order parameter, S=0/0. The solid-state NMR spectroscopy data shown here indicate

that the B-turn backbone of PG-1 undergoes large-amplitude
segmental motion on the microsecond timescale, whereas the
B-strand backbone is mostly immobilized in the POPE/POPG

Ca-H represents the back-
Nn—H, represent the side-

A)  Argd B) Arg4 CB-H, C) Arg4 Cy-H,
1 m .
. z
Ca Cd Cp 308 0.8
Cy £os 0.6
o4 12.5 kHz 04
To2 0.2
AR R o/ © 0 "
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C diso/ PPM 0 005 010 015 020 025 0 005 010 05 020 025
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Figure 5. 1D *C DQ NMR filtered spectra and DQ-DIPSHIFT curves of Arg4 and Leu5 in PG-1 in the POPE/POPG
membrane. A) 1D *C DQ NMR spectrum of Arg4. The Cf and Cy peaks no longer overlap with the lipid peaks.

B) DIPSHIFT curves of Arg4 Cf3 (m) and the crystalline amino acid Gly Ca (0). The Gly Ca data give the rigid-limit
coupling for CH, groups, which is 22.9 kHz. C) DIPSHIFT curve of Arg4 Cy. D) 1D DQ spectrum of Leu5. The Cy and
Cd peaks no longer overlap with the lipid peaks. E) DIPSHIFT curve of Leu5 Cy. F) DIPSHIFT curves of Leu5 C9 ()
and the crystalline amino acid Ala Cf (o). The Ala CP3 data give the rigid-limit coupling for methyl groups, which
is 8.1 kHz. This is one-third of the one bond C-H coupling due to the three-site jump of the CH; group.
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Arg Dynamics in Membrane Proteins

Table 3. 'H T,, [ms] of POPE/POPG-bound PG-1 at 283 K and of crystalline
Arg-HCl at 295 K. Experimental uncertainties are given in parentheses.
The 'H spin-lock field strengths were 50 kHz in the *N-detected experi-
ment and 62.5 kHz in the *C-detected experiments.

Sites Arg4 Arg11 Arg-HCl
HN 26 (0.2) 2.2 (0.3) -

Ha 2.0 (0.1) 0.8 (0.1) 8.8

Ho 1.6 (0.1) 1.9 (0.1) 9.5

He 2.2 (0.2) 2.6 (0.2) 8.8

Hn 1.9 (0.2) 1.8 (0.1) 8.8

membrane in the liquid-crystalline phase. The latter is consis-
tent with the previously reported immobilization of PG-1
strand residues in POPC/POPG membranes.”®! Concomitant
with the backbone mobility difference, the side-chains also
exhibit dynamic differences: Arg11 has much lower order pa-
rameters than Arg4 (Table 2); consistent with large motional
amplitudes. Both membrane-associated Arg residues are much
more mobile than the crystalline compound Arg-HCI.

The dynamic difference between Arg4 and Arg11 can be un-
derstood in terms of the self-assembly of PG-1 and the pep-
tide-lipid interactions. The f strands that contain Arg4 and
Leu5 are involved in intermolecular association with other
PG-1 molecules through N—H--O=C hydrogen bonds to form
B barrels,"#?¥ thus these residues should experience hindered
motion. The strand aggregation is important to PG-1's antimi-
crobial activity. Mutation of Val14 to N-methyl-Val, which dis-
rupted hydrogen bonding of the Val14 backbone to its inter-
molecular partner, resulted in much lower antimicrobial activi-
ty” In contrast, the B-turn Arg11 is not involved in intermo-
lecular hydrogen bonding, and is located near the membrane
surface, thus it has more motional freedom.

A second contributing factor to the different side-chain dy-
namics of Arg11 and Arg4 might be the guanidinium-phos-
phate interaction. The *C-3'P spectroscopic distance data indi-
cated that both side-chains lie within hydrogen-bonding dis-
tance to lipid phosphates.” However, while the Arg4 guanidi-
nium group interacts with the phosphate groups that have
moved to the middle of the membrane as part of the toroidal
pore, the Arg11 guanidinium ion interacts with phosphates at
the membrane surface with much higher mobility. Thus, the
motional restriction caused by the lipid phosphate groups is
more severe for Arg4 than for Arg11. We note that at the tem-
perature of 283 K, at which most dynamic data were obtained,
the lipid molecules were much more mobile than at ~230 K, at
which the *C-*'P distances were measured. Thus, the guanidi-
nium-phosphate association at 283 K is likely to be transient
rather than permanent.

The high mobility of the f-hairpin tip of PG-1 dovetails the
observation of an analogous (-hairpin antimicrobial peptide,
TP-L.% In TP-1, Gly10 at the f turn exhibited an order of mag-
nitude shorter 'H T,, relaxation times than the B-strand resi-
dues. Field-dependent T;, analysis indicated that the shorter
T;, of Gly10 is a result of larger motional amplitudes of the
p turn and not because of rate differences from the rest of the
peptide.

ChemBioChem 2008, 9, 1487 — 1492
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Molecular dynamics simulations of the S4 helix of the volt-
age-gated potassium channel KvAP® suggested that lipid
headgroups and water stabilize Arg insertion by forming a hy-
drogen-bonded network. The effective lipid bilayer thickness
was reduced to a remarkably small 10 A near the inserted
S4 helix so that water and phosphate groups can stabilize the
Arg residues in the middle of the S4 helix by hydrogen
bonds.”® Based on the comparison of the mean-square dis-
placement of phosphate groups near the peptide with those
far away from the peptide and the analysis of the survival func-
tion of water molecules in the system, it was found that both
phosphate groups and water molecules are much less mobile
in the vicinity of the guanidinium groups than in their respec-
tive bulk environments. In particular, the mean residence times
for water molecules that are hydrogen-bonded to Arg9 and
Arg12 in the S4 helix, which are close to the bilayer surface,
are much shorter than those that are hydrogen-bonded to
Arg15 and Arg18, which lie in the hydrophobic core of the
membrane (90-300 ps vs. 1000-2000 ps). This different resi-
dence time suggests that the water molecules near Arg in the
hydrophobic core are less mobile than those near Arg at the
membrane surface. This in turn suggests that Arg residues in
the hydrophobic part of the membrane are less mobile than
those close to the bilayer surface. These are consistent with
the different mobility that is observed between Arg4 and
Arg11 in PG-1.

In summary, we have measured the dipolar couplings, CSAs,
and T, and T,, relaxation times of key Arg residues in PG-1 in
the bacteria-mimetic anionic POPE/POPG membrane. The line-
widths and motional scaling factors show that the f-turn
Arg11 near the membrane surface is significantly more mobile
than the (-strand Arg4 and Leu5 in the hydrophobic part of
the membrane. The different mobility is consistent with the lo-
cation of the residues with respect to the membrane, the inter-
molecular aggregation of PG-1, and the strong Arg-phosphate
interaction. Thus, the site-specific dynamics of PG-1 correlate
well with its topological and oligomeric structure. Solid-state
NMR is shown to be a useful tool for elucidating the relation
between membrane protein dynamics and its structure.

Experimental Section

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine

(POPE), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol
(POPG) were purchased from Avanti Polar Lipids (Alabaster, AL,
USA). PG-1 (NH,-RGGRLCYCRRRFCVCVGR-CONH,) was synthesized
by using Fmoc chemistry as previously described.” Three PG-1
samples were synthesized that contained U-"C, ’N-Arg4, and "N-
Leu5, U-"C, °N-Arg11, and "N-Phe12, U-*C, "*N-Leu5. U-"°C, "*N-la-
beled Arg was obtained from Spectra Stable Isotopes (Columbia,
MD, USA) as Fmoc-Arg(MTR)-OH.

POPE and POPG lipids (3:1) were mixed in CHCl; and blown dry
under N, gas. The mixture was then redissolved in cyclohexane
and lyophilized. The dry lipid powder was dissolved in H,0 and
subjected to five cycles of freeze-thawing to form uniform vesicles.
An appropriate amount of PG-1 for a peptide-lipid molar ratio (P/
L) of 1:12.5 was dissolved in H,0 and mixed with the lipid vesicle
solution, incubated at 303 K overnight, then centrifuged at
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55000 rpm for 2.5 h. The pellet was packed into a MAS rotor to
give a fully hydrated membrane sample.

NMR spectroscopy experiments were carried out by using a Bruker
DSX 400 (9.4 Tesla) spectrometer (Karlsruhe, Germany). Triple-reso-
nance magic-angle spinning (MAS) probes with a 4 mm spinning
module were used. Temperatures were controlled by a Kinetics
Thermal Systems XR air-jet sample cooler (Stone Ridge, NY, USA)
on the 400 MHz system. Typical 90° pulse lengths were 5-6 ps for
3C and N, and 'H decoupling fields of 50-80 kHz were used. The
B3C chemical shifts were referenced externally to the a-Gly *C’
signal at 176.49 ppm on the tetramethylsilane scale. The >N chemi-
cal shifts were referenced externally to the N-acetyl-Val *Na. signal
at 121.72 ppm.

3C-"H and "N-"H dipolar couplings were measured by using the
2D DIPSHIFT experiment at 3.0-3.5 kHz MAS with MREV-8 for 'H
homonuclear decoupling.” Pulse lengths of 3.5 us were used in
the MREV-8 pulse train. The N-H DIPSHIFT experiments were per-
formed with dipolar doubling to increase the precision of the mea-
sured couplings.®**" Some 'C sites overlap with lipid peaks, so
the double-quantum-filtered (DQ) DIPSHIFT experiments were used
to measure these dipolar couplings.™ The DQ filter used SPC5 ho-
monuclear dipolar recoupling sequence.?” The "*C CSA was mea-
sured by using the 2D SUPER experiment under 3.5 kHz MAS.*
The corresponding C field strength was 42 kHz. 'H rotating-frame
spin-lattice relaxation times (T;,) were measured by using spin-lock
field strengths of 50-62.5 kHz. The 1D C and "N NMR spectra
were measured between 243 and 308 K. All DIPSHIFT, SUPER and

T;, NMR spectroscopy experiments were carried out at 283 K.
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Rainer Rudolph,™ and Frank Bordusa*™

Herein we present the first report on protease-catalysed ligation
of cleavage-sensitive peptide and protein fragments in ionic-
liquid-containing solvent systems. By applying the newly estab-
lished [MMIM][Me,PO J/buffer mixture as a reaction medium, sig-
nificant advantages over purely aqueous or conventional organic

Introduction

The chemoselective ligation of peptide fragments has been
established as a powerful tool for the synthesis of functional
biological macromolecules, including synthetically engineered
polypeptides up to proteins.” Generally, the ligation ap-
proaches that have been developed can be distinguished into
two basic strategies, that is, the coupling of either 1) fully pro-
tected synthetic peptides or 2)unprotected functionalised
fragments derived from chemical or recombinant techniques.
Examples for the latter involve the well-known native chemical
ligation technology that mediates the selective condensation
of an N-terminal peptide a-thioester with a C-terminal cys-
teine-containing peptide,”” the Staudinger ligation, which is
based on the specific reaction between a phosphinothioester
and peptide azide™ and the protease ligation method in which
specific peptide esters, especially substrate mimetics, react
with a broad variety of nucleophilic peptide species in a regio-
and stereospecific manner.”

Although the practicability of these strategies regarding the
increasing size of peptidic targets is beyond any doubt, the
synthesis of more complex, therapeutically relevant membrane
proteins is seriously handicapped mainly by their poor solubili-
ty in aqueous solvents or limited stability in the organic-aque-
ous media that is required for purification, and in particular,
subsequent ligation.

Successful synthesis of those difficult sequences therefore
demands novel powerful solvent systems with tuneable solu-
bility properties, compatibility to the labile structure of pro-
teins as well as chemical and enzymatic ligation approaches;
this complex constellation of needs might be fulfilled by using
ionic liquids. This relatively new class of nearly nonvolatile,
purely ionic materials offers huge potential to optimise re-
action processes by its adaptable, diverse and unique set of
physicochemical properties that lead evidently to remarkable
improvements compared to conventional solvent systems.”
Whereas the use of ionic liquids as solvent in the field of
organic chemistry is increasingly documented and booming
constantly, with respect to biocatalysis a comparably small
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solvent-containing media could be identified, including in partic-
ular the use of active wild-type proteases as biocatalysts, the sup-
pression of any competitive proteolytic side reactions, the high
turnover rates compared to classical organic solvents and the
high stability of chemically labile reactants.

number of oxidoreductase and hydrolase-catalysed reactions
has been published to date.”” Moreover, only two reports that
deal with the thermolysin and chymotrypsin-catalysed conver-
sion of single amino acid reactants without any competing
cleavage sites”! clearly make enzymatic polypeptide or even
protein ligation in ionic liquids a vast and innovative chal-
lenge.

Herein we report on the first successful ligation of cleavage-
sensitive peptide and protein fragments by the use of ionic lig-
uids as a reaction medium additive. By retaining the activity
and selectivity of wild-type proteases, coupling reactions
strongly benefit from both the excellent solubility and stability
of the reactants in the cosolvent, and in particular, from the
complete suppression of proteolytic side reactions, which are
the main drawbacks when native proteases are used as biocat-
alysts for peptide and protein ligation.
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Results and Discussion

In our initial studies we have proven the general scope of ionic
liquids with respect to maintaining protease activity, solubility
of polypeptides and water miscibility by using an individually
selected set of ionic liquids that are composed of cations such
as differently substituted imidazolium, quarternary ammonium,
and phosphonium and anions, including triflate, acetate, thio-
cyanate, dimethylphosphate, tosylate, chloride and methylsul-
fate (Table S1 in the Supporting Information). Thus, water-
immiscible ionic liquids and also those that are already known
for their instability (for example, tetrafluoroborates) were con-
sciously excluded. With the remaining ionic liquids selected
model reactions have been performed by using three proteas-
es with distinct specificities, that is, the Tyr-, Arg- and Glu-spe-
cific chymotrypsin, trypsin and V8 protease, respectively, as
biocatalysts. To evaluate the individual effects of each ionic
liquid on both the proteases’ activities and solubility of hydro-
phobic polypeptides, the screening reactions were performed
in a kinetically resolved manner at different ionic liquid and re-
actant concentrations. Whereas variations of the ionic liquid
content directly monitor the effect of the additive on the pro-
teases’ activity, variations of the latter allow simultaneously for
conclusions to the general solubility behaviour of the distinct
ionic liquid towards increasing concentrations of the respective
low-water-soluble peptides. To meet the latter requirement,
the rather hydrophobic peptide LIVNAVLQPVAAGAY was select-
ed as the model acyl acceptor component. The peptide itself
was used in concentrations of 1 mm, at which it is still soluble
in the conventional aqueous system, as well as in ten-fold
higher concentrations, which lead to peptide precipitation
under similar conditions. As acyl donors, simple ethyl esters of
the general structure Bz-Xaa-OEt (1 mwm) with Xaa being adapt-
ed to the individual primary specificity of each enzyme (Arg for
trypsin, Tyr for chymotrypsin and Glu for V8 protease) were se-
lected. The ionic liquids themselves were used in concentra-
tions of 50, 60, and 70% (v/v) as additives to a buffered aque-
ous solvent system. Temperature and pH optima were adjusted
according to the individual requirements of the used en-
zymes.”! Due to the limited water solubility of the acceptor
peptide, the comparative reactions without ionic liquid were
restricted to those that used 1T mm acceptor peptide. Even in
this case, however, 5% DMF had to be added to ensure the
complete solubility of all reactants. To control for non-enzyme-
related hydrolysis and aminolysis of the ester moieties that
might interfere with the enzymatic syntheses, reactions with-
out enzyme were performed for each single ionic liquid system
in parallel, which gave no indication of any spontaneous ester
or peptide conversions regardless of the presence or absence
of the respective ionic liquid. Considerably more diffuse results
were found for the reaction systems that contained both the
respective enzyme and ionic liquid (Table S1). The effects that
were observed ranged from a complete loss of enzyme activity
without any conversion of the reactants, as was found for all
tosylates, chlorides and sulfates, over an exclusive hydrolysis of
the acyl donor esters without any significant formation of the
desired ligation products as it could be observed in the ammo-

1494

www.chembiochem.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

N. Wehofsky, F. Bordusa, et al.

nium-derived ionic liquid system, to the promotion of enzyme-
catalysed peptide bond formation between the respective re-
actants, which was found for the alkyl imidazolium acetate, tri-
flate, thiocyanate and dimethylphosphate. Interestingly, these
general effects were found to be independent of the individual
enzyme and became already evident at the lowest ionic liquid
concentration used. Moreover, the ionic liquids that support
peptide bond formation also show similar quantitative trends
for all three enzymes with respect to their catalytic activity and
synthesis efficiency. Regarding both parameters, 1,3-dimethyl-
imidazolium dimethylphosphate ([IMMIM][Me,PO,], 1a) was

o
I

N CH, CH;—0~P—0-CHs
0

H3C—N\/

1a

identified as the most promising ionic liquid because it medi-
ates not only the highest reaction rates and peptide product
yields for all three enzymes, but also ensures the complete sol-
ubility of all reactants.”

Next, we evaluated the general suitability of the selected
[MMIM][Me,PO,] as a reaction medium additive for enzymatic
ligation reactions of cleavage-sensitive peptide reactants. For
this purpose, three pentapeptides of the general structure Leu-
Ala-Xaa-Ala-Gly were used; the Xaa-Ala motif is an endoge-
nous cleavage site for each enzyme and was used as the acyl
acceptors. Because of the significantly higher synthetic value
of substrate mimetics over conventional acyl donors, we fur-
ther exchanged the simple ethyl esters with Bz-Gly-OGp (tryp-
sin and chymotrypsin) and Bz-Gly-SCm (V8 protease), respec-
tively.*'” Both the 4-guanidinophenyl ester (OGp) and carbox-
ymethyl thioester (SCm) moieties are well known to mediate
the acceptance of nonspecific acyl residues by these enzymes,
and thus allow for sequence-independent and therefore highly
flexible peptide bond syntheses that are infeasible with con-
ventional acyl donor components.*®'? With exception of the
reactant concentrations, which were fixed at 2 mm (acyl donor)
and 20 mm (acyl acceptor), the reactions themselves were per-
formed under similar conditions as described above. Similarly,
parallel control reactions without enzyme were performed,
which in all cases and independent of the presence of the
ionic liquid gave again no hints of any spontaneous reaction
of the reactants, including the exclusion of nonenzyme-cata-
lysed (for example, ionic liquid) peptide bond formations. A
completely different picture was found for the enzyme-con-
taining reaction systems. Generally, a comparison of the liga-
tion reactions under purely aqueous conditions with that by
using [MMIM][Me,PO,] as a cosolvent reveals a radical shift in
enzyme preferences (Table 1). Whereas reactions without the
ionic liquid either completely failed in terms of the formation
of the desired full-length peptide product (V8 protease), or
gave yields of temporarily accumulated intact peptide prod-
ucts in the range of only 19 to 45% (trypsin and chymotrypsin,
respectively), the addition of [MMIM][Me,PO,] efficiently sup-
pressed the undesired proteolytic cleavage of the respective
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Table 1. Influence of [MMIM][Me,PO,] on substrate-mimetics-mediated
protease couplings of cleavage sensitive peptides.”?

Protease/ Acyl Yield [%]

acyl donor acceptor [MMIM][Me,PO,l/MOPS buffer (v/v)
0:100® 50:50 60:40 70:30

Chymotrypsin

Bz-Gly-OGp LAYAG 45.1 59.6 86.0 87.4
(36.1) (23.1)

Trypsin

Bz-Gly-OGp LARAG 18.9 524 76.7 79.7
(50.3) (19.9)

V8-protease

Bz-Gly-SCm LAEAG 0 52.5 76.5 78.9
(68.4) (18.4)

[a] Enzyme-specific amino acid moieties within the peptide reactants are
marked. Parentheses indicate competitive proteolysis of the respective
specific peptide bond during synthesis, that is, the parenthetical data are
the yields of the undesired proteolytically cleaved products, whereas the
data outside the bracket give the yields of the appropriate intact (un-
cleaved) peptide products. [b] 5% DMF (v/v). Conditions: 25°C (37°C in
the case of V8 protease), pH 8.0, [acyl donor]=2 mm, [acyl acceptor]=
10 mm, aqueous system: [chymotrypsin]=1.5x10"°wm, [trypsin]=1x
107®m, [V8 protease]=1x10""m, ionic liquid system: [chymotrypsin]=
0.5x107°m, [trypsin]=0.25x10"°m, [V8 protease]=0.3x10">m. Errors
are less than 5% (+2.5%).

enzyme-specific peptide bonds in a concentration-dependent
manner. In fact, whereas at equal volumes of [MMIM][Me,PO,]
and buffer the proteases’ cleavage activities are already signifi-
cantly reduced but still remain detectable, the addition of 60%
of the ionic liquid to the reaction medium causes a complete
suppression of any undesired proteolyses of cleavage-sensitive
peptide bonds. As a result, about 77 to 86% long-time stable
peptide products were obtained in the 60% ionic-liquid-con-
taining reaction mixtures (Figure 1). A further increase of the
[MMIM][Me,PO,] concentration in the solvent system of up to
70% led to further, although only less pronounced, improve-
ments in the yields of ligation; this indicates that the ionic
liquid not only suppresses the proteolytic hydrolysis, but also
decreases the competing hydrolysis activity of the proteases
toward the acyl donor esters to some extent (Table 1). Like the
effect on proteolysis, the latter shows a clear concentration de-
pendency on the ionic liquid, but does not lead to a complete
suppression of undesired hydrolysis of acyl donor esters. A
quantification of both the proteases’ proteolytic and hydrolytic
activities as a function of the ionic liquid concentration is
given in Figure 2. Accordingly, the two activities decrease with
increasing amounts of [MMIM][Me,PO,] in a nonlinear manner,
whereas this effect is much more pronounced for the proteo-
lytic activity of the enzymes. The rationale behind the general
reduction of both activities might be correlated to the lower
concentration of water as a result of increasing amounts of
ionic liquid. This hypothesis is supported by the fact that for
both the proteolytic and hydrolytic reaction, water acts in the
same way as an essential reaction partner. Therefore, lowering
the water concentration should go along with a respective re-
duction in the rates of the two water-dependent reactions.
This simple hypothesis alone does not explain, however, the
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Figure 1. Course of the chymotrypsin, trypsin, and V8 protease-catalysed
coupling of substrate mimetics with specific amino-acid-containing peptides
in a 60:40 (v/v) [MMIM][Me,PO,l/buffer system: A) Bz-Gly-OGp and H-Leu-
Ala-Tyr-Ala-Gly-OH with chymotrypsin; B) Bz-Gly-OGp and H-Leu-Ala-Arg-Ala-
Gly-OH with trypsin; C) Bz-Gly-SCm and H-Leu-Ala-Glu-Ala-Gly-OH with V8
protease. (-¥-) Bz-Gly-OGp/SCm, (-e-) Bz-Gly-OH, (- -) Bz-Gly-Leu-Ala-(Tyr/
Arg/Glu)-Ala-Gly-OH, (-e-) Bz-Gly-Leu-Ala-(Tyr/Arg/Glu)-OH. Conditions:
25°C (37°C in the case of V8 protease), pH 8.0, [acyl donor] =2 mm, [acyl ac-
ceptor] =10 mwm, [chymotrypsin] =0.5x 10~®m, [trypsin] =0.25x 10"°m, [V8
protease] =0.3x107° m, X=product yield. Errors are less than 5% (42.5%).

significant differences in the degree of that reduction that is
found for the proteolysis and hydrolysis rates of the enzymes.
Thus, additional and more direct-acting effects of the ionic
liquid can be expected to be important, in particular for affect-
ing the proteases’ proteolytic activity. Generally, in a large
number of studies it has been already shown that catalytically
relevant changes in the structure of proteases have a signifi-
cantly higher impact on their proteolytic rather than their hy-
drolytic activity.” The higher demand of proteolytic reactions,
based on chemically more stable peptide bonds, on the struc-
tural integrity of the enzyme compared to analogous hydroly-
sis reactions of more activated ester derivatives is discussed as
the molecular reason for this phenomena. With respect to
ionic liquids, such changes in the spatial structure of enzymes
should be related to partial denaturation or unfolding effects.
However, our attempts at directly measuring those ionic liquid-
mediated structural changes by using routinely applied tech-
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Figure 2. Effect of increasing [MMIM][Me,PO,] concentrations on the proteo-
lytic and hydrolytic activity of chymotrypsin, trypsin, and V8 protease.

A) Proteolytic activity was measured by using H-Leu-Ala-Xaa-Ala-Gly-OH
(Xaa=Tyr: chymotrypsin; Xaa=Arg: trypsin; Xaa=Glu: V8 protease) as sub-
strates. B) Hydrolytic activity was determined by using Bz-Gly-O/SR (OR=
OGp: chymotrypsin and trypsin; SR=SCm: V8 protease) as substrates. (-@-)
chymotrypsin, (-e-) trypsin, and (-¥-) V8 protease. Conditions: 25°C (37°C
in the case of V8 protease), pH 8.0, [substrates] =2 mwm, [chymotrypsin] =
0.5% 107 M, [trypsin] =0.25x 10 °m, [V8 protease] =0.3x 10> m, X =relative
reaction rate. Errors are less than 5% (& 2.5%).

niques such as CD or fluorescence spectroscopy completely
failed due to serious interference by the ionic liquid. The same
holds true for our NMR spectroscopic measurements, which
we performed with shorter model peptides. In spite of these
serious difficulties, a first experimental proof of a general
impact of ionic liquids on the structure of proteins was ob-
tained by measuring the influence of [MMIM][Me,PO,] on the
cis/trans ratio of the Xaa-Pro bonds. By performing solvent-
jump experiments" with peptides of the general structure
Suc-Ala-Xaa-Pro-Phe-pNA (Xaa: Lys Glu, Phe), it could be
shown that [MMIM][Me,PO,] affects the native cis/trans equilib-
rium in a significant manner. Quantitative analyses of this
effect have further shown that the ionic liquid stabilises the
trans isomer with remarkably high AAG values between 2.7
and 3.8 kimol™', depending on the nature of the individual
Xaa moiety (detailed results will be reported elsewhere). By
taking into account that the aforementioned AAG-values are
related to the conformational impact of [MMIM][Me,PO,] on
only one single peptide bond, much larger effects can be
expected on the whole structure of proteins. Such structural
changes could be finally responsible for the complete loss of
the proteases’ proteolytic activity already at relatively low ionic
liquid concentrations, and thus rather high water concentra-
tions at which the hydrolysis and aminolysis reactions that are
based on more reactive ester substrates still occur. Generally it
must be noted that the positive effects of [MMIM][Me,PO,] on
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the course of syntheses are paralleled by a reduction in the
overall reaction rates. Unlike conventional organic solvent sys-
tems, [MMIM][Me,PO,] does not disturb the synthesis activity
of proteases by five orders of magnitude,"? but decreases the
rate of product formation only by a factor of 100 to 1000 at
the ionic liquid concentration that is related to a complete
suppression of undesired proteolysis. Owing to the significant
differences of the remaining water activities in aqueous ionic
liquids"™ and classical water-organic solvent mixtures,"¥ re-
tained protease activities might be correlated to the higher
water activity in the ionic liquid system. From a purely synthet-
ic point of view, the lower rates of reaction in ionic liquids can
be easily compensated for by increasing the enzyme concen-
tration and/or extending of the incubation time. Undesired
spontaneous reactions such as undesired acyl donor ester hy-
drolysis that was caused by longer reaction times might not
be expected due to the high chemical stability that is found
for the reactants under these conditions.

Finally, we evaluated the general suitability of ionic liquids
for protease-mediated ligations of elongated peptide frag-
ments by using the optimised 60:40 (v/v) [MMIM][Me,PO,l/
buffer system. As a synthesis target we selected the truncated
(46-92) sequence of the peptidyl prolyl cis/trans isomerase
(PPlase) parvulin 10 from E. coli (Par10; Figure 3). Due to the

G**GDLGEFRQGQMVPAFDKVVFSCPVLEPTGPLHTQFG YHIIKVL YRN®2

Figure 3. Sequence of the peptidyl prolyl cis/trans isomerase parvulin 10
(46-92) from E. coli and its 3D-structure in the full-length protein."® The po-
tential cleavage sites of chymotrypsin (Tyr/Phe-Xaa), trypsin (Arg/Lys-Xaa)
and V8 protease Glu/Asp-Xaa are marked.

primary catalytic function of PPlases to facilitate cis/trans iso-
merisations of Xaa-Pro bonds, they were found to be involved
in the folding of newly synthesised proteins in the function of
cell cycle control and in the immune system in the case of
higher developed organisms.™

According to Figure 4 A, the synthetic route to Par10 (46-92)
follows a single-step enzymatic coupling of an OGp or SCm
ester of Par10 (46-62) and the 30-mer Par10 (63-92) fragment.
As revealed by CD spectroscopy, the latter, although truncated,
adopts a native-like structure as found in the full-length pro-
tein with respective a-helical and [-sheet regions (Figure 3).
Thus, the site of ligation can be assumed to be an a-helical
motif, which is known to be poorly recognised by proteases;
in general, proteases prefer loop or 3-sheet regions as the site
of catalysis. This, together with the only low solubility of the
fragment in purely aqueous media makes Par10 (46-92) a diffi-
cult sequence because it exhibits basic similarities to those of
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A)

z-{ Par10(46-62) }OGp/SCm | Par10(63-92)

chymotrypsin: 52%

yield: | trypsin: 50%
V8 protease: 45%
z- Par10 (46-92) |

Figure 4. General course A) of the protease-catalysed coupling of Z-GGDLGEFRQGQMVPAFD-OGp/SCm (Par10 (46—
62); OGp: chymotrypsin and trypsin; SCm: V8 protease) with KVVFSCPVLEPTGPLHTQFGYHIIKVLYRN (Par10 (63—
92)) in a reaction medium that was composed of 60% (v/v) [MMIM][Me,PO,] and 40% (v/v) MOPS buffer, pH 8.0.
B) Analysis of the chymotrypsin-catalysed synthesis of Z-Par10 (46-92) by MALDI-ToF mass spectrometry (calcd:
5392.71). Concentrations: [acyl donorl=1 mm, [acyl acceptor] =1 mm, [chymotrypsin] =0.5x 107° m, [tryp-

sin] =0.25x 107 M, [V8 protease] =0.3 x 10> m. Errors of the product yields reported are less than 5% (& 2.5%).

membrane-associated proteins. The preceding chemical syn-
thesis of the starting fragments itself was achieved by standard
solid-phase Fmoc chemistry by using either Wang resin"” for
the preparation of Par10 (63-92) or Kenner’s 4-sulfamylbutyryl
aminomethyl safety catch resin® for synthesising the N-termi-
nal Par10 (46-62) esters. Peptide release, deprotection, and
purification led to the desired fragments, which were subse-
quently used for synthesis-economy reasons in equimolar con-
centrations of 1 mm for protease-catalysed ligations. Due to
the excellent solvent properties of [MMIM][Me,PO,], no further
additives were required to ensure complete solubility of all re-
actants. In the absence of the ionic liquid, significant volumes
of at least 30% DMF had to be added to the reaction mixtures
to compensate for the virtual dissolution of the fragments. The
course of the synthesis reactions was finally analysed via HPLC
and mass spectrometry either kinetically by applying an exact
time control (reactions without ionic liquid) or simply after
20 h and complete ester consumption (reactions with ionic
liquid). As was already found for the initial model reactions by
using Bz-Gly-OGp/SCm, a strong preference of all three ionic-
liquid-affected enzymes for catalysing the ligation reaction
became evident. In fact, in the newly established [MMIM]-
[Me,PO,]/buffer system besides the hydrolysis product of the
heptadecapeptide esters, with chymotrypsin (52%), trypsin
(50%) and V8 protease, 45% of the expected Par10 (46-92)
were formed in spite of the difficult sequence and nonprefer-
red structure of the starting Par10 (63-92) fragment (Fig-
ure 4B). Truncated peptide products due to undesired proteo-
lytic cleavages after enzyme specific amino acid moieties could
not be detected. A completely opposite behaviour was found
however, in the control reactions under conventional condi-
tions without ionic liquid, in that competitive cleavages of the
peptide reactants were favoured regardless of the protease
used. Interestingly, even if applying an exact time control on
the synthesis reactions that lacked [MMIM][Me,PO,], the de-
sired intact ligation product could not be obtained at all; this
proves the excellent behaviour of ionic liquids as cleavage-sup-
pressing additives in protease-mediated ligation reactions.
Initial up-scaling studies further demonstrated the power of
[MMIM][Me,PO,] as an efficient solvent system. In fact, reac-
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Conclusions

In summary, we present the first
report on protease-catalysed li-
gation of cleavage-sensitive
peptide and protein fragments
in ionic-liquid-containing sol-
vent systems. By applying the
newly established [MMIM]-
[Me,PO,]/buffer mixture as a re-
action medium, significant ad-
vantages over purely aqueous or conventional organic solvent-
containing media could be identified, including in particular
the use of active wild-type proteases as biocatalysts, the sup-
pression of any competitive proteolytic side reactions, the high
turnover rates compared to classical organic solvents and the
high stability of chemically labile reactants. These characteris-
tics together with the powerful and tuneable solubility proper-
ties strongly suggest the enormous potential of ionic liquids
for enzymatic peptide synthesis in general, and in particular
for the ligation of difficult sequences with low water solubility
that are becoming increasingly important, especially in terms
of membrane-associated proteins. Moreover, because nonenzy-
matic ligation strategies suffer from restricted solubilities and
stabilities of the peptide reactants or protein products, one
can expect that ionic liquids should be equally qualified as sol-
vent/cosolvent for purely chemical ligation approaches. Studies
in this direction are presently under way.

Experimental Section

Materials: TPCK-treated bovine trypsin (EC 3.4.21.4), TLCK-treated
bovine chymotrypsin (EC 3.4.21.1), V8 protease (EC 3.4.21.19), and
the Bz-Arg-OEt and Bz-Tyr-OEt esters were obtained from Fluka,
Sigma or Bachem. Proteases and ester derivatives were used with-
out further purification. All ionic liquids were obtained from Sol-
vent Innovation (K&In, Germany) or Fluka and exhibited an accred-
ited purity of higher than 99.5% (Solvent Innovation: 1-Butyl-3-
methyl-imidazolium  2(2-methoxyethoxy)ethylsulfate,  1-Ethyl-3-
methyl-imidazolium tosylate, 1,3-Dimethyl-imidazolium dimethyl-
phosphate, 1-Methyl-3-octyl-imidazolium chloride, and 2-Hydroxy-
ethyl-trimethyl-ammonium dimethylphosphate) and 97 % (Fluka: 1-
Butyl-3-methyl-imidazolium acetate, 1-Butyl-3-methyl-imidazolium
triflate, 1-Butyl-3-methyl-imidazolium thiocyanate, 1,3-Dimethyl-imi-
dazolium methylsulfate, and Tetra(2-methylpropyl)methyl-phospho-
nium tosylate), respectively. Because it is known that even minor
impurities in ionic liquids can affect their solvent properties,®¢d
each ionic liquid was further analysed individually by HPLC and
'H NMR spectroscopic studies. If the ionic liquid contained a phos-
phorus atom, additional *'P NMR spectroscopic analyses were per-
formed. 'H and *'P NMR spectroscopic measurements were adjust-
ed to ensure purities of even higher than 99.9%. Only ionic liquid
charges that gave no detectable interfering signals from respective
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impurities in that range were used in this work. All further substan-
ces, including the materials for the synthesis of peptides, amino
acid and peptide esters were products of Bachem, Fluka, Merck, Al-
drich or Novabiochem. Unless otherwise stated, all reagents were
of the highest commercial purity available.

Chemical syntheses: The amino acid ethyl ester Bz-Glu-OEt was
synthesised by esterification of Boc-Glu(OtBu)-OH with an excess of
EtOH by using a O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium
tetrafluoroborate/iPr,EtN activation protocol. TFA treatment of Boc-
Glu(OtBu)-OEt resulted in the respective deprotected ester deriva-
tive that was finally benzoylated by using activated benzoic acid.
The amino acid carboxymethyl thioesters Bz-Gly-SCm and Boc-Asp-
(OtBu)-SCm were synthesised by coupling of Bz-Gly-OH and Boc-
Asp(OtBu)-OH with thioglycolic acid by using the mixed anhydride
method (isobutylchloroformiate/NEM). Amino acid 4-guanidino-
phenyl esters were prepared by direct condensation of the N*-pro-
tected amino acid with 4-[N',N’-bis(Boc)guanidino]-phenol by
using a TBTU/ iPr,EtN activation protocol. Catalytic hydrogenation
over Pd of Z-Asp(OtBu)-OGp(Boc,Boc) and TFA treatment of Bz-Gly-
OGp(Boc,Boc) and Boc-Asp(OtBu)-SCm resulted in the respective
deprotected ester derivatives. The peptides LAEAG, LARAG, LAYAG,
LIVNAVLQPVAAGAY, and the Par10 (63-92) KVVFSCPVLEPTGPLH
TQFGYHIIKVLYRN were prepared with a fully automated peptide
synthesizer (Applied Biosystems) by using standard Fmoc chemis-
try and Wang resin,""” respectively. After simultaneous peptide re-
lease and side-chain deprotection, the peptides were precipitated
with dry diethyl ether and purified by preparative HPLC. The esters
Z-GGDLGEFRQGQMVPAFD-OGp and Z-GGDLGEFRQGQMVPA FD-
SCm were synthesised by using the alkanesulfonamide safety catch
linker."™ The first amino acid was loaded onto 4-sulfamylbutyryl
aminomethyl resin by one benzotriazole-1-yl-oxy trispyrrolidino-
phosphonium  hexafluorophosphonate/iPr,EtN  coupling step,
which resulted in a loading yield of 45%. All remaining amino
acids were coupled by stepwise solid-phase synthesis by using
2-(6-chloro-1H-benzotriazole-1-yl)-1,3,3-tetramethylammonium hex-
afluorophosphate/iPr,EtN activation protocols. Alkylation of the
linker's sulfonamide functionality was achieved with iodoacetoni-
trile according to the procedure of Backes et al."® The peptides
were liberated from the resin by adding a five-fold excess of TFA
or the tosylate salt of H-Asp-SCm and H-Asp(OtBu)-OGp(Boc,Boc)
to provide the fully protected peptide carboxymethyl thioester or
4-guanidinophenyl ester. Neutralisation of the trifluoroacetate or
tosylate was achieved by adding appropriate equivalents of N-
methylmorpholine. Deprotection of the side-chain and guanidino
functionalities by TFA treatment, and purification of the crude
products by preparative HPLC resulted in the respective N*-Z-pro-
tected derivatives. The identity and purity of the synthesis prod-
ucts were checked by analytical HPLC, NMR spectroscopy, elemen-
tary analysis, and mass spectrometry. In all cases, satisfactory ana-
lytical data were found (Supporting Information).

Solvent-jump experiments: Peptidyl prolyl cis/trans isomerisation
was monitored in solvent-jump experiments by applying the estab-
lished protocols that were developed for the LiCl/trifluoroethanol
system." Accordingly, the peptide anilides (75-88 mg, 1.6 mm)
were dissolved in the ionic liquid system at room temperature.
After 30 min incubation time, an aliquot (60 uL) was withdrawn
and added to a tempered (10°C) N-[2-hydroxyethyllpiperazine-N'-
[2-ethanesulfonic acid] (HEPES) 0.035m, pH 7.8 that contained chy-
motrypsin (2.6x 107> m) (1840 ulL). Subsequently the isomer-specific
proteolysis was recorded at 390 nm, from which the cis/trans ratios
and finally the reported AAG values were calculated.™
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Enzymatic syntheses: The enzymatic reactions were performed in
a volume of 0.2 mL that contained 3-[N-morpholinolpropanesulfon-
ic acid (MOPS) 0.2m, pH8.0, 5 or 30% (v/v) DMF (aqueous
medium) and 50,60, and 70% (v/v) ionic liquid/MOPS mixtures.
The peptides LIVNAVLQPVAAGAY and KVVFSCPVLEPTGPLHTQFGY-
HIIKV LYRN, amino acid and peptide esters were dissolved in DMF
(control reactions in aqueous medium) or ionic liquid whereas the
pentapeptides were suspended in buffer. Readjusting to pH 8.0
was achieved by adding NaOH. After thermal equilibration of the
assay mixtures at 25°C (chymotrypsin and trypsin) or 37°C (V8
protease), the reactions were initiated by the addition of enzyme
stocks. After defined time intervals, the reactions were quenched
by the addition of 1% TFA solution, and were subsequently ana-
lysed as described below. To check for spontaneous reactions, par-
allel reactions without enzyme were studied in all cases. On the
basis of these controls, nonenzymatic reactions could be ruled out,
and the extent of spontaneous hydrolysis of the acyl donor esters
was found to be less than 5%. All reported data are the average of
at least three independent reactions, and the errors were generally
less than 5% (+2.5%).

Analyses: The reactions were analysed under optimised conditions
by reversed-phase HPLC (Grom Capcell, 5 pm, 25 x 0.4 cm; Shiseido,
Tokyo, Japan). Detection was carried out at 254 nm or 280 nm
(17+30 fragment condensation). Mass spectra were recorded for
isolated and lyophilised probes by using MALDI-ToF (MALDI
5V5.1.2, Kratos Kompakt, Manchester, UK) or ESI (Apex /7 Tesla,
Bruker Daltonics) ionisation. NMR spectroscopy (GEMINI 300,
Varian) was used to verify the identity of the amino acid esters. CD
spectra were recorded on a JASCO J-710 photometer.
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In vivo Mutational Analysis of the Mupirocin Gene Cluster
Reveals Labile Points in the Biosynthetic Pathway: the

“Leaky Hosepipe” Mechanism

Ji'en Wu,” Joanne Hothersall,™ Carlo Mazzetti,”” Yvonne O’'Connell,” Jennifer A. Shields,®
Ayesha S. Rahman,” Russell J. Cox,”! John Crosby,” Thomas J. Simpson,*®
Christopher M. Thomas,® and Christine L. Willis*

A common feature of the mupirocin and other gene clusters of
the AT-less polyketide synthase (PKS) family of metabolites is the
introduction of carbon branches by a gene cassette that contains
a B-hydroxy-f-methylglutaryl CoA synthase (HMC) homologue
and acyl carrier protein (ACP), ketosynthase (KS) and two croto-
nase superfamily homologues. In vivo studies of Pseudomonas
fluorescens strains in which any of these components have been
mutated reveal a common phenotype in which the two major
isolable metabolites are the truncated hexaketide mupirocin H
and the tetraketide mupiric acid. The structure of the latter has
been confirmed by stereoselective synthesis. Mupiric acid is also

Introduction

< 3 Q
S £ S
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Mupirocin, an antibiotic active
against Gram-positive bacteria,
including methicillin-resistant
Staphylococcus aureus, consists
of a mixture of pseudomonic
acids produced by Pseudomonas
fluorescens. 1t was one of the
first members of a group of
complex polyketide metabolites
produced by the “AT-less” poly-
ketide synthases (PKSs) to have
its biosynthetic gene cluster sequenced (Figure 1)."" These
gene clusters are characterised by having modular type | PKSs
in which the condensing modules lack the acyl transferase (AT)
domains normally found in the paradigm actinomycete modu-
lar PKSs."? Instead, the AT activity is associated with a separate
protein which acts in trans with each condensation module
(Scheme 1 A). Metabolites produced by these synthases often
feature C,;, C, or C; branches derived from acetate or propio-
nate, which are introduced by p-hydroxy-f-methylglutaryl
coenzyme A (HMG-CoA) synthase homologues in a manner
reminiscent of terpenoid biosynthesis.®! Apart from pseudo-
monic acid (mupirocin), the earliest examples to have their
gene clusters sequenced were pederin® from an unculturable
Pseudomonas sp. symbiont of Paederus fuscipes beetles, the
related omnamides®™ from the marine sponge Theonella swin-
hoie, and leinamycin® from Streptomyces astrooliviaceus. Sub-
sequent examples include jamaicamide A” and curacin A,®
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the major metabolite arising from inactivation of the ketoreduc-
tase (KR) domain of module 4 of the modular PKS. A number of
other mutations in the tailoring region of the mupirocin gene
cluster also result in production of both mupirocin H and mupiric
acid. To explain this common phenotype we propose a mechanis-
tic rationale in which both mupirocin H and mupiric acid repre-
sent the products of selective and spontaneous release from
labile points in the pathway that occur at significant levels when
mutations block the pathway either close to or distant from the
labile points.

mmpB
mmpC
mmpD

mupL
mupM
muphN
mupQO
mupP
mupQ
mupS
ma'ng
mmpF
macpE
mup%’
mupU
mupV
mupW
mupR
mupX
mupl

I oo

Figure 1. Summary of the 74 kb mupirocin biosynthesis gene cluster; the mupH cassette is shown in grey.

both from the sponge Lyngbya majuscula, myxovirescin A
from Myxococcus xanthus, bacillaene (“PksX”) and difficidin
from Bacillus amyloliquifaciens® and Bacillus subtilis,”” bryosta-
tin™ from an unculturable bacterial symbiont of the marine
bryozan Buglia neritina, and rhizoxin from a bacterial endo-
symbiont, Burkholderia rhizoxina, of the fungus Rhizopus micro-
sporus.
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Pseudomonic acid A (1, R=H),"™ consisting of monic acid
(MA) esterified™ by 9-hydroxynonanoic acid (Scheme 1), is the
major component of mupirocin. The thiomarinols isolated from
the marine bacterium Alteromonas rava have very similar struc-
tures and are probably the products of closely related
genes."™ Monic acid is formed from an acetate-derived hepta-
ketide chain containing two carbons (C-16 and C-17) derived
from methionine and one from the methyl (C-15) of
a cleaved acetate unit."® The 74 kb mupirocin gene

cluster™ (Figure 1, Scheme 1A) can be divided into v

two distinct parts. The first contains the type 1 mod-

ular PKS in which, unusually, the synthetic sequence OH
is not colinear with the genetic sequence. The first
four condensation modules are found on MmpD,
with C-methyl transferase (MT) domains within the
first and third condensation modules. The remaining
three are on MmpA, which terminates with an acyl
carrier protein (ACP) didomain and commences with
an apparently silent condensation module
(Scheme 1 A). Although this was a feature first noted
in the mup cluster, other examples including split
condensation modules with domains on different
proteins are becoming apparent.”'?

The mupirocin PKS genes (mmpA, mmpC and
mmpD) would formally generate a PKS-bound inter-
mediate 5 (Scheme 1A), which requires a number of
modifications for conversion into pseudomonic
acid A (1). These include reduction of the 8,9-alkene,
oxidative introduction of the 6-hydroxy and 10,11-
epoxide functions, formation of the tetrahydropyran
(THP) ring and the 2,3-olefinic double bond with the
associated 15-methyl group, and synthesis and addi-
tion of 9-hydroxynonanoic acid. These features are
proposed to be mainly controlled by mmpB and some, or all,
of the 26 ORFs found in the “tailoring” region of the cluster
(Figure 1), all of which we have shown to be essential for mu-
pirocin production."”'® A series of targeted gene knockouts
have led to the biosynthesis of several new compounds. Their
chemical identification™2% has led to the first understanding
of mupirocin biosynthesis, showing the involvement of many
new features.

The mupirocin tailoring region contains mupH, which en-
codes an HMG-CoA synthase (HCS) analogue, which is part of
a cassette that also consists of an ACP (macp(C), a mutant KS
(mupG) and a pair of similar genes (mupJ and mupK) that have
been ascribed variously to enoyl reductases and hydratases or
the crotonase (CR) superfamily, for which, inter alia, decarboxy-
lase and retro-aldolase activities have been reported.?" In vitro
studies”™ on the expressed proteins of the corresponding HCS
cassettes from the bacillaene!" and myxovirescin pathways®?
(using acetoacetate as a surrogate substrate), following more
limited in vitro studies on components of the curacin cas-
sette,”® have confirmed their likely functions. Normal biosyn-
thesis should thus proceed through MupH-catalysed condensa-
tion of PKS-bound f-keto thiolester 5 with malonate-derived
acetate (with the KS analogue MupG acting as a malonyl de-
carboxylase)®” bound to MacpC to give the glutarate analogue
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7 (Scheme 1B). This would be followed by dehydration (MupJ)
to the glutaconate analogue 8 and decarboxylation (MupK) to
afford the B-methyl-a,f3-unsaturated ester moiety of 6 found in
all pseudomonic acid analogues to date.

Mutagenesis of mupH, which should block the key acylation
step (Scheme 1, 5 to 7), produced the truncated vy-lactone
derivative mupirocin H (12; Scheme 2), which is the first novel

0 SACP HO. SACP
Me 6
- o} s Me. Az OH O O
‘Me — ‘Me
13 OH 9

Mupirocin H (12)

Scheme 2. Proposed biosynthesis of mupirocin H (12).

molecule related to MA biosynthesis identified.” Its produc-

tion can be rationalised®” as shown in Scheme 2: hydroxyl-
ation at C-6 of 9 (see mupC discussion below) gives the tetraol
10; this allows intramolecular addition of the 6-hydroxyl to the
C-3 ketone to create the hemiketal 11, from which a retro-
Claisen process releases the y-lactone 12 and leaves an acetyl-
ACP. This discovery encouraged us to look more carefully for
other products that may represent products preceding or fol-
lowing this stage of the biosynthetic pathway. The results pre-
sented here, in combination with the in vitro work referred to
above, and parallel in vivo mutational studies on myxovirescin
discussed later,® allowed us to develop a new model that
might explain why many of the mutants that should affect
quite different steps in the pathway produce the same novel
metabolites.

Results and Discussion

Mutagenesis of the MupH cluster and discovery of mupiric
acid

From consideration of the demonstrated in vitro properties of
the HCS cassette components we anticipated that we might
isolate products related to mupirocin H from mutation of the

ChemBioChem 2008, 9, 1500 - 1508



www.chembiochem.org



ELSD/mV

Labile Points in the Mupirocin Biosynthetic Pathway

acyl carrier protein and malonyl decarboxylase (macpCS38A
and AmupG), and glutarate 7 and glutaconate 8 from muta-
tion of the subsequent dehydratase and decarboxylase (AmupJ
and AmupK; Scheme 1B). The profile of the AmupG mutant
differed from the others in still containing small but detectable
amounts of PA-A. The production of small amounts of PA-A
could be explained either by spontaneous decarboxylation of
malonyl-mAcpC or by the presence of other unspecific malon-
yl-decarboxylase activity in vivo. A similar drastic (120-fold),
but not complete, reduction in levels of myxovirescin produc-
tion was observed on mutation of the MupG analogue TaK
during in vivo mutational analysis of the myxovirescin cluster
in Myxococcus xanthus.”™ Apart from the PA-A in the AmupG
mutant, all four mutations gave very similar results (Figure 2),

12001
11007
10001
9001
8001
700
6001
500
4001
3001
2001

-1004
—200+— T

10 40 60 80

£/ min

Figure 2. Reversed-phase HPLC trace of the extract from the AmupJ mutant
of P. fluorescens NCIMB 10586. Column: Phenomenex Prodigy C18 5 ODS3
(51, 250x4.6 mm). Eluent: MeCN/H,0. Detector: Alltech ELSD 800.

with the major detectable products being an approximately
2:1 mixture of mupirocin H (12) and a novel truncated metab-
olite, which we named mupiric acid (14; Scheme 3). Re-exami-
nation of the extracts from the AmupH mutant by LC-MS
showed the presence of a similar proportion of mupiric acid.

Structure elucidation of mupiric acid

HRMS indicated the empirical formula C;,H,,05;, and NMR data
were in accord with the C-methylated tetraketide-derived acid
14. The 6R,7S configuration was assumed by analogy with the
structures of the pseudomonic acids, but the stereochemistry
at C-2 could not be assigned. To confirm the structure of the
novel metabolite, synthetic samples of the C-2 epimers 14 and
15 were prepared from a common alkene 19 in a cross-meta-
thesis approach (Scheme 4). The known secondary alcohol
18 was protected as the silyl ether. Reductive cleavage of the
sultam auxiliary followed by Wittig olefination gave alkene
19" in good yield. The enantiomeric alkenes 17 and 21 were
prepared by allylation of the p- and L-valine-derived propionyl-

ChemBioChem 2008, 9, 1500 - 1508
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Scheme 3. Proposed biosynthesis of mupiric acid (14).

oxazolidinones 16 and 20.”® Treatment of 17 and 21 separate-
ly with alkene 19 in the presence of Grubbs’ second-genera-
tion catalyst gave the coupled products as 4:1 mixtures of E:Z
olefins. Interestingly, Markd had used alkene 19 in the synthe-
sis of methyl monate C and isolated the analogous E alkene as
the sole product.”” Removal of the auxiliary and TES group
gave the acids 15 and 14. The 'H NMR spectra of 15 and 14 in
CDCl; were virtually indistinguishable, but comparison of their
spectra in CsDg with that of the new metabolite clearly demon-
strated that it is the same as 14, and not 15. Acid 15 has
[alp=+435 (c=1.95, CHCl;), whereas synthetic 14 has [a],=+
13 (c=1.05, CHCI,), which compares well with that of the me-
tabolite ([alp=+16 (c=2.5, CHCl;)) and confirms its absolute
configuration.

Mutation of the MmpD module 4 ketoreductase (KR)
domain (AKR6) produces mupiric acid

Further evidence for the origin of mupiric acid came from mu-
tation of the module 4 KR by changing the predicted active-
site tyrosine to phenylalanine by site-directed point mutation.
The rationale for constructing this mutant was to test hypo-
thetical schemes that might lead to mupirocin W' and related
shunt products"® that appear to suggest that keto reduction
to form the 7-OH group might be a late event and could imply
that the module 4 KR is redundant and might be inactive. On
the contrary, the mutation resulted in loss of PA-A (1, R=H),
PA-B (1, R=0H) and any other closely related metabolites, but
the KR knockout did produce mupiric acid as the major novel
isolable metabolite. This is the first metabolite identified as the
result of a mutation in one of the type I PKS modules. Since
the point mutation should not result in loss of the ability to
create the tetraketide P-keto thiolester 13 it seems likely that
release of mupiric acid is the result either of this compound
not being processed further at the normal rate, so that KS and
ACP-bound intermediates accumulate and are released from
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Scheme 4. Synthesis of mupiric acid (14) and its C-2 epimer 15.

the module 3 ACP, or that the B-keto group in the tetraketide
[-keto thiolester 13 makes the intermediate labile, as indicated
in Scheme 3, and results in the release of mupiric acid through
a retro-Claisen reaction and leaves an acetyl-ACP in a release
mechanism analogous to that proposed for mupirocin H (12).

Possible role of MupC in 8,9-alkene reduction to produce
mupirocin H and mupiric acid

A key feature of the mupirocin type | PKS modules is the ab-
sence of any predicted ER domains, raising questions about
the origin and timing of alkene reduction steps in the biosyn-
thetic pathway. Specifically for the data presented here, the
domain structure in module 3 of MmpD lacks an enoyl reduc-
tase (ER), yet the 8,9 double bond (pseudomonic acid A num-
bering) is reduced in both 12 and 14, as it is in all known
pseudomonic acid analogues. We originally proposed™ that
reduction might occur by in trans action of mupC, which en-
codes a putative dienoyl thiolester reductase,”” on module 3
tetraketide 3 (Scheme 3). However, we have subsequently
shown that MupC must normally act after MupO, U, V and
other proteins responsible for formation of the THP ring,"® re-
ducing the 89-alkene of an o,3-unsaturated ketone located
between C9 and C7. However, isolation of mupirocin H (12)
and mupiric acid (14), which must be formed from pre-THP in-
termediates, is consistent with the original proposed in trans
action of MupC on PKS-bound tetraketide 3. MupC might thus
be able to manifest activity on different substrates. Support for
such a dual action of a tailoring enzyme comes from a recent
study®” on the P450 enzymes that control the formation of
the biphenyl and diphenyl ether linkages in the biosynthesis of
the vancomycin family of glycopeptide antibiotics. These stud-
ies have shown that the oxidative enzymes act in a defined se-
quence on specific substrates in wild-type (WT) organisms.
However, analysis of intermediates that accumulate in the cul-
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ture filtrates of P450 deletion
mutants indicate that the en-
zymes show decreased sub-
strate specificity, possibly be-
cause of the accumulation of
abnormal substrates only pres-
ent under the artificial condi-
tions found in the deletion mu-
tants. In the mutants that pro-
duce mupirocin H and mupiric
acid, it might be (see below)
that there is a much higher
steady-state concentration of
tetraketide 3; this would in-
crease the chance of it being an
alternate substrate for MupC
and undergoing reduction as
originally proposed. In vitro ex-
periments with over-expressed
MupC and synthetic substrates
are in progress to address this.

Other mutations of the mup cluster produce the
mupirocin H/mupiric acid phenotype

A number of mutations of other mup genes were previously
reported to result in loss of muprocin production, but no
novel metabolites were initially detected by the less sensitive
methods used."”'® In light of the above observations, howev-
er, further analysis of extracts from several of the mutant
strains showed the same levels of production of mupirocin H
and mupiric acid as the mupH cassette mutations. The addi-
tional genes so far identified in which mutation results in this
phenotype are: AmupB, AmupL, AmupQ and AmupS, as well
as mmpB (S1390A) and mmpF (C183A). Our hypothesis to ra-
tionalise why they all have this effect is that they may all be in-
volved in 9-HN formation and esterification of monic acid or its
precursor. It seems likely that the ultimate product of the PKS
is removed from MmpA by esterification with 9-HN or a pre-
cursor. MmpB is proposed to be part of a fatty acid synthase
(FAS) system involved in 9-HN biosynthesis,!”’ and point muta-
tion (S1390A) of the first of its unusual triplet of ACP domains
known to cause a loss of PA-A production also gives the mu-
pirocin H/mupiric acid phenotype. We predict also that Mups,
MupQ and mAcpD are all involved in making a 3-hydroxypro-
pionate precursor for 9-HN. MupS, originally annotated as a 3-
oxoacyl-ACP reductase, has homology with the malonyl-CoA
reductase responsible for formation of 3-hydroxypropanoic
acid in Chloroflexus aurantiacus.®" It is flanked by mupQ, which
encodes an acyl-CoA synthase, and the macpD ACP gene. The
difficidin cluster in B. amyloliquifaciens also has three adjacent
genes difC, difD and difE that encode the same three activi-
ties;"” this suggests that these genes might have been inherit-
ed together through horizontal gene transfer with a common
function. It has been suggested that DifC, DifD and DifE are re-
sponsible for the formation of the C; acrylyl thiolester starter
unit required for difficidin biosynthesis by reduction and dehy-
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Labile Points in the Mupirocin Biosynthetic Pathway

dration of pyruvate. By analogy with mupirocin biosynthesis,
dehydration of 3-hydroxypropionate is also the likely source of
the acrylate starter in difficidin, possibly catalysed by the adja-
cent difB kinase product. In mupirocin biosynthesis, impair-
ment of 9-HN production is likely to result in failure to remove
the PKS monic acid product 6 from MmpA. A potential candi-
date for attachment of 9-HN to monic acid or its precursor is
the mupL-encoded “hydrolase”. A AmupL mutant again gives
the mupirocin H/mupiric acid phenotype, as do two further
mutants. The first is an active site cysteine to alanine point
mutant of mupB—a 3-oxo-acyl-ACP synthase strategically
placed between MmpA and MmpB that might facilitate load-
ing of 3HN onto the KS of MmpB or movement of the MA-
ester from ACP4 to the KS of MmpB. The second mutation is
of KS10—part of mmpF—which arguably might also be in-
volved in 9-HN synthesis or attachment.

Formation of mupirocin H and mupiric acid: the hosepipe
hypothesis

Two explanations for the formation of mupirocin H (12) by all
mupH cassette mutations appeared possible. One is that, in
vivo, the components of the MupH cassette must act as a
functioning complex, and mutation of any of the five compo-
nents renders the whole complex inoperative. While our com-
plementation studies on mupirocin mutants show some evi-
dence that MupJ and MupK must be coexpressed for full func-
tionality,"® this appears to be inconsistent with in vitro studies
of the bacillaene and myxovirescin systems, which show that
all the components can display their individual catalytic func-
tions independently.®?? A more likely proposal, which would
also explain the formation of both 12 and 14, is that mutation
of the individual functionalities impairs the flux of metabolites
along the biosynthetic assembly line.

Staunton and co-workers have demonstrated by proteolysis
and MS analysis of the DEBS1-TE system, that in modular PKSs
all sites that can covalently bind a thiolester intermediate, for
example KS, AT and ACP, are simultaneously occupied.?? The
C-terminal thiolesterase (TE) removes the final PKS-bound
product and thus allows normal flux along the synthase and
normal levels of metabolite production. When the TE is absent,
as in DEBS1, product release is drastically reduced, and relies
on spontaneous, noncatalysed lactone formation.®® There is
also evidence in modular PKSs for the presence of extra in
trans type Il TEs that hydrolytically remove incorrectly synthes-
ised intermediates not recognised by the downstream do-
mains. This monitoring function allows blockages in the assem-
bly line to be removed and normal production levels to be
maintained.®

In the absence of such a function in the mupirocin system,
we propose that the mupH cassette mutations result in failure
of the individual intermediates to be efficiently processed; this
increases the dwell time of intermediates at all the covalent
sites on the synthase, so that production is blocked and no
metabolites are observed. The release mechanisms proposed
for the formation of mupirocin H and mupiric acid, however,
provide a spontaneous escape route at these two particular
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points in the assembly. It is interesting that the yields of 12 are
consistently two- to three-times higher than those of 14. The
release mechanism for 12 utilising an intramolecular trigger
might be expected to be more efficient than that for 14,
which needs an intermolecular source of nucleophile, presum-
ably water. Overall, the levels of metabolite production are
drastically reduced relative to the WT. The simple analogy is to
that of a hose pipe—it is only when the main flow is blocked
that potential leaks elsewhere become apparent.

There are previous examples in which impairment of release
of the ultimate product of modular PKSs have resulted in the
accumulation of products derived from premature release of
assembly intermediates. Inactivation of the rifF gene,** which
encodes an amidase responsible for release of the rifamycin
undecaketide as the macrolactam, resulted in the production
and structural characterisation of all of the polyketide assembly
intermediates, ranging from tetra- to decaketide either as the
free acids or the corresponding lactones/pyrones from hydroly-
sis of the thiolester linkage to the PKS. This was attributed to
the presence of a type Il editing TE in the rifamycin gene clus-
ter. More recently, Piel and co-workers have shown®® that dele-
tion of the terminal TE in the bacillaene PKS results in release
of virtually all of the possible assembly intermediates. Reloca-
tion of the TE to the end of module 6 gave predominantly the
product predicted from this module. In contrast to the rifamy-
cin cluster, there has been no report of a type Il TE in the bacil-
laene cluster, so the promiscuous release in the absence of the
terminal TE must be due to an inherent, and perhaps unusual,
lability of the thiolesters in this system, or to the presence of
an editing TE or a non-specific thiolesterase activity in B. amy-
loliquifaciens. These reports, in which wholesale release of
intermediates was observed, contrast with the very selective
release observed in P. fluorescens.

Implications for in vivo mutagenesis studies

Our observations provide a rationale for several hitherto puz-
zling results. Despite extensive mutational analysis, we have
failed to identify genes for the key oxidative steps responsible
for introduction of the 6-hydroxyl group and the 10,11-epox-
ide. This suggests that these functionalities may be key recog-
nition elements for downstream modifying enzymes so that
knock-out of the appropriate genes simply results in complete
blockage of the pathway. Consistent with this is the observa-
tion that with the exception of the results discussed above, all
gene knock-outs that have given isolable products result in
metabolites in which both 6-hydroxylation and epoxidation
have occurred."”? Isolation of mupirocin H (12) requires hy-
droxylation at C-6 to occur on the PKS module 6-bound hepta-
ketide intermediate 5, with the 6-hydroxylase acting in trans
with the PKS.

These data illustrate the constraints placed by an assembled
system on its component parts and highlight the fact that the
relevance of in vitro experiments with over-expressed PKS
components to the real in vivo situation always need to be
kept in mind. While in vitro experiments can provide details of
the activities and mechanisms of individual proteins, they
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might not accurately reflect the more complex in vivo situa-
tion, in which the real mode of action could depend on rate of
flux and hence effective concentrations of metabolites. In-
creased dwell times may assist otherwise kinetically disfav-
oured reactions, spontaneous or enzyme-catalysed. It is clear
that in vivo mutation studies, on the other hand, do depend
on release of products to provide an experimental read-out.
Awareness of this is important and it may be that design of
mutations can be used to create “leaks in the pipeline” to
ensure product release.

Experimental Section
Mupirocin cluster mutagenesis

MmpD module 4 ketoreductase (KR6) Y6276F Y6278F: Sequence
alignments of KR6 to short-chain dehydrogenases/reductases has
revealed a consensus catalytic triad that consists of tyrosine, serine
and lysine. Thus, to inactivate KR6, two amino acid (aa) replace-
ments Y6276F and Y6278F were constructed through mutagenesis,
essentially as previously described." PCR primer pairs KR6YF1F (5'-
GGATCCGGCTATTGGTTCAGCGTGAGGCG)/KR6YFIR  (5-CCGCGGAT-
GCCATAGGCTGCCATG) and KR6YF2F (5-CCGCGGTTCAGCCGA-
TTTCGGGTTTGCCG)/KR6YF2R (5-GAATTCGCTCAAGCAGTGCACCCG-
CGC) were used to amplify two fragments that contained Y6276F
and Y6278F. These were ligated into the suicide vector pAKE604
through BamHI/EcoRl sites introduced by the PCR primers and
joined by a Sacll site created by a silent mutation, nucleotide (nt)
t18813c. This vector (pKR6YF) was transferred to P fluorescens
NCIMB 10586 by biparental mating. Strains with the plasmid inte-
grated into the chromosome by homologous recombination were
selected for by antibiotic resistance to kanamycin. The plasmid was
allowed to excise by a second homologous recombination event
under unselective conditions. PCR, restriction analysis and DNA se-
quencing were used to identify kanamycin-sensitive excisants that
contained the aa mutations Y6276F and Y6278F. This strain was
denoted 10586KR6YF.

MupB C116A: MupB shows 25% sequence identity to the [3-ketoac-
yl-ACP synthase FabH of Pseudomonas aeruginosa. A putative
active site cysteine 116 identified in MupB was mutated to alanine
essentially as described above. PCR primer pairs mupB1F (5'-
GGATCCGCGGATGAGGTCGATCGC)/mupB1R  (5-CCACGTGACGCC-
CAGCG) and mupB2F (5'-GTCACGTGGGGCGATGCCACCATGCTG)/
mupB2R  (5-GAATTCGCCATGCACCTGCTGCGCAC) amplified frag-
ments that incorporated the aa C116A mutation and two silent
mutations nt g333c and a337g to generate an internal Pmll site.
The mutation plasmid was denoted pJHBCA and the strain
10586MupBCA.

Other mutations of the mupirocin cluster have been reported pre-
viously: point mutagenesis of macpC active site Ser38 to alanine,
and mmpF ketosynthase domain active site Cys183 to alanine, and
in-frame deletions of mupG aa 27-397, mupJ aa 19-228, mupK aa
20-230 and mupl aa 14-299;"® and point mutagenesis of mmpB
acyl carrier protein domain 5 active site Ser1390 to alanine.”” The
AmupS mutation has been reported previously,™® but the se-
quence of the primers used to create the deletion were omitted.
These were: pmupS1-F  (5-GAATTCAGTGACTCGCTGTGGATTC)/
pmupS1-R  (5'-GGATCCGACAATGATGGTGCCCTTTAC) for one arm
and pmupS2-F  (5-GGATCCACACCGTTGGGGCGTCTG)/pmupS2-R
(5"-TCTAGACAGGCTCGCTCCATTGCTC) for the other arm. These
were cloned as above, joined through the BamHI site, transferred
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into pAKE604 as an EcoRI/Xbal fragment and then used for suicide
mutagenesis in the same way. The underlined regions in the
primer sequences indicate the restriction sites used for cloning.

Culture conditions and isolation of mupiric acid (14): A AmupK+
pJH2 mutant strain of Pseudomonas fluorescens NCIMB 10586 was
grown at 25°C on Lennox (L) agar for 24 h. Single colonies were
used to inoculate L broth (50 mL in a 250 mL conical flask) supple-
mented with tetracycline (15 pgmL™"), and incubated at 25°C,
overnight, to prepare the seed culture. Secondary stage medium
(25 gL' soya flour, 6.25gL™" CaCO, 50gL™" (NH,),SO, 1.5gL"
KH,PO,, 1.0 gL™" Na,HPO,, 1.0 gL' KCl, 0.5 gL' MgS0,-7H,0 and
4% glucose; 1000 mL) in 10x 500 mL conical flasks was inoculated
with seed culture (5%, v/v) and grown at 22°C, 250 rpm for 50 h.
Cells were removed by centrifugation at 10000g for 15 min. The
supernatant was acidified to pH 4.5 with dilute HCI and extracted
with ethyl acetate (0.6 vol) twice. After the ethyl acetate had been
removed by rotary evaporation, the residue was subjected to gel
filtration chromatography on Sephadex LH-20 with elution with
MeOH. Fractions were analysed by 'HNMR, which showed the
presence of mupirocin H (12) and mupiric acid (14) in the earlier
fractions. Further purification was carried on by gradient flash chro-
matography on normal-phase silica gel eluted with MeOH in CHCI;
(from 0:100 to 15:85) to give mupirocin H (data as before®) and
mupiric acid as a colourless viscous oil. [alp=+16 (c=2.5 in
CHCl,); "H NMR (CDCl,, 400 MHz): 6=1.00 (d, J=6.8 Hz, 3H; 6-CHs),
1.18 (d, J=6.4 Hz, 3H; 2-CH;), 1.20 (d, J=6.5 Hz, 3H; 8-H,), 2.09 (m,
1H; 6-H), 2.27 (ddd, J=13.9, 7.1, 6.8 Hz, TH; 3-HH), 2.37 (ddd, J=
13.9, 7.1, 6.8 Hz, 1H; 3-HH), 2.59 (m, 1H; 2-H), 3.53 (appt. br quin,
J=6.5Hz, 1H; 7-H), 541 (dd, J=15.4, 8.6 Hz, 1H; 5-H), 5.55 ppm
(ddd, J=15.4, 6.8, 6.8 Hz, 1H; 4-H); 'H NMR (C,Ds, 400 MHz): 6=
0.85 (d, J=6.8 Hz, 3H; 6-CH,), 1.00 (d, J=7.0 Hz, 3H; 2-CH,), 1.07
(d, J=6.2 Hz, 3H; 8-H;), 1.90 (m, 1H; 6-H), 2.06 (ddd, /=137, 6.8,
6.6 Hz, 1H; 3-HH), 2.35 (m, 1H; 2-H), 2.17 (ddd, J=13.7, 7.3, 6.7 Hz,
31H; 3-HH), 3.53 (dg, /=6.3, 6.2 Hz, 1H; 7-H), 541 (dd, J=15.6,
8.2 Hz, 1H; 5-H), 537 ppm (ddd, J=15.6, 6.7, 6.7 Hz, 1H; 4-H);
3C NMR (CDCl;, 100 MHz): 6 =16.7 (6-CH,), 16.7 (2-CH,), 20.3 (C-8),
36.6 (C-3), 41.5 (C-2), 45.1 (C-6), 71.2 (C-7), 128.9 (C-4), 135.1 (C-5),
181.2 ppm (C-1); *C NMR (C4Dg, 75 MHz): 6=16.1 (6-CHs), 16.4 (2-
CH,), 20.2 (C-8), 36.4 (C-3), 44.8 (C-2), 44.8 (C-6), 70.9 (C-7),128.4 (C-
4), 135.0 (C-5), 180.1 (C-1); IR (neat): v,,,,=3502, 2993, 1706, 1635,
1460, 1378, 1098 cm™; ESI: caled C,oH,s0;Na: 209.1154 [M-+Na]*;
found 209.1156.

(15,2R)-N-[(2'S, 3'S)-2-Methyl 3-(triethylsilanyloxy)butanoyllbor-
nane-10,2-sultam: Alcohol 18 (4.47 g, 14.17 mmol) was dissolved
under nitrogen in dry DMF (17 mL). Imidazole (1.26 g, 18.42 mmol)
was added, and the reaction mixture was cooled to 0°C. Chloro-
triethylsilane (2.85 mL, 17.00 mmol) was added, and the mixture
was stirred for 19 h at room temperature. The solution was then
diluted with Et,0 (50 mL) to produce a white precipitate, and
washed with water (3x20 mL). The organic layer was then dried
over magnesium sulfate, filtered and concentrated in vacuo. Purifi-
cation by flash column chromatography (SiO,, 5-10% ethyl ace-
tate/petroleum ether 40-60°C, dry loaded) afforded the silyl ether
(5.28 g, 87 %) as a white solid; m.p. 148-150°C (from ethyl acetate
and petroleum ether 40-60°C); [a]¥’=—13.8 (c=5.35 in CHCl);
'H NMR (CDCl;, 400 MHz): 6=0.58 (g, J=8.0 Hz, 6H; Si(CH,CH;),),
0.93 (t, J=8.0 Hz, 9H; Si(CH,CH;);), 0.97 (s, 3H; 8-H; or 9-H;), 1.11
(d, J=7.0 Hz, 3H; 2-CH,), 1.14 (d, J=6.5 Hz, 3H; 4-H,), 1.18 (s, 3H;
8-H; or 9-H;), 1.26-1.44 (m, 2H; 5-HH and 6-HH), 1.83-1.96 (m, 3H;
4-H, 5-HH and 6-HH), 2.03-2.08 (m, 2H; 3-H,), 3.14 (appt. quin, J=
7.0Hz, 1H; 2-H), 3.42 (d, J=13.5Hz 1H; 10-HH), 3.50 (d, J=
13.5 Hz, 1H; 10-HH), 3.88 (t, J=6.5 Hz, 1H; 2-H), 4.16 ppm (appt.
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quin, J=6.5 Hz, 1H; 3’-H); *C NMR (CDCl,, 100 MHz): =49 (Si-
(CH,CH,);), 6.8 (Si(CH,CH,)3), 12.1 (2'-CH,), 19.9 and 20.2 (C-8 and C-
9), 21.0 (C-4), 26.5 and 32.8 (C-5 and C-6), 38.6 (C-3), 44.7 (C-4),
47.7 and 48.1 (C-1 and C-7), 48.2 (C-2'), 53.1 (C-10), 65.3 (C-2), 70.3
(C-3), 174.6 ppm (C-17); IR (neat): v,,,, = 2955, 2877, 1685, 1333 and
723 cm™"; MS (Cl): m/z 430 [M+H]™ (19%), 400 (100), 330 (65), 159
(12), 135 (20) and 115 (22); Cl: caled CyH,NO,SSi: 430.2447
IM+H]*; found 430.2439; elemental analysis (%) calcd for
C,,H5NO,SSi: C 58.70, H 9.15, N 3.26; found: C 58.60, H 9.07, N
3.36.

(3R,4S5)-3-Methyl-4-(triethylsilanyloxy)pent-1-ene (19): Diisobutyl-
aluminium hydride (1M in hexanes, 242 mL, 2.42 mmol) was
added dropwise under nitrogen at —78°C over 30 min to the
above silyl ether (1.00 g, 2.42 mmol) in dry CH,Cl, (12 mL). The re-
action mixture was stirred for 5 h and then quenched with saturat-
ed aqueous potassium sodium L-tartrate tetrahydrate solution
(40 mL). The solution was stirred vigorously overnight and was
then extracted with CH,Cl, (3x 100 mL), dried over magnesium sul-
fate and concentrated in vacuo. The resulting solid was triturated
with petroleum ether 40-60°C and filtered to remove the precipi-
tated auxiliary. The filtrate was concentrated in vacuo to yield the
corresponding aldehyde (0.51 g) as a pale yellow oil. Meanwhile, a
solution of methyltriphenylphosphonium bromide (4.37 g,
12.10 mmol) and sodium hydride (2.18 g, 54.6 mmol, 60% disper-
sion in oil prewashed with dry hexane) in dry THF (50 mL) was
gently heated with stirred under nitrogen until a green/grey colour
was observed. The solution was stirred overnight at room tempera-
ture and the solids were then allowed to settle. The bright yellow
solution was transferred by cannula into a solution of the aldehyde
in dry THF (3 mL) and stirred at room temperature under nitrogen
for 3 h. The solvent was then removed in vacuo, and the resulting
yellow residue was purified by flash column chromatography (SiO,,
0-1% ethyl acetate/petroleum ether 40-60°C, dry loaded) to give
alkene 19 (0.24 g, 48%) as a colourless oil. [0]2' =+ 10.5 (c=2.48,
CHCL); 1it?? [olp=+28 (c=250, CHCL); 'HNMR (CDCl,
400 MHz): 6 =0.59 (g, J=8.0 Hz, 6H; Si(CH,CH,);), 0.96 (t, J=8.0 Hz,
9H; Si(CH,CH,)), 0.99 (d, J=7.0 Hz, 3H; 3-CH,), 1.07 (d, J=6.5 Hz,
3H; 5-H;), 2.18 (m, 1H; 3-H), 3.73 (dq, J=6.5, 4.5 Hz, 1H; 4-H), 4.98
(m, 1H; 1-HH), 5.01 (m, 1H; 1-HH), 5.79 ppm (ddd, J=17.5, 9.5,
7.5Hz, 1H; 2-H); *CNMR (CDCl;, 100 MHz): 6=5.1 (Si(CH,CH,),),
7.0 (Si(CH,CH,);), 15.1 (3-CH,), 20.4 (C-5), 45.4 (C-3), 71.6 (C-4), 114.2
(C-2), 141.3 ppm (C-1).

(4S)-N-[(2R,4E,6R,75)-2,6-Dimethyl-7-(triethylsilanyloxy)oct-4-en-

oyll-4-isopropyloxazolidin-2-one: A premixed solution of alkene
19 (0.12g, 0.56 mmol) and the known™ alkene 21 (0.24g,
1.12mmol) in dry toluene (3 mL) was added to a solution of
Grubbs' second-generation catalyst (24.3 mg, 0.028 mmol) in dry
toluene (2 mL). The reaction mixture was stirred at 55-65°C, over-
night. Upon cooling, the solvent was removed in vacuo, and the
mixture was then purified by flash column chromatography (SiO,,
2.5-5% ethyl acetate/petroleum ether 40-60°C) to give the title
compound as a 4:1 mixture of E/Z isomers, as a colourless oil
(0.12g, 50%). [ald (of 4:1 mixture)=+14.2 (c=3.32 in CHCl);
'H NMR (CDCl;, 400 MHz): 6 (major isomer)=0.58 (q, J=8.0 Hz, 6H;
Si(CH,CH,);), 0.87 and 0.91 (each d, J=7.0 Hz, each 3H; CH(CH,),),
0.94 (d, J=6.0 Hz, 3H; 6"-CH,), 0.95 (t, J=8.0 Hz, 9H; Si(CH,CH,),),
1.03 (d, J=6.0 Hz, 3H; 8-H;), 1.13 (d, J/=7.0 Hz, 3H; 2'-CH,), 2.08-
2.19 (appt. sext, J=7.0 Hz, 2H; 3’-HH and 6’-H), 2.33 (dsept, /=7.0,
3.5 Hz, TH; CH(CH,),), 2.47 (appt. quin, J=7.0 Hz, TH; 3'-HH), 3.70
(dg, /=6.0, 4.5 Hz, 1H; 7’-H), 3.80 (appt. sext, J=7.0 Hz, 1H; 2'-H),
4.20 (dd, J=9.0, 3.0 Hz, 1H; 5-HH), 4.27 (appt. t, J=9.0 Hz, 1H; 5-
HH), 4.46 (ddd, J=8.5, 3.5, 3.0 Hz, 1H; 4-H), 5.35 (ddd, /=15.5, 7.5,

ChemBioChem 2008, 9, 1500 - 1508

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

6.0 Hz, 1H; 4-H), 5.45 ppm (dd, J=15.5, 7.5 Hz, 1H; 5'-H); *C NMR
(CDCl;, 100 MHz): 6 (major isomer)=5.0 (Si(CH,CH,),), 6.9 (Si-
(CH,CHs)5), 14.7 (CH(CH,),), 15.3 and 16.0 (2'-CH; and 6'-CH;), 18.0
(CH(CH,),), 20.2 (C-8'), 28.4 (CH(CH;),), 37.1 (C-3)), 37.7 (C-2), 44.2
(C-6), 58.4 (C-4), 63.1 (C-5), 71.7 (C-7'), 126.4 (C-4), 135.7 (C-5'),
153.7 (C-2), 176.6 ppm (C-1'); IR (neat): v,.,=2961, 2876, 1778,
1700 cm™'; MS (Cl): m/z 412 [M+HI" (3%), 382 (60), 280 (100), 159
(28), 151 (23); Cl: caled for C,,H,,NO,Si: 412.2883 [M+H]"; found
412.2885.

(4R)-N-[(2S,4E,6R,75)-2,6-Dimethyl-7-(triethylsilanyloxy)oct-4-en-
oyl]-4-isopropyloxazolidin-2-one: A premixed solution of alkene
19 (0.60g, 2.80mmol) and the known™ alkene 17 (0.31g,
1.40 mmol) in dry toluene (7 mL) was added to a solution of
Grubbs’ second-generation catalyst (60.8 mg, 0.07 mmol) in dry tol-
uene (5 mL). The reaction was stirred at 60-70°C, overnight. Upon
cooling, the solvent was removed in vacuo, and the mixture was
then purified by flash column chromatography (SiO,, 2.5-5% ethyl
acetate/petroleum ether 40-60°C) to give the title alkene as a 4:1
mixture of E/Z isomers as a colourless oil (0.22 g, 38%). [aly (4:1
mixture) = —22.7 (c=2.56, CHCl;); '"HNMR (CDCl;, 400 MHz): &
(major isomer)=0.58 (g, J=8.0 Hz, 6H; Si(CH,CH,);), 0.87 and 0.91
(each d, J=7.0 Hz, each 3H; CH(CH,),), 0.94 (d, J=6.5Hz, 3H; 6-
CH,), 0.95 (t, J=8.0 Hz, 9H; Si(CH,CH;);), 1.03 (d, J=6.0 Hz, 3H; 8-
H,), 1.13 (d, J=7.0 Hz, 3H; 2'-CH,), 2.08-2.20 (m, 2H; 3’-HH and 6-
H), 2.33 (dsept, J=7.0, 3.5 Hz, TH; CH(CH,),), 2.47 (appt. quin, J=
6.0 Hz, 1H; 3'-HH), 3.70 (dq, J=6.0, 4.5 Hz, 1H; 7-H), 3.80 (appt.
sext, J=7.0 Hz, TH; 2’-H), 4.20 (dd, J=9.0, 3.0 Hz, 1H; 5-HH), 4.27
(appt. t, J=9.0 Hz, 1H; 5-HH), 4.46 (ddd, /=8.5, 3.5, 3.0 Hz, 1H; 4-
H), 5.35 (ddd, J=15.5, 7.5, 6.0 Hz, 1H; 4'-H), 5.45 ppm (dd, J=15.5,
7.5 Hz, 1H; 5’-H); *C NMR (CDCl;, 100 MHz): ¢ (major isomer) =4.9
(Si(CH,CH5)3), 6.8 (Si(CH,CH5)3), 14.6 (CH(CHs),), 15.0 and 15.8 (2'-
CH, and 6'-CH,), 17.9 (CH(CH5),), 20.0 (C-8'), 28.4 (CH(CH5),), 37.0 (C-
3), 37.6 (C-2'), 44.1 (C-6'), 58.3 (C-4), 63.0 (C-5), 71.6 (C-7'), 126.3 (C-
4'), 135.6 (C-5'), 153.6 (C-2), 176.4 ppm (C-1); IR (neat): v,,,«= 2960,
2876, 1779, 1700 cm™'; MS (Cl): m/z 412 [M+H]" (2%), 382 (70),
280 (100), 159 (48), 151 (32); Cl: caled for C,,H,,NO,Si: 412.2883
[M+H]"; found 412.2866.

(2R,AE,6R,75)-2,6-Dimethyl-7-hydroxyoct-4-enoic acid (mupiric
acid, 14): Lithium hydroxide monohydrate (0.02 g, 0.50 mmol) and
hydrogen peroxide solution (0.1 mL, 0.75 mmol, 30% solution in
water) were added successively at 0°C to a solution of (4R)-N-
[(2S,4E,6R,75)-2,6-dimethyl-7-(triethylsilanyloxy)oct-4-enoyl]-4-iso-

propyloxazolidin-2-one (0.11 g, 0.28 mmol) in THF (3 mL) and water
(1.5 mL). This was then stirred at room temperature, overnight, and
quenched with sodium sulfite solution (1.25 mL, 0.75 mmol, 7.56 %
in water). After 10 min the solvents were removed in vacuo. A mix-
ture of water (3 mL), acetic acid (5 mL) and THF (11 mL) was then
added to the residue, and the mixture was stirred overnight. Sol-
vents were then removed in vacuo, and the crude product was pu-
rified by flash column chromatography (SiO,, 20% ethyl acetate/
1% acetic acid/petroleum ether 40-60 °C) to afford mupiric acid as
a 4:1 mixture of £/Z isomers as a colourless oil (0.20 g, 40%). [0]3
(of 4:1 mixture)=+134 (c=1.05 in CHCl;); 'HNMR (CDCl,
400 MHz): 6 (major isomer)=0.98 (d, J=7.0 Hz, 3H; 6-CH,), 1.16 (d,
J=65Hz, 3H; 8H,), 1.18 (d, J=7.0Hz, 3H; 2-CH,), 2.09 (appt.
sept, J=7.0 Hz, 1H; 6-H), 2.25 (appt. quin d, J=7.0, 1.0 Hz, 1H; 3-
HH), 2.35 (appt. quin d, J=7.0, 1.0 Hz, 1H; 3-HH), 2.56 (appt. sept,
J=7.0 Hz, TH; 2-H), 3.53 (appt. quin, J=6.5 Hz, 1H; 7-H), 5.39 (dd,
J=15.5, 85Hz, 1H; 5-H), 5.53 (dt, J=15.5, 7.0 Hz, 1H; 4-H), 6.50
(brs, TH; COOH); 'H NMR (C¢Dg 400 MHz): 6 (major isomer)=0.90
(d, J=7.0 Hz, 3H; 6-CH,), 1.04 (d, J/=7.0 Hz, 3H; 2-CH;), 1.12 (d, J=
6.0 Hz, 3H; 8-H;), 1.96 (appt. sept, J=7.0 Hz, 1H; 6-H), 2.11 (appt.
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quin, J=7.0 Hz, 1H; 3-HH), 2.22 (appt. quin, J=7.0 Hz, 1H; 3-HH),
241 (appt. sept, J=7.0 Hz, 1H; 2-H), 3.46 (appt. quin, J=6.0 Hz,
1H; 7-H), 5.34 (dd, J=15.5, 8.0Hz, 1H; 5-H), 541 (dt, /=155,
7.0Hz, 1H; 4-H), 594 ppm (brs, 1H; COOH); *CNMR (CDCl,,
100 MHz): 6 (major isomer)=16.2 and 16.5 (2-CH; and 6-CH;), 20.0
(C-8), 36.5 (C-3), 39.8 (C-2), 44.9 (C-6), 71.1 (C-7), 128.7 (C-4), 1349
(C-5), 181.2 (C-1); IR (neat): ., =23363, 2971, 2933, 1705 cm'. MS
(Cl): m/z 187 [M+HI™ (5%), 169 (63), 151 (78), 123 (67), 95 (100), 85
(28), 83 (36), 69 (43); ClI: calcd for CioH,s05: 187.1334 [M+H]™;
found: 187.1332.

(2S,4E,6R,75)-2,6-Dimethyl-7-hydroxyoct-4-enoic acid (15): Lithi-
um hydroxide monohydrate (0.02 g, 0.50 mmol) and hydrogen per-
oxide solution (0.1 mL, 0.75 mmol, 30% solution in water) were
added successively at 0°C to a solution of (4R)-N-[(2S,4E,6R,75)-2,6-
dimethyl-7-(triethylsilanyloxy)oct-4-enoyl]-4-isopropyloxazolidin-2-
one (0.13 g, 0.32 mmol) in THF (3 mL) and water (1.5 mL). This was
then stirred at room temperature, overnight, and quenched with
sodium sulfite solution (1.25 mL, 0.75 mmol, 7.56% in water). After
10 min the solvents were removed in vacuo. A mixture of water
(3 mL), acetic acid (5 mL) and THF (11 mL) was then added to the
residue, and the mixture was stirred, overnight. Solvents were then
removed in vacuo, and the crude product was purified by flash
column chromatography (SiO,, 20% ethyl acetate/1% acetic acid/
petroleum ether 40-60 °C) to afford acid 16 as a 4:1 mixture of £/Z
isomers as a colourless oil (0.20 g, 40%). []Z’ (4:1 mixture)=+35.0
(=195 in CHCL); "H NMR (CDCl;, 400 MHz): 6 =(major isomer)
0.98 (d, J/=7.0 Hz, 3H; 6-CH,), 1.16 (d, J=6.0 Hz, 3H; 8-H,), 1.18 (d,
J=7.0Hz, 3H; 2-CH,), 2.07 (appt. sept, J=7.0 Hz, 1H; 6-H), 2.21
(appt. quin d, J/=7.0, 1.0 Hz, 1H; 3-HH), 2.34 (appt. quin, J=7.0 Hz,
1H; 3-HH), 2.52 (appt. sept, J=7.0 Hz, 1H; 2-H), 3.52 (appt. quin,
J=6.0 Hz, 1H; 7-H), 5.35 (dd, J=15.0, 8.5 Hz, 1H; 5-H), 5.51 (dt, J=
150, 7.0Hz, 1H; 4-H), 6.07 (brs, 1H; COOH); "H NMR (CeDs,
400 MHz): 6 (major isomer)=0.98 (d, J=7.0 Hz, 3H; 6-CH,), 1.05 (d,
J=7.0Hz, 3H; 2-CH;), 1.14 (d, J=6.0 Hz, 3H; 8-H;), 2.00 (m, 2H; 3-
HH and 6-H), 2.26 (m, 1H; 3-HH), 240 (m, 1H; 2-H), 3.47 (appt.
quin, J=6.0 Hz, 1H; 7-H), 5.31 (dd, J=15.5, 8.0 Hz, 1H; 5-H), 5.39
(dt, J=15.5, 7.0 Hz, 1H; 4-H), 6.32 ppm (brs, 1H; COOH); *C NMR
(CDCl;, 100 MHz): 6 (major isomer)=16.6 (2 coincident peaks, 2-
CH; and 6-CHj;), 19.9 (C-8), 37.0 (C-3), 39.7 (C-2), 45.1 (C-6), 71.2 (C-
7), 129.3 (C-4), 1349 (C-5), 180.8 ppm (C-1); IR (neat): v,,,, = 3333
(br, OH), 2971, 2933, 1705 cm™". MS (Cl): m/z 187 [M+HI" (31%),
169 (100), 151 (93), 123 (82), 95 (98), 85 (10), 83 (16) and 69 (49); Cl
caled for CioH;905: 187.1334 [M+H]™; found: 187.1334.
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