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The Making of a Scientist Il (Nobel Lecture)**

Mario R. Capecchi®

I was born in Verona, Italy on October 6, 1937. Fascism, Nazism,
and Communism were raging through the country. My mother, Lucy
Ramberg, was a poet; my father, Luciano Capecchi, an officer in the
Italian Air Force. This was a time of extremes, turmoil and juxtaposi-
tions of opposites. They had a passionate love affair, and my mother
wisely chose not to marry him. This took a great deal of courage on
her part. It embittered my father.

I have only a few pictures of my mother. She was a beautiful
woman with a passion for languages and a flair for the dramatic
(see Figure 1). This picture was taken when she was 19. She grew up,

Figure 1. A photograph of my mother, Lucy Ramberg, at age 19.

with her two brothers, in a villa in Florence, Italy. There were magnifi-
cent gardens, a nanny, gardeners, cooks, house cleaners, and private
tutors for languages, literature, history, and the sciences. She was
fluent in half a dozen languages. Her father, Walter Ramberg, was an
archeologist specializing in Greek antiquities, born and trained in Ger-
many. Her mother was a painter born and raised in Oregon, USA. In
her late teens, my grandmother, Lucy Dodd, packed up her steamer
trunks and sailed with her mother from Oregon to Florence, Italy,
where they settled.

My grandmother was determined to become a painter. This oc-
curred near the end of the 19th century, a time when young women

were not expected to set off on their own with strong ambitions of
developing their own careers.

My grandmother became a very gifted painter. Let me share with
you a couple of her paintings, which also illustrate the young lives of
her children. These paintings are very large, approximately seven feet
by five feet. The first painting (Figure 2) is the center panel of a trip-
tych depicting my mother and her two brothers Walter and Edward

Figure 2. A painting done by my grandmother, Lucy Dodd Ramberg, of her
three children, left to right, Edward, Lucy, and Walter. It was painted at their
villa in Florence, Italy in 1913.

(both of whom became physicists) surrounded by olive trees at the
villa in Florence. The influence of the French impressionist painters is
evident. The second painting (Figure 3) is of my mother, age 8, and
her younger brother Edward, age 6, having a tea party, again at the
villa in Florence. Their father, the German archeologist, was killed as
a young man in World War I. My grandmother finished raising her
three children on her own by painting, mostly portraits, and by con-
verting the family villa into a finishing school for young women, pri-
marily from the United States.

My mother’s love and passion was poetry. She published in
German. She received her university training at the Sorbonne in Paris
and was a lecturer at that university in literature and languages. At
that time, she joined with a group of poets, known as the Bohemians,
who were prominent for their open opposition to Fascism and
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The Making of a Scientist Il

Figure 3. A painting by Lucy Dodd Ramberg of my mother, Lucy, and uncle
Edward having tea at the villa in Florence, Italy (1913).

Figure 4. A photograph of the chalet where my mother and | lived in Wolf-
grubben just north of Bolzano, Italy. In the foreground is my mother, Lucy.

Nazism. In 1937 my mother moved to the Tyrol, the Italian Alps.
Figure 4 shows the chalet north of Bolzano, in Wolfgriibben, with my
mother in the foreground. We lived in this chalet until | was 3'/,
years old. In the spring of 1941 German officers came to our chalet
and arrested my mother. This is one of my earliest memories. My
mother had taught me to speak both Italian and German, and | was
quite aware of what was happening. | sensed that | would not see
my mother again for many years, if ever. She was incarcerated as a
political prisoner in Germany.

I have believed that her place of incarceration was Dachau. This
was based on conversations with my uncle Edward, my mother’s
younger brother. During World War Il, my uncle lived in the United
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States. Throughout these war years, he made many attempts to
locate where my mother was being held. The most reliable informa-
tion indicated that the location was near Munich. Dachau is located
near Munich and was built to hold political prisoners. My mother sur-
vived her captivity, but after the war, despite my prodding, she
refused to talk about her war experiences.

Reporters from the Associated Press (AP) have found records that
my mother was indeed a prisoner during the war in Germany. In fact,
they have found records of German interest in my mother’s political
activities preceding 1939. In that year, they had her arrested by the
Italian authorities and jailed in Perugia and subsequently released.
However, the AP reporters did not find records indicating that my
mother was incarcerated in Dachau. Though Germans were noted for
their meticulous record keeping, it would be difficult now to evaluate
the accuracy of the existing war records, particularly for cases where
data is missing. It is clear, however, that exactly where in Germany
my mother was held has not yet been determined. Regardless of
which prison camp was involved, her experiences were undoubtedly
more horrific than mine. She had aged beyond recognition during
those five years of internment. Following her release, though she
lived until she was 82 years old, she never psychologically recovered
from her wartime experiences.

My mother had anticipated her arrest by German authorities. Prior
to their arrival, she had sold most of her possessions and gave the
proceeds to an ltalian peasant family in the Tyrol so that they could
take care of me. I lived on their farm for one year. It was a very
simple life. They grew their own wheat, harvested it, and took it to
the miller to be ground. From the flour they made bread, which they
took to the baker to be baked. During this time, | spent most of my
time with the women of the farm. In the late fall, the grapes were
harvested by hand and put into enormous wooden vats. The children,
including me, stripped, jumped into the vats and mashed the grapes
with our feet. We became squealing masses of purple energy. | still
remember the pungent odor and taste of the fresh grapes.

World War Il was now fully under way. The American and British
forces had landed in Southern Italy and were proceeding northward.
Bombings of northern Italian cities were a daily occurrence. As con-
stant reminders of the war, curfews and blackouts were in effect
every night; no lights were permitted. In the night we could hear the
drone of presumed American and British reconnaissance planes,
which we nicknamed “Pepe.” One hot afternoon, American planes
swooped down from the sky and began machine gunning the peas-
ants in the fields. A senseless exercise. A bullet grazed my leg, fortu-
nately not breaking any bones. | still have the scar, which, many
years later, my daughter proudly had me display to her third-grade
class in Utah.

For reasons that have never been clear to me, my mother’s money
ran out after one year and, at age 4'/,, | set off on my own. | headed
south, sometimes living in the streets, sometimes joining gangs of
other homeless children, sometimes living in orphanages, and most
of the time being hungry. My recollections of those four years are
vivid but not continuous, rather like a series of snapshots. Some of
them are brutal beyond description, others more palatable.

There are records in the archives of Ritten, a region of the Southern
Alps of Italy, that | left Bozen to go to Reggio Emilia on July 18, 1942.
AP reporters exploring this history have suggested that my father
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came to the farm, picked me up, and that we went together to
Reggio Emilia where he was living. | have no memory of his coming
to the farm, nor of having traveled with him to Reggio Emilia. | have
recently received a letter from a man who remembers me as the
youngest member of his street gang operating in Bolzano, which is
on the way to Reggio Emilia.

I did end up in Reggio Emilia, which is approximately 160 miles
south of Bolzano. | knew that my father lived in Reggio Emilia and |
have previously noted that | had lived with him a couple of times
from 1942-1946, for a total period of approximately three weeks. The
question has been raised why | didn’t live with him for a much
longer period. The reason was that he was extremely abusive. Amidst
all of the horrors of war, perhaps the most difficult for me to accept
as a child was having a father who was brutal to me.

Recently, | have also received a very nice letter from the priest in
Reggio Emilia who ran the orphanage in which | was eventually
placed. | remember him because he was one of the very few men |
encountered in Reggio Emilia who showed compassion for the chil-
dren and took an interest in me. | am surprised, but pleased, that
dfter all these years he still remembers me among the thousands of
children he was responsible for over the years. Further, | believe | was
at that orphanage for only several months, the first time in the fall of
1945, after which | ran away, followed by a second period, in the
same orphanage, in the spring of 1946. But his memory is genuine,
for he recounts incidents consistent with my memories that could
only have been known through our common experience.

In the spring of 1945, Munich was liberated by the American
troops. My mother had survived her captivity and set out to find me.
In October 1946, she succeeded. As an example of her flair for the
dramatic, she found me on my ninth birthday, and | am sure that
this was by design. | did not recognize her. In five years she had aged
a lifetime. | was in a hospital when she found me. All of the children
in this hospital were there for the same reasons: malnutrition, ty-
phoid, or both. The prospects for most of those children of ever leav-
ing that hospital were slim because they had no nourishing food. Our
daily diet consisted of a bowl of chicory coffee and a small crust of
old bread. | had been in that hospital in Reggio Emilia for what
seemed like a year. Scores of beds lined the rooms and corridors of
the hospital, one bed touching the next. There were no sheets or
blankets. It was easier to clean without them. Our symptoms were
monotonously the same. In the morning we awoke fairly lucid. The
nurse, Sister Maria, would take our temperature. She promised me
that if | could go through one day without a high fever, | could leave
the hospital. She knew that without any clothes | was not likely to
run away. By late morning, the high, burning fever would return and
we would pass into oblivion. Consistent with the diagnosis of typhoid,
many years later | received a typhoid/paratyphoid shot, went into
shock, and passed out.

The same day that my mother arrived at the hospital, she bought
me a full set of new clothes, a Tyrolean outfit complete with a small
cap with a feather in it. I still have the hat. We went to Rome to pro-
cess papers, where | had my first bath in six years, and then on to
Naples. My mother’s younger brother, Edward, had sent her money to
buy two boat tickets to America. | was expecting to see roads paved
with gold in America. As it turned out, | found much more: opportu-
nities.

1532

www.chembiochem.org

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

M. R. Capecchi

On arriving in America, my mother and | lived with my uncle and
aunt, Edward and Sarah Ramberg. Edward, my mother’s younger
brother was a brilliant physicist. He was a Ph.D. student in quantum
mechanics with Arnold Sommerfeld and translated one of Sommer-
feld’s major texts into English. Among Edward’s many contributions
was his discovery of how to focus electrons, knowledge which he
used in helping to build the first electron microscope at RCA. Ed-
ward’s books on electron optics have been published in many lan-
guages. During my visit to Japan to celebrate the Kyoto Prize, several
Japanese physicists approached me to express how grateful they
were for my uncle’s texts from which they learned electron optics. An-
other achievement, of which he was less proud was being a principal
contributor to the development of both black and white and color
television. While | grew up in his home, television was not allowed.
Figure 5 shows a photograph of my uncle working in his laboratory.

Figure 5. A photograph of my uncle Edward Ramberg working in his labora-
tory at RCA Princeton, New Jersey.

My aunt and uncle were Quakers and they did not support vio-
lence as a solution to political problems anywhere in the world.
During World War I, my uncle did alternative service rather than
bear arms. He worked in a mental institution in New Hampshire,
cleared swamps in the south, and was a guinea pig for the develop-
ment of vaccines against tropical diseases. After the war he settled in
a commune in Pennsylvania, called Bryn Gweled, which he helped
found. People of all races and religious affiliations were welcomed in
this community. It was a marvelous place for children: it contained
thick woods for exploration and had communal activities of all
kinds—painting, dance, theater, sports, electronics, and many ses-
sions devoted to the discussion of the major religious philosophies of
the world. Every week there were communal work parties, putting in
roads, phone lines, and electrical lines, building a community center
and so on.

The contrast between living primarily alone in the streets of Italy
and living in an intensely cooperative and supportive community in
Pennsylvania was enormous. Time was needed for healing and for
erasing the images of war from my mind. | remember that for many
years after coming to the United States | would go to sleep tossing
and turning with such force that by morning the sheets were torn
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and the bed frame broken. This activity disturbed my aunt and uncle
to the extent that Sarah would take me from one child psychologist
or psychiatrist, to another. These professionals were not very helpful,
but the support of the community was. The nightly activity eventually
subsided. There may be lessons to be learned from such experiences
for the treatment of the children from Darfur, the Congo, and now
Kenya.

Sarah and Edward took on the challenge of converting me into a
productive human being. This, | am sure, was a very formidable task.
I had received little or no formal education or training for living in a
social environment. Quakers do not believe in frills, but rather in a
life of service. My aunt and uncle taught me by example. | was given
few material goods, but every opportunity to develop my mind and
soul. What | made of myself would be entirely up to me. The day
dfter | arrived in America, | went to school. | started in the third
grade in the Southampton public school system. Sarah also took on
the task of teaching me to read, starting from the very beginning.

The first task was to learn English. | had a marvelous third grade
teacher. She was patient and encouraging. The class was studying
Holland, so I started participation in class functions by painting a
huge mural on butcher block paper with tulips, windmills, children
ice skating, children in Dutch costumes, and ships. It was a collage of
activities and colors. This did not require verbal communication.

| was a good, but not serious, student in grade school and high
school. Academics came easily to me. | attended an outstanding high
school, George School, a Quaker school north of Philadelphia. The
teachers were superb, challenging, enthusiastic, competent, and
caring. They enjoyed teaching. The campus was also magnificent,
particularly in the spring when the cherry and dogwood trees were
bursting with blossoms. An emphasis on Quaker beliefs permeated all
of the academic and sports programs. A favorite period for many, in-
cluding me, was Quaker meeting, a time set aside for silent medita-
tion, and taking stock of where we were going. My wife and | sent
our daughter to George School for her own last two years in high
school so that she might also benefit from the personal virtues it pro-
motes, and we think she has.

Sports were very important to me at George School, and physical
activity has remained an important activity for me to this day. |
played varsity football, soccer, and baseball, and wrestled. | was par-
ticularly proficient at wrestling. | enjoyed the drama of a single oppo-
nent, as well as the physical and psychological challenges of the
sport. After George School, | went to Antioch, a small liberal arts
college in Ohio.

At Antioch College | became a serious student, converting to aca-
demics all of the energy | had previously devoted to sports. Coming
from George School, | carried the charge of making this a better,
more equitable world for all people. Most of the problems appeared
to be political, so | started out at Antioch majoring in political sci-
ence. However, | soon became disillusioned with political science
since there appeared to be little science to this discipline, so |
switched to the physical sciences—physics and chemistry. | found
great pleasure in the simplicity and elegance of mathematics and
classical physics. | took almost every mathematics, physics, and
chemistry course offered at Antioch, including Boolean algebra and
topology, electrodynamics, and physical chemistry.

Although | found physics and mathematics intellectually satisfying,
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it was becoming apparent that what | was learning came from the
past. The newest physics that was taught at Antioch was quantum
mechanics, a revolution that had occurred in the 1920s and earlier.
Also, many frontiers of experimental physics, particularly experimen-
tal particle physics, were requiring the use of larger and larger accel-
erators, which involved bigger and bigger teams of scientists and
support groups to execute the experiments. | was looking for a sci-
ence in which the individual investigator had a more intimate,
hands-on involvement with the experiments. Fortunately, Antioch had
an outstanding work-study program; one quarter we studied on
campus, the next was spent working on jobs related to our fields of
interest. The jobs, in my case laboratory jobs, were maintained all
over the country, and every three months we packed up our bags
and set off for a new city and a new work experience. So one quarter
off | went to Boston and the Massachusetts Institute of Technology
(MIT).

There | encountered molecular biology as the field was being born
(late 1950s). This was a new breed of science and scientist. Everything
was new. There were no limitations. Enthusiasm permeated this field.
Devotees from physics, chemistry, genetics, and biology joined its
ranks. The common premises were that the most complex biological
phenomena could, with persistence, be understood in molecular
terms and that biological phenomena observed in simple organisms,
such as viruses and bacteria, were mirrored in more complex ones.
Implicit corollaries to this premise were that whatever was learned in
one organism was likely to be directly relevant to others and that
similar approaches could be used to study biological phenomena in
many organisms. Genetics, along with molecular biology, became the
principal means for dissecting complex biological phenomena into
workable subunits. Soon all organisms came under the scrutiny of
these approaches.

| became a product of the molecular biology revolution. The next
generation. As an Antioch college undergraduate, | worked several
quarters in Alex Rich’s laboratory at MIT. He was an X-ray crystallog-
rapher, with very broad interests in molecular biology. While at MIT |
was also fortunate to be influenced by Salvador Luria, Cyrus Leven-
thal and Boris Magasanik, through courses, seminars, and personal
discussions. At that time Sheldon Penman and Jim Darnell were also
working in Alex Rich’s laboratory. When placed in the same room,
these two were particularly boisterous, providing comic relief to the
fast moving era.

After Antioch, | set off for what | perceived as the “Mecca” of mo-
lecular biology, Harvard University. | had interviewed with Professor
James D. Watson, of “Watson and Crick” fame, and asked him where
should | do my graduate studies. His reply was curt and to the point:
“Here. You would be fucking crazy to go anywhere else.” The simplici-
ty of the message was very persuasive.

James D. Watson had a profound influence on my career (see
Figure 6). He was my mentor. He did not teach me how to do molec-
ular biology; because of my Antioch job experiences, | had already
become a proficient experimenter. Jim instead taught me the process
of science—how to extract the questions in a field that are critical to
it and at the same time approachable through current technology. As
an individual, he personified molecular biology, and, as his students,
we were its eager practitioners. His bravado encouraged self-confi-
dence in those around him. His stark honesty made our quest for
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Figure 6. A photograph of James D. Watson.

truth uncompromising. His sense of justice encouraged compassion.
He taught us not to bother with small questions, for such pursuits
were likely to produce small answers. At a critical time, when | was
contemplating leaving Harvard as a faculty member and going to
Utah, he, being familiar with my self-sufficiency, counseled me that |
could do good science anywhere. The move turned out to be a good
decision. In Utah | had the luxury to pursue long-term projects that
were not readily possible at Harvard, which, in too many cases had
become a bastion of short-term gratification.

Doing science in Jim’s laboratory was exhilarating. As a graduate
student, | was provided with what appeared to be limitless resources.
I could not be kept out of the laboratory. Ninety-hour weeks were
common. The lab was filled with talented students, each working on
his or her own set of projects. Represented was a mixture of genetics,
molecular biology, and biochemistry. We were cracking the genetic
code, determining how proteins were synthesized, and isolating and
characterizing the enzymatic machinery required for transcription. At
this time, Walter Gilbert was also working in Jim'’s laboratory. He was
then a member of the physics department, but had also been bitten
by the molecular biology bug. Jim and Wally complemented each
other brilliantly, because they approached science from very different
perspectives. Jim was intuitive, biological; Wally quantitative, with a
physicist’s perspective. They were both very competitive. As students,
we received the benefit of both, but also their scrutiny. They were
merciless, but fair. You had to have a tough hide, but you learned
rigor, both with respect to your science and your presentations. Once
you made it through Jim’s laboratory, the rest of the world seemed a
piece of cake. It was excellent training. Despite the toughness, which
at times was hard, Jim was extremely supportive. He also made sure
that you, the student, received full credit for your work. Despite the
fact that Jim was responsible for all of the resources needed to run
his laboratory, if you did all of the work for a given paper, then you
were the sole author on that paper. Among all of the laboratory
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heads in the world, | believe that Jim Watson was among very few in
implementing this policy.

The summer before | started graduate school, Marshal Nirenberg
had announced that polyU directs the synthesis of polyphenylalanine
in a cell-free protein-synthesizing extract. That paper was a bomb-
shell! | decided | would generate a cell-free extract capable of synthe-
sizing real, functional proteins. Jim’s laboratory had started working
on the RNA bacteriophage, R17. Its genome also served as messenger
RNA to direct the synthesis of its viral proteins. That would be my
message. The cell-free protein-synthesizing extract worked beautifully.
Authentic viral coat protein and replicase were shown to be synthe-
sized in the extract." Further, the coat protein was functional, it
bound to a specific sequence of the R17 genome, thereby modulating
the synthesis of the replicase. To this day, the high dffinity of the viral
coat protein for this RNA sequence is exploited as a general reporter
system to track RNA trafficking within living cells and neuronal
axons. In collaboration with Gary Gussin, also a graduate student in
Jim’s laboratory, this system was used to determine the molecular
mechanism of genetic suppression of nonsense mutations,”” In collab-
oration with Jerry Adams, another graduate student in Jim’s labora-
tory, the system was also used to determine that initiation of the syn-
thesis of all proteins in bacteria proceeded through the use of formyl-
methionine-tRNA.>¥ A similar mechanism is involved in the initiation
of protein synthesis in all eukaryotic organisms. Finally, | used the
same in vitro system to show that termination of protein synthesis
unexpectedly utilized protein factors, rather than tRNA, to accomplish
this end.®® Jim Watson would later offer the very complimentary
comment “that Capecchi accomplished more as a graduate student
than most scientists accomplish in a lifetime.” It was, indeed, a pro-
ductive time, but it wasn't work; it was sheer joy.

While a graduate student in Jim’s laboratory, | was invited to
become a junior fellow of the Society of Fellows at Harvard. Being a

Figure 7. A photograph of Karl G. Lark.

ChemBioChem 2008, 9, 1530 - 1543



www.chembiochem.org



The Making of a Scientist Il

junior fellow was very special. The society’s membership, junior and
senior fellows, represented a broad spectrum of disciplines; all the
members were talented, and most of them were much more verbal
than . Social discourse centered around meals, prepared by an exqui-
site French chef and ending with fine brandy and Cuban cigars. Fre-
quent guests at these dinners were the likes of Leonard Bernstein. Sur-
real maybe, but also very special.

From Jim'’s laboratory, | joined the faculty in the Department of
Biochemistry at Harvard Medical School, across the river in Boston.
During my four years at Harvard Medical School | quickly rose
through the ranks, but then, | unexpectedly decided to go to Utah. |
was looking for something different. There were excellent scientists in
the department | was in at Harvard Medical School, but the depart-
ment was not built with synergy in mind. Each research group was
an island unto itself. At that time, they were also unwilling to hire ad-
ditional young faculty and thereby provide the department with a
more youthful, energetic character. At the University of Utah, | would

be joining a newly formed department that was being assembled by
a very talented scientist and administrator, Gordon Lark (Figure 7). He
had excellent taste in scientists and a vision of assembling a faculty
that would enjoy working together and striving together for excel-
lence. | could be a participant in the growth of that department and
help shape its character. Furthermore, the University’s administration,
led then by President David P. Gardner, was in synchrony with this
vision and a strong supporter. Gordon had already attracted Baldo-
mero (Toto) Olivera, Martin Rechsteiner, Sandy Parkinson, and Larry
Okun to Utah. After | arrived at Utah, we were able to bring to Utah
such outstanding scientists as Ray Gesteland, John Roth, and Mary
Beckerle. Utah also provided wide open space, an entirely new
canvas upon which to create a new career (see Figure 8). These are
views from one of the homes in Utah which | have shared with my
wife, Laurie Fraser, and daughter, Misha. The air is clean, and | can
look for long distances. The elements of nature are all around us.
What a place to begin a new life!

Figure 8. Views from one of our homes in Utah and a photograph of my wife, Laurie Fraser, and daughter, Misha, just after she was born. Misha is now gradu-

ating from the University of California, Santa Cruz as an arts major.
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Preface

In 1996, as a Kyoto Prize laureate, | was asked to write an auto-
biographical sketch of my early upbringing. Through this exer-
cise, shared by all of the laureates, the hope was to uncover
potential influences or experiences that may have been key to
fostering the creative spirit within us. In my own case, what |
saw was that, despite the complete absence of an early nurtur-
ing environment, the intrinsic drive to make a difference in our
world is not easily quenched and that given an opportunity,
early handicaps can be overcome and dreams achieved. This
was intended as a message of hope for those who have strug-
gled early in their lives. As | have previously noted, our ability
to identify the genetic and environmental factors that contrib-
ute to talents such as creativity are too complex for us to
currently predict. In the absence of such wisdom our only
recourse is to provide all children with the opportunities to
pursue their passions and dreams. Our understanding of
human development is too meager to allow us to predict the
next Beethoven, Modigliani, or Martin Luther King.

The content of the autobiographical sketch was based on
my own memories, on conversations with my aunt and uncle,
who raised me once | arrived in the United States, and on con-
versations with my mother. Because of the added exposure
resulting from the winning of the Nobel Prize, | have received
letters from people who knew me in Italy during those forma-
tive early years. In addition members of the press have taken
an interest in my story and have sought independent corrobo-
ration. An amazing and wonderful surprise is that they have
discovered a half-sister of whom | was completely unaware.
She is two years younger than |, and was given up for adop-
tion before she was one year old. | am grateful for all of these
new sources of information and revelation. Where appropriate,
I will weave the new information into this retelling of my story.

Gene Targeting 1977-Present
Early experiments

My entry into what was going to become the field of gene tar-
geting started in 1977. The size of my laboratory in Utah, de-
voted to this project, was modest: myself and two competent
technicians—my wife Laurie Fraser, and Susan Tamowski. | was
experimenting with the use of extremely small glass needles
to inject DNA directly into nuclei of living cells. In the laborato-
ry adjacent to ours, Dr. Larry Okun, a neuroscientist, was re-
cording intracellular electrical potentials in cultured neurons
from chick dorsal root ganglia. His apparatus for penetrating
the cells nondestructively to measure these electrical poten-
tials appeared to be ideal for conversion into a “microsyringe”
to allow pumping of defined quantities of macromolecules, in-
cluding DNA, into mammalian cells in culture. Larry (Figure 9)
graciously helped me enormously with the process of conver-
sion. | should further add that Larry Okun has been over many
years, too many to count on one’s fingers and toes, my favor-
ite person to discuss science, politics, and trivia. But his rigor-
ous insight into science, in particular, has been of immeasura-
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Figure 9. A photograph of Lawrence M. Okun.

ble help to me throughout my tenure at the University of
Utah. Having enticed me and my wife”’ to come to Utah from
Boston in the first place, by organizing an unbelievably beauti-
ful 10 day backpacking trip in the nearby Wind River Moun-
tains of Wyoming, along a series of mountain lakes bursting
with trout every evening, he owed us quite a bit, and he deliv-
ered. Once assembled, the injection apparatus (Figure 10) was
quite effective, allowing me to do 1000 nuclear injections per
hour of well-defined volumes of solution (in the range of fem-
toliters) containing chosen macromolecules.

In 1977 Wigler and Axel showed that cultured mammalian
cells deficient in the enzyme, thymidine kinase, Tk™, could be
restored to Tk status by the introduction of functional copies
of the herpes virus thymidine kinase gene (HSV-tk).¥' Although
an important advance for the field of somatic cell genetics,
their protocol—the use of calcium phosphate coprecipitation
to introduce the DNA into the cultured cells by phagocyto-
sis—was not very efficient. With their method, stable incorpo-
ration of functional copies of HSV-tk occurred in approximately
one cell per million cells exposed to the DNA calcium phos-
phate coprecipitate.””! It seemed that the low efficiency might
be a problem of delivery. Most of the DNA taken up by the
cells did not appear to be delivered to the nucleus, where it
could function, but instead was destined for lysosomes, where
it was degraded. | sought to determine whether | could intro-
duce functional copies of the HSV-tk gene directly into nuclei
of cultured TK™ cells using the microinjection apparatus de-
scribed above. This procedure proved to be extremely effi-
cient; one cell in three that received the DNA stably passed
functional copies of the HSV-tk gene onto its daughter cells.””
An immediate outcome of these experiments was that the
high efficiency of DNA transfer that we observed by microin-
jection made it practical for investigators to use the same
methodology to generate transgenic mice containing random
insertions of exogenous DNA. This was accomplished by injec-
tion of the desired DNA into nuclei of one-celled mouse zy-
gotes, with the resulting embryos allowed to come to term
after transfer to the uterus of foster mothers.">'¥ The genera-
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Figure 10. A schematic of the apparatus | used to inject DNA into nuclei of mammalian cells in culture. Microma-
nipulators are used to guide the needle, tip diameter 0.1 um, containing the DNA solution into nuclei of living

cells while being viewed through a light microscope.

tion of transgenic mice, in which chosen exogenous pieces of
DNA have been randomly inserted within the mouse genome,
has become a cottage industry.

However, | found that the efficient transfer of functional
HSV-tk genes into the host cell genome required that the in-
jected HSV-tk genes be linked to an additional short viral DNA
sequence.” It seemed plausible to me that highly evolved viral
genomes which, as part of their life cycle, resided in the host
cell genome might contain bits of DNA sequence that en-
hanced their ability to establish themselves within the host cell
genome. | searched the genomes of the lytic simian virus,
SV40, and the avian sarcoma virus retroviral provirus for the
presence of such sequences and found them.” When linked to
the injected HSV-tk gene, these sequences increased the fre-
quency with which TK* cells were generated by a factor of
100 over that produced by HSV-tk DNA injected alone. |
showed that this enhancement did not result from independ-
ent replication of the injected HSV-tk DNA as an extra-chromo-
somal plasmid, but rather that the efficiency-enhancing se-
quences were either increasing the frequency with which the
exogenous DNA was inserting itself into the host genome or
increasing the probability that the HSV-tk gene, once integrat-
ed into the host genome, was being expressed in the recipient
cells. The latter turned out to be correct. These experiments
were completed before the idea of gene-expression enhancers
had emerged and contributed to the definition of these special
DNA sequences.” Further, the emerging idea of enhancers
profoundly influenced our contributions to the development
of gene-targeting vectors. Specifically, it alerted us to the im-
portance of using appropriate enhancers to mediate expres-
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that, when multiple copies of
the HSV-tk plasmid were injected
into a given cell, though many
of them became randomly in-
serted into the host cell's
genome, they would all be
found at a single locus, as a
highly ordered head-to-tail concatemer (see Figure 11)."” This
was the key observation and stimulus for the targeting project
that followed.

It was clear, however, that this project would now progress
more rapidly with the efforts of additional investigators. Fortu-
nately, two very gifted postdoctoral fellows, Drs. Kim Folger
Bruce and Eric Wong chose to join my group at this time (see
Figure 12). It seemed that the highly ordered concatemers of
exogenous genes found at the insertion sites could not arise
by a random mechanism, but were likely generated either by
replication of the injected DNA before insertion (for example
by a rolling circle-type mechanism of DNA replication) or by

Figure 11. Formation of highly ordered head-to-tail DNA concatemers fol-
lowing introduction of multiple copies of the same DNA sequence into
mammalian cell nuclei.
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Figure 12. Photographs of Kim Folger Bruce and Eric Wong who worked in my laborato-

ry from 1981-1985 and 1983-1986, respectively.

homologous recombination between the coinjected HSV-tk
plasmids. We proved that they were generated by homologous
recombination."” This conclusion was very significant because
it demonstrated that mammalian somatic cells contain an effi-
cient enzymatic machinery for mediating homologous recom-
bination. The high efficiency of this machinery became evident
from the observation that when more than 100 HSV-tk plasmid
molecules were injected per cell, they were all incorporated
into a single, ordered, head-to-tail concatemer."” These experi-
ments were also the first demonstration of homologous re-
combination between cointroduced DNA molecules in cultured
mammalian cells. From these results it was immediately appar-
ent to me that if we could harness this efficient machinery to
mediate homologous recombination between a newly intro-
duced DNA molecule of our choice and the same DNA se-
quence in the recipient cell's genome, we would have the abil-
ity to mutate any endogenous cellular gene in cultured cells,
in any chosen way. It was thus these experiments that provid-
ed us the incentive for vigorous pursuit of gene targeting in
mammalian cells. Interestingly, these experiments were done
prior to our hearing that gene targeting could be readily ach-
ieved in yeast."® The results derived from the analysis of mech-
anisms of gene targeting in yeast did, however, influence our
thinking during subsequent development of gene targeting in
mammalian cells."*2"

The next step in our quest for achieving mammalian gene
targeting required our becoming more familiar with the ho-
mologous recombination machinery in mammalian cells, for
example its substrate preferences and what were the most
common reaction products resulting from homologous recom-
bination. At this time Dr. Kirk Thomas also joined my research
group as a postdoctoral fellow and became a critical contribu-
tor to our research (Figure 13). By examining homologous re-
combination between coinjected DNA molecules, we learned,
among other things, that linear DNA molecules, rather than cir-
cular or supercoiled molecules were a preferred substrate for
homologous recombination; that the efficiency of homologous
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recombination was cell-cycle dependent, showing a
peak of activity in early S phase; and that, although
both reciprocal and nonreciprocal exchanges oc-
curred, there was a distinct bias towards the lat-
ter.2?! These results contributed substantially to our
choice of experimental design for the next stage of
our quest-the detection of homologous recombina-
tion between newly introduced, exogenous DNA
molecules and their endogenous chromosomal ho-
mologs in recipient cells.

In 1980, | submitted a grant application to the Na-
tional Institutes of Health proposing to test the feasi-
bility of such gene targeting in mammalian cells.
These experiments were emphatically discouraged by
the reviewers on the grounds that there might be
only a vanishing small probability that the newly in-
troduced DNA would ever find its matching se-
quence within the host cell genome, a prerequisite

Figure 13. Photograph of Kirk R. Thomas who was in my laboratory from
1983-2002 first as a postdoctoral fellow and then as a Senior Scientist of
the Howard Hughes Medical Institute.

for homologous recombination. Despite the rejection, | decid-
ed to put all of our effort into continuing this line of research.
This was a big gamble on our part. Aware that the frequency
of gene targeting to homologous sites was likely to be low
and that the far more common competitive reaction would be
random insertion of the targeting vector into nonhomologous
sites of the host cell genome, we proposed to use selection to
eliminate cells not containing the desired homologous recom-
bination events. One first test of gene targeting (Figure 14)
used, as the chromosomal target, DNA sequences that we had
previously randomly inserted into the host cell genome. Thus,
the first step in this scheme required generating cell lines con-
taining random insertions of a defective neomycin-resistance
gene (neo’) that contained either a small deletion or a point
mutation in that gene. In the second step, the targeting-vector
DNA also contained a defective neo” gene, with a mutation
that differed from the one present at the host cell target site.
Homologous recombination, between the two defective neo”
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Figure 14. Regeneration of a functional neo” gene by gene targeting. The re-
cipient cell contains a defective neo” with a deletion mutation (m). The tar-
geting vector contains a 5'-point mutation (*). With a frequency of approxi-
mately 1 in 1000 cells receiving an injection of the targeting vector contain-

ing the point mutation, the chromosomal copy of neo" is corrected with the
information supplied by the targeting vector.

genes, one in the targeting vector and the second residing in
the host cell chromosome, could generate a functional neo”
from the two defective parts and render the cells resistant to
the drug G418, which is lethal to cells without a functional
neo” gene. Thus, successful gene targeting events would yield
cells capable of growth in medium containing G418.

For the first step we generated recipient cell lines containing
a single copy of the defective neo” gene, cell lines containing
multiple copies of the defective gene as a head-to-tail conca-
temer and, by inhibiting concatemer formation, even cell lines
containing multiple defective neo” genes as single copies in-
serted in separate chromosomes. These different recipient cell
lines allowed us to evaluate how the number and location of
the target sites within a recipient cell's genome influenced the
targeting frequency. By 1984 we had good evidence that gene
targeting in cultured mammalian cells indeed occurs.” At this
time, | submitted another grant application to the same Na-
tional Institutes of Health study section that had rejected our
earlier proposed gene-targeting experiments. Their response
was “We are glad that you didn’t follow our advice.”

To our delight, correction of the defective chromosomally
located neo” genes by homologous recombination with our
microinjected gene-targeting vector occurred at an absolute
frequency of 1 per 1000 injected cells.”® This frequency was
many orders of magnitude greater than the reversion frequen-
cy of the individual neo” mutations by themselves. Further-
more, the frequency was not only higher than we expected,
particularly considering that the extent of DNA sequence ho-
mology between the targeting vector and the target locus was
less than 1000 base pairs, but the relatively high targeting
frequency made it practical for us to examine a number of
parameters influencing that frequency.”® An important lesson
learned from testing the different recipient cell lines was that
all of the chromosomal target positions analyzed seemed
equally accessible to the homologous recombination machi-
nery, indicating that a large fraction of the mouse genome was
likely to be manipulable through gene targeting.”®

At this time, Oliver Smithies and his colleagues reported
their classic experiment of targeting modification of the f3-
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globin locus in cultured mammalian cells.”” This elegant ex-
periment demonstrated that it was feasible to disrupt an en-
dogenous gene in cultured mammalian cells. Oliver and | pur-
sued gene targeting independently. We had separate visions in
mind and different approaches to its implementation. Through
the years we have been extremely fortunate in our ability to
share expertise and reagents, as well as enjoying each other’s
fellowship. That is not to say we were not competitive. Science
is very competitive, and a high premium is placed on being
first. Equally important, however, science is also a very commu-
nal enterprise in which all are dependent on past and con-
current contributions by many, many other investigators for
advances and inspiration. Where would either Oliver’s lab or
mine have gotten without the ability to generate viable mouse
chimeras, initially starting with mouse morulas, and then ex-
tending the technology to injected cells from the inner cell
mass, EC cells, and ES cells into the preimplantation embryos?
The contributions and progression of this technology by Mintz,
Gardner, Stevens, Martin, and Evans are apparent,”*=4 provid-
ing just some examples of the many investigators whose
efforts have been essential to our eventual ability to do gene
targeting in living mice.

Having established that gene targeting could be achieved in
cultured mammalian cells and having determined some of the
parameters that influenced its frequency, we were ready to
extend gene targeting to the living mouse. The low frequency
of gene targeting, relative to random integration of the target-
ing vector into the recipient cell genome made it impractical
to attempt gene targeting directly in one-celled mouse zy-
gotes. Instead, it seemed our best option was to carry out the
gene targeting in populations of cultured embryo-derived
stem (ES) cells, from which the relatively rare targeted re-
combinants could then be selected and purified. These purified
cells, when subsequently introduced into preimplantation em-
bryos and allowed to mature in a foster mother, would be
expected to contribute to the formation of all tissues of the
mouse, including the germ line. Fortunately, at a Gordon Con-
ference in the summer of 1984, when we were ready to initiate
these experiments, | heard that Martin Evans had isolated from
mouse embryos ES cells capable of contributing in just this
way to the formation of the germ line and to do so at a rea-
sonable frequency.®**¥ Martin’s ES cells appeared to be much
more promising in their potential to contribute to the embry-
onic germline than were the previously described embryonal
carcinoma (EC) cells.**3*

Gene targeting in ES cells

In the winter of 1985, my wife, Laurie Fraser, and | spent a
week in Martin Evans’ laboratory learning how to derive and
culture mouse ES cells, as well as how to generate mouse chi-
meras from these cells by their addition to recipient preim-
plantation embryos. Also instrumental in our learning these
techniques were Dr. Elizabeth Robertson and Alan Bradley, a
postdoctoral fellow and graduate student in Evans’ laboratory,
respectively. This is an excellent example of how science pro-
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gresses from the collective sharing of expertise and resources.
We have always been grateful for Martin’s generosity.

In the beginning of 1986, our effort thus shifted to doing
gene-targeting experiments in mouse ES cells. We decided also
to switch to electroporation as a means of introducing our tar-
geting vectors into ES cells. Although microinjection was
orders of magnitude more efficient than electroporation as a
means for generating cell lines with targeted mutations, injec-
tions are done one cell at a time. With electroporation, we
could introduce the gene-targeting vector into 10’ cells in a
single experiment, easily producing large numbers of cells con-
taining targeted mutations, even at the lower efficiency. In
addition, it was apparent to us that, as a technology, electro-
poration would be more readily adopted by other laboratories,
relative to microinjection, thereby making gene targeting more
user friendly to more scientists.

To rigorously determine the quantitative efficiency of gene
targeting in ES cells as well as to evaluate the parameters that
affect the gene targeting frequency, we chose as our target
locus the hypoxanthine phosphoribosyl transferase (hprt) gene.
There were two reasons for this choice. First, since hprt is locat-
ed on the X chromosome, and the ES cell lines that we were
using were derived from a male mouse, only a single hprt
locus had to be disrupted in the recipient cells to yield hprt™
cell lines. Second, a good protocol for selecting cells with a dis-
rupted hprt gene existed, based on the drug 6-thioguanine
(6TG), which kills cells with a functional hprt gene.®® The strat-
egy we used was to generate a gene-targeting vector that
contained an hprt genomic sequence that was disrupted by in-
sertion of neo” in one of the gene’s exons (Figure 15). The exon
we chose, exon 8, encodes the active catalytic site for this
enzyme. Homologous recombination between this targeting
vector and the endogenous hprt locus would generate hprt™
ES cells resistant to growth in medium containing both 6TG

sequence
replacement

6 7 neo” 9

1 2 3 45
[T Jof
hprt-G418"

Figure 15. Disruption of hprt gene by gene targeting in mouse ES cells. The
targeting vector contains genomic sequences from the mouse hprt gene dis-
rupted in the eighth exon by neo’. After homologous pairing between the
vector and the cognate sequences in the endogenous hprt gene of the ES
cell genome, a homologous recombination event replaces the ES cell ge-
nomic sequences with vector sequences containing the neo” gene. The re-
sulting cells are able to grow in medium containing the drugs G418, which
kills cells without an inserted functional neo” gene, and 6-TG, which kills cells
with an undisrupted functional hprt gene.
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(killing cells with untargeted hprt™ loci) and G418 (killing cells
lacking the inserted neo’ gene, as described above). All cell
lines generated from cells selected in this way, had lost hprt
function as a result of the targeted disruptions of the hprt
locus.™™ Thus, the hprt locus provided Chuxia Deng (Figure 16),

Figure 16. A photograph of Chuxia Deng who worked in my laboratory as a
graduate student from 1987-1992.

then a graduate student in our laboratory, an ideal locus for
further study of the parameters that influenced the targeting
efficiency.?’9

Because we foresaw that the neo” gene would probably be
used as a positive selectable gene for the disruption of many
genes in ES cells, it was essential that its expression be mediat-
ed by an enhancer that would function in ES cells, regardless
of the expression status of the target locus. Here our previous
experience with enhancers proved of value. We knew from
those experiments that the activities of promoter-enhancer
configurations are very cell-type specific. To encourage strong
neo” expression in ES cells, we chose to drive its expression
with a mutated polyoma virus enhancer that had been select-
ed for strong expression in mouse embryonal carcinoma cells,
which we presumed to be similar to mouse ES cells."**? Sub-
sequently, the strategy described above, namely using a neo”
driven by an enhancer that allows strong expression in ES cells
independent of chromosomal locations, has become the stan-
dard for the disruption of most genes in ES cells.

The experiments described above showed that mouse ES
cells were a good recipient host for gene targeting. In addition
the drug-selection protocols required to identify ES cell lines
containing the desired gene-targeting event did not appear to
alter their pluripotent potential."® | believe that this paper was
pivotal in the development of the field, encouraging other in-
vestigators to begin to use gene targeting in mice as a means
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for determining the function of chosen mammalian genes in
the living animal.

The ratio of homologous, that is, targeted insertions, to
random insertions at nonhomologous sites in ES cells is
approximately 1 to 1000."® Because the disruption of most
genes does not produce a cellular phenotype that is selectable
in cell culture, investigators seeking to disrupt a gene of
choice would need to undertake tedious DNA screens through
many cell colonies to identify the rare ones containing the
desired targeting event.

To address this problem we reported in 1988 a general strat-
egy to enrich cells in which a homologous targeting event has
occurred.”” This enrichment procedure, known as positive-
negative selection, was derived from an observation in experi-
ments done in our laboratory, namely that linear DNA mole-
cules, when inserted at random sites in the recipient cell’s
genome, most frequently retain their ends, while sequences in-
serted at the target site, by homologous recombination, lose
nonhomologous ends from the original vector (see Figure 17).
Further, contrary to expectations from studies of homologous
recombinations in yeast, we showed that even blocking both
ends of the homology arms of a targeting vector with nonho-

A Gene targeting i
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neo’ HSV-tk
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Figure 17. A) The positive-negative selection procedure used to enrich for
ES cells containing a targeted disruption of gene X. The linear replacement-
type targeting vector contains an insertion of neo” in an exon of gene X and
a linked HSV-tk gene at one end. It is shown pairing with a chromosomal
copy of gene X. Homologous recombination between the targeting vector
and the cognate chromosomal gene results in the disruption of one genom-
ic copy of gene X and the loss of the vector’s HSV-tk gene. Cells in which
this event has occurred will be X*'~, neo’, HSV-tk~ and will grow in medium
containing G418 and F1AU. The former requires the presence of a functional
neo” gene and the latter kills cells containing a functional HSV-tk gene. B) In-
tegration of the targeting vector at a random site of the ES cell genome by
nonhomologous recombination. Because nonhomologous insertion of exog-
enous DNA into the chromosome occurs through the ends of the linearized
DNA, HSV-tk will remain linked to neo”. Cells derived from this type of recom-
bination event will be X**, neo’", and HSV-tk* and therefore resistant to
growth in G418 but killed by presence of F1AU. Cells that have not received
a targeting vector, will be X**, neo'’™, and HSV-tk~ and will be killed by the
presence of G418. As a consequence this procedure specifically enriches for
cells in which a gene targeting event has occurred.
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mologous DNA sequences does not reduce the targeting fre-
quency in mammalian cells.*" This approach correspondingly
has two components. One component is a positive selectable
gene, ned’, used, as described above, to select for recipient
cells that have incorporated the targeting vector anywhere in
their genomes (that is, at the target site by homologous re-
combination or at a random site by nonhomologous recombi-
nation). The second component is a negative selectable gene,
HSV-tk, located at the end of the linearized targeting vector
and used to select against cells containing random insertions
of the target vector (medium containing the drugs, gangcyclo-
vir or FIAU, kills cells expressing the HSV-tk gene but not cells
expressing the endogenous mammalian thymidine kinase
gene). Thus the positive selection enriches for recipient cells
that have incorporated the targeting vector somewhere in
their genome, whereas the negative selection eliminates those
that have incorporated it at nonhomologous sites. The net
effect is enrichment for cells in which the desired homologous
targeting event has occurred. The strength of this enrichment
procedure is that it is independent of the function of the gene
that is being disrupted and succeeds whether or not the gene
is expressed in ES cells. The validity of the procedure was
shown by using it to enrich for ES cells containing targeted
mutations in the int2 gene, now known as Fgf3."*" These ex-
periments were carried out by Suzi Mansour, a talented post-
doctoral fellow in our laboratory (Figure 18) and Kirk Thomas

Figure 18. A photograph of Suzanne Mansour. She worked in my laboratory
as a postdoctoral fellow from 1987-1992.

(Figure 12). Positive-negative selection has become the most
frequently used procedure to enrich for cells containing gene-
targeting events. Using positive-negative selection we have
found that the targeting frequency varies from gene to gene.
With genes that exhibit a high targeting frequency, a high per-
centage of clones obtained after positive-negative selection
contain the targeting event. The worst cases have been ones
in which one in a hundred selected clones contains the desired
targeting event. If the targeted gene is one expressed in ES
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cells, then the targeting frequency at that locus is likely to be
high.

Extensions and more recent developments

The use of gene targeting to evaluate the functions of genes
in the mouse is now routine. It is being used in hundreds of
laboratories all over the world. Well over 11000 genes have
been disrupted in the mouse by using the described proce-
dures. This is quite surprising considering that these disrup-
tions have been done in individual laboratories in the absence
of coordinated programs. Now, however, there are a number
of funded national and international efforts to disrupt every
gene in the mouse by gene targeting.”? In addition, hundreds
of human diseases have been modeled in the mouse by the
use of gene targeting. These models allow study of the pathol-
ogy of the diseases in much more detail than is possible in
humans. In addition, the models provide a vehicle for subse-
quent development and evaluation of new therapeutic modali-
ties including drugs.

To date, gene targeting has been used primarily to disrupt
genes, producing so-called “knockout mice.” However gene
targeting can be used to alter the sequences of a chosen ge-
netic locus in the mouse in any conceivable manner, thus pro-
viding a very general means for “editing” the mouse genome.
It can be used to generate gain-of-function mutations or par-
tial loss-of-function mutations. Gene targeting can also be
used to restrict the loss of function of a chosen gene to partic-
ular tissues, yielding so-called conditional mutations. This is
most commonly achieved by combining exogenous (nonmam-
malian) site-specific recombination systems, such as those de-
rived from bacteriophages or yeast (that is, Cre/loxP or Flp/FRT,
respectively), with gene targeting to mediate excision of a
gene only where the appropriate recombinase is produced.”*
By control of where Cre- or Flp-recombinase is expressed, for
example in the liver, a gene, flanked by loxP or FRT recognition
sequences, respectively, can be excised in the desired tissue
(for example, liver). Temporal control of gene function has also
been achieved by making the production of the functional re-
combinase dependent upon the administration of small mole-
cules or even on physical stimuli, such as light*=” Such con-
ditional mutagenesis has been very effective for more accurate
modeling of human cancers, which are often restricted to par-
ticular tissues and even to specific cells within those tissues, as
well as being initiated post birth.”'¥ In human cancers, the
interactions between the host tissues and the malignant cells
are often critical to its initiation and progression.®**® Thus, in-
clusion of these interactions in the mouse model also becomes
critical if the mouse model is to accurately recapitulate the
human malignancy.

Gene targeting is an evolving technology and we can antici-
pate further extensions to its repertoire. To date it has been
used primarily to perturb the function of one gene at a time.
We can anticipate development of efficient multiplexing sys-
tems that will allow simultaneous conditional or unconditional
modulation of multiple genes. We can also anticipate improve-
ments in exogenous reporter genes with parallel improve-
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ments in their detection, particularly with respect to capture
times, resolution and sensitivity. Such improvements will un-
doubtedly be necessary if this technology is to make signifi-
cant inroads in addressing truly complex biological questions,
such as the molecular mechanisms underlying higher cognitive
functions in mammals.

| have tried to take the reader through a brief, personal jour-
ney of my life, my development as a scientist, and our labora-
tory’s development of gene targeting. In the process, | have
tried to give credit to those who have helped me along the
way to reach our goals. What | have failed to communicate is
the enormity of the scientific community and how many scien-
tists actually have helped in untold, countless ways. That list
would be in the hundreds and thousands. As a scientist | have
been fortunate to have visited many, many laboratories all
over the world and to have talked with other scientists about
their work and aspirations. It is through these conversations
that one’s vision broadens and an appreciation of the com-
plexity and beauty of the biological world is reinforced. How-
ever the people that have been most influential are the mem-
bers of my immediate family, Laurie Fraser and Misha Capecchi,
my wife and daughter, respectively. Their support has kept me
going, their sage advice has kept me from falling down too
frequently, their love has made it all worthwhile.

The Nobel Prize has greatly rewarded a major segment of
my life and, as a kind of demarcation invites some reflection. |
hope that our contributions, among other developments, will
be used by many to reduce suffering, improve our health and
extend the productivity and fulfillment of our lives. Equally im-
portant, | hope that the new biological insights will yield a
better understanding of ourselves as human beings and of our
relationship to our environment, so that we may become
better stewards of a fragile Earth. We live in a closed system
and we have to gain the knowledge that will enable us to live
in harmony with it. Neither we nor our planet can any longer
afford the ravages of wars. Nor can the planet survive needless
consumption. We must learn to distribute our resources more
equitably among all peoples. As a scientist, | naturally find
myself thinking about the future. As a people, we must learn
to become more responsible for the consequences of our ac-
tivities over much longer periods of time so that future gener-
ations may also enjoy this splendid world. It is my hope that
science can combine with ethics to permit this.

Keywords: DNA - embryonic stem cells - gene targeting -
homologous recombination - Nobel lecture
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Heparin Dependent Coiled-Coil Formation

Mark Nitz,* Anthony Rullo, and Matias Xiao Yue Ding"

Heparan sulfate (HS) is a ubiquitous glycosaminoglycan that
has been demonstrated to mediate protein complex formation
in the extracellular matrix essential to many signaling path-
ways.'"® HS is a linear polysaccharide with a highly heteroge-
neous structure caused by extensive enzymatic modifications
carried out during its synthesis.”” The modifications result in
domains along the polymer backbone of high sulfation density
(S domains) separated by tracks of polysaccharide with a low
degree of sulfation (NA domains).”) How the biosynthesis of
specific heparan structures are controlled and which structures
are required to form specific heparan-protein complexes re-
mains a key question in glycobiology."” The highly sulfated S
domains in HS closely resemble the common anticoagulant
heparin in their structure and sulfation density. In this study
heparin is used as a model of the highly sulfated S domains in
HS.

Herein we report coiled-coil-heparin complexes that emu-
late the ability of HS to promote multimeric protein complex
formation. The binding of heparan and other polyanions to
positively charged peptides is a well-known phenomenon. It is
these polyelectrolyte interactions that have been proposed to
be the basis of cell-penetrating-peptide binding at the cell sur-
face,® the antibacterial action of cationic peptides on anionic
membranes,”’ and the formation of DNA delivery complexes.”
The cationic peptide system we report herein uses heparin
binding to simultaneously direct a peptide conformational
change and mediate the formation of a dimeric coiled-coil
complex. These designed coiled-coils may serve as models to
study HS—protein complex formation and serve to demonstrate
the potential of using heparin binding as an element in pro-
tein design.

Coiled-coils are the best studied protein tertiary structures
which form stable folds, even with short peptides.”"" They
have found extensive use in protein engineering and nano-
technology, as the factors important in the design of stable
complexes are well understood."? Coiled-coils typically consist
of two to five a-helices twisted into a left-handed helical su-
percoil. The supercoiling facilitates the formation of a densely
packed hydrophobic core established by an amino acid heptad
repeat (abcdefgh) containing hydrophobic residues at the a
and d positions. Control over directionality, homo- versus het-
erooligomerization, and coiled-coil stability has been achieved
by tuning the electrostatic interactions between the e and g
residues flanking the hydrophobic interface.**) We hypothe-
sized that a linear anionic heparin polysaccharide would be of

[a] Dr. M. Nitz, A. Rullo, M. X. Y. Ding
Department of Chemistry, University of Toronto
80 St. George Street Toronto, ON (Canada)
E-mail: mnitz@chem.utoronto.ca
Supporting information for this article is available on the WWW under
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complementary size and shape to interact with positively
charged amino acid residues displayed at the e and g positions
of a designed coiled-coil (Figure 1).2”% A leucine zipper con-
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Sequences

1 Coumarin-GGKIAALKEKIAALKEKIAALKE
2 Coumarin-GGKIAALKEKIAALKEKIAALKEGGC

Figure 1. Heparin-dependent coiled-coil-forming peptides. A) Peptide se-
quence shown on a parallel coiled-coil helical wheel, arrows indicate electro-
static interactions. B) Pentasaccharide of heparin (space filling) and two
heptad repeats of a parallel coiled-coil. C) End on view of B with only one
heptad repeat shown. B and C are manually docked models.

taining four lysine residues placed in the b, ¢, f, and g of posi-
tions of one heptad has previously been shown to have affinity
for heparin.” In our peptides, charge repulsion between the e
and g positions would destabilize the coiled-coil and prevent
peptide dimerization in the absence of heparin. Cardin and
Weintraub first proposed that a-helices bearing basic residues
along one face could form a heparin binding site.*® Subse-
quently it has been observed that the binding of peptides to
heparin and other polyelectrolytes, can induce a conformation-
al change toward an o-helix2"% A similar conformational
change in this system would promote coiled-coil formation by
ordering the hydrophobic interface and by providing a strong
favorable electrostatic interaction with heparin along the poly-
cationic helices.

To explore this possibility, peptide sequences were synthe-
sized which have been shown by the Hodges group not to ho-
modimerize because of electrostatic repulsion of the lysine res-
idues at the e and g positions (Figure 1)."” A 7-diethylamino-
coumarin fluorophore was appended to the N terminus of
these peptides to serve as a fluorescent probe of heparin bind-
ing and coiled-coil formation. This fluorophore has been at-
tached to coiled-coils and has been shown to increase their
association constant but does not change the oligomerization
state of the complex.®™ A C-terminal disulfide bridged variant,
peptide 2, was also synthesized to allow for further control
over the stoichiometry of the complex.
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Complex formation between heparin and peptides 1 and 2
was evaluated by using CD spectroscopy, fluorescence titra-
tions, and equilibrium ultracentrifugation in a physiologically
relevant buffer (10 mm Tris, 100 mm NaCl, pH 7.0).

The CD spectrum of peptide 1 alone is indicative of a pep-
tide with minimal helical structure, but upon the addition of
heparin a strong increase in helicity is observed (Figure 2). The
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Figure 2. CD spectra of 1 (circles) and disulfide-linked 2 (triangles) in the
absence (open symbols) and presence of heparin (filled symbols). Peptides
(5 um) in 10 mm Tris, 100 mm NaCl, pH 7.0, heparin (20 ugmL™).

disulfide linked peptide 2 also undergoes a significant increase
in helicity upon heparin addition, although because of the or-
dering imposed by the disulfide bond, significantly more helici-
ty is observed in the absence of heparin.

Fluorescence titrations of the peptides1 and2 with heparin
show the emergence of a fluorescence emission band centered
at 560 nm which is indicative of excimer formation between
the N-terminal fluorophores (Figure 3). Over the course of the
titration the excimer emission band reaches a maximum at
10 pgmL~" heparin and then decreases with increasing heparin
concentration (Figure 3, inset). This ratiometric fluorescence re-

1 20 30 40 50
Heparin/ug mL™1

0.4
0.34
0.1

T
0.0F~
440

Fluorescence Intensity A.U.

I e - A A e |
520 540 560 580 600 620

Alnm ——
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Figure 3. Fluorescence spectra of peptide 1 with increasing heparin concen-
trations. Peptide (5 pum), excitation 420 nm, 10 mm Tris, 100 mm NaCl,

pH 7.0, heparin concentrations are indicated in ugmL™" above the respective
spectra.
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sponse upon heparin binding may be useful for heparin sensor
design.[36'37]

Detailed analysis of the complex formation with the two
peptides was carried out using fluorescence titrations with a
purified dodecasaccharide heparin fragment. The use of the
defined heparin fragment allowed accurate concentrations to
be used and allowed analysis by analytical ultracentrifugation.
These titrations of the dodeccasaccharide were fit to the
model proposed in Figure 4 (see also the Supporting Informa-
tion). Titrations of peptide 1 carried out at low peptide concen-
trations (low nm) do not show any excimer emission but do
display fluorescence quenching with increasing heparin con-
centrations. This binding event is fit to a 1:1 peptide-heparin
complex formation (I). At higher peptide concentrations the
excimer fluorescence is observed. The excimer signal increases
in the titration to a maximum and then decreases in the pres-
ence of excess polysaccharide, as was observed in titrations
with unfractionated heparin. This behavior was assigned to be
the formation of a 1:2 heparin—coiled-coil species (Il) with a
maximum excimer emission and upon excess heparin addition
a 2:2 (lll) species with a lower excimer quantum yield. Global
fitting the titration data to these three equilibria gave the dis-
sociation constants shown in Figure 4. The equilibria between
the 1:2 complex (Il) and 2:2 complex (Illl) was determined
under conditions of excess heparin dodecasaccharide at varied
peptide concentrations.

Similarly, titration of the disulfide linked peptide 2 gave a
strong excimer signal with increasing heparin concentrations
at all peptide concentrations investigated (100 nm-10 um). The
excimer signal also reached a maximum and decreased with
excess heparin. Global fitting of the fluorescence titration data
gave dissociation constants of 16 nm and 2 um for the first and
second heparin binding events.

Throughout the heparin titrations of peptides 1 and 2 no
dependence on time was observed and the fluorescence spec-
tra were stable for days. Attempts at thermal denaturation
experiments lead to aggregation of the peptide samples in the
presence of heparin.

Sedimentation equilibrium analysis of solutions containing
species lll and V were carried out, as at high peptide and hepa-
rin concentrations the equilibria allows solutions containing
predominantly these complexes to be obtained. The molecular
weights calculated using a weight averaged v-bar value for the
heparin dodecamer peptide 2:2 complexes gave masses in
close approximation (£ 15%) to those expected. The deviation
in the molecular weights is likely due to the estimations neces-
sary in the v-bar calculation of the complex.

The selectivity of the complex formation was explored by ti-
trating peptides1 and 2 with other biologically relevant poly-
anions: chondroitin sulfate A, DNA, and polyglutamic acid. To
monitor the complex formation the ratio of fluorescence at
477 nm and 560 nm was used as the signature of excimer
fluorescence observed in the heparin peptide complexes. As
would be expected, the strongly cationic peptides did associ-
ate with the other polyanions as was evident by the changes
in fluorescence emission of the peptides during the course of
the titrations. However, the same intensity of excimer fluores-

ChemBioChem 2008, 9, 1545 - 1548
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Figure 4. Proposed equilibrium binding model of heparin dodecamer and engineered peptides A) peptide 1; B) disulfide linked peptide 2. All binding studies

were carried out in 10 mm Tris, 100 mm NaCl, pH 7.0

cence signal was not observed with these other polyanions
(Figure 5), suggesting that the heparin complex is structurally
distinct from the complexes formed from the other polyanions.

In conclusion we have shown that the strong electrostatic
interaction observed during heparin binding can be harnessed
to drive the change in conformation and defined oligomeriza-
tion of a designed peptide. In the system described herein the
peptide conformational change is coupled to a ratiometric
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Figure 5. Selectivity of coiled-coil peptides. A) Peptide 1 (2 um) or B) Disul-
fide linked peptide 2 (500 nm) were titrated with heparin (m), DNA (¥), chon-
droitin sulfate A (a), or polyglutamic acid (@) in phosphate buffered saline
(pH 7.0).

ChemBioChem 2008, 9, 1545 - 1548

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

fluorescence response which will be explored as a sensor of
heparin or the S domains of heparan. This example of using
heparin to order peptide structures may be useful for protein
engineering, nanotechnology, and in furthering the under-
standing of glycosaminoglycan protein interactions.

Experimental Section

General: All peptides were synthesized by standard Fmoc solid
phase peptide synthesis. 7-Diethylaminocoumarin-3-carboxylic acid
was prepared by literature methods and coupled to the N terminus
of the peptides using standard conditions.*® Heparinase | was
purchased from IBEX pharmaceuticals. Unfractionated heparin
(164 Umg™") from porcine mucosa was purchased from Celsius lab-
oratories and oligosaccharide fractions of heparin were produced
by depolymerizing heparin with Heparinase | and fractionating
with GPC as previously reported.*® A range of sulfation patterns is
present in this homogenous length fraction and on average 2-3
sulfate groups per disaccharide were observed by ESI-MS. All
experimental details can be found in the Supporting Information.
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Two Functionally Redundant Sfp-Type 4'-Phosphopantetheinyl Transferases
Differentially Activate Biosynthetic Pathways in Myxococcus xanthus

Peter Meiser and Rolf Miller*®

Phosphopantetheinyl transferases (PPTases) represent a super-
family of enzymes that are essential for the post-translational
modification of carrier proteins involved in the biosynthesis of
primary and secondary metabolites, such as fatty acids, poly-
ketides and nonribosomal peptides." These carrier proteins
are activated by the transfer of a 4'-phosphopantetheine
(Ppant) cofactor from coenzyme A to a conserved serine resi-
due of the apo form of the protein, in a Mg®"-dependent reac-
tion. Chain-extension intermediates are bound to the protein
by a thioester linkage to the Ppant prosthetic group; this ena-
bles them to be shuttled around the individual active sites of
the multienzyme complexes. Several organisms are known to
possess multiple types of PPTase enzymes, which exhibit spe-
cificity for distinct biosynthetic pathways." Acyl carrier protein
synthase (AcpS)-type PPTases usually activate fatty acid syn-
thases (FASs) and type Il polyketide synthases (PKSs). These en-
zymes consist of approximately 120 amino acids, and exhibit a
homotrimeric structure.*® In contrast, Sfp-type PPTases
(named after the prototype PPTase Sfp from Bacillus subtilis™)
typically modify carrier proteins that are responsible for the
biosynthesis of secondary metabolites, such as type | PKS, non-
ribosomal peptide synthetase (NRPS) systems and their hy-
brids. Furthermore, Sfp-type PPTases have also been shown to
participate in fungal lysine biosynthesis, $-alanine conjugation
and cyanobacterial heterocyst differentiation.”™®

Sfp-type PPTases are approximately twice the size of AcpS-
type PPTases, which suggests that they evolved by gene dupli-
cation from an AcpS ancestor.” Sfp exhibits broad substrate
tolerance towards different types of carrier proteins,” a fea-
ture that has enabled its exploitation in various biotechnologi-
cal applications.""™ Indeed, some genomes contain only a
Sfp-type PPTase; this strongly supports its function in both pri-
mary and secondary metabolism.'® For example, inactivation
of the single PPTase-encoding gene pcpS in Pseudomonas aeru-
ginosa could only be accomplished when a copy of the E. coli
acp$S gene was simultaneously introduced in trans on the chro-
mosome. In contrast, disruption of the Sfp-type PPTase gene
mtaA in Stigmatella aurantiaca DW4/3-1 was not lethal, due to
the presence of at least one additional (AcpS-type) PPTase (Fig-
ure 1C), but production of all known secondary metabolites
was abolished.™ In E. coli, the defect caused by a mutated,
dysfunctional AcpS could be restored by over-expression of a

[a] P. Meiser, Prof. Dr. R. Miiller

Institut fiir Pharmazeutische Biotechnologie
Universitdt des Saarlandes, P.O. Box 151150
66041 Saarbriicken (Germany)
Fax: (+49)681-3025473
E-mail: rom@mx.uni-saarland.de

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

ChemBioChem 2008, 9, 1549 - 1553

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

second E. coli PPTase, YhhU, the exact function of which has
yet to be determined."”

M. xanthus DK1622 employs two Sfp-type PPTases

The genome of the recently sequenced myxobacterial model
strain Myxococcus xanthus DK1622% includes at least three
genes that encode PPTases. MXAN_4350 (renamed here to
MxAcpS) is 126 amino acids in size and shows the highest se-
quence similarity to PPTases from the AcpS-type family (32%
sequence identity on the amino acid level to AcpS from E. coli
K12; 73% identity to AcpS from S. aurantiaca DW4/3-1), and it
contains the highly conserved residues Asp10 and Glu60® (Fig-
ure 1A). MXAN_3485 (258 amino acids, renamed to MxPpt1)
and MXAN_4192 (266 amino acids, renamed to MxPpt2) are
homologues of Sfp-type PPTases, although MxPptl1 exhibits
significantly higher sequence similarity to known PPTases from
this class, including MtaA from S.aurantiaca DW4/3-12"
(MxPpt1 shows 62 % sequence identity/71% similarity to MtaA,
whereas MxPpt2 exhibits 19% identity/29% similarity to MtaA,
and 189% identity/28 % similarity to MxPpt1). Both MxPpt1 and
MxPpt2 include all of the important residues that have been
shown to be essential for PPTase structure and activity, and
may be grouped into the W/KEA subfamily of Sfp-type PPTases
(Figure 1B).”?? Analysis of PPTases from other sequenced myx-
obacterial species, revealed that both Sorangium cellulosum
So ce56™ and S. aurantiaca DW4/3-1 also encode one AcpS-
type and two Sfp-type PPTases. In contrast, Anaeromyxobacter
dehalogans™ possesses two (AcpS and Sfp) and Plesiocystis pa-
cifica® has only one (Sfp-type) PPTase (Figure 1C).

We failed to generate mutants of MxAcpS by insertional mu-
tagenesis, most likely due to its essential function in fatty acid
biosynthesis; evidently, neither MxPpt1 nor MxPpt2 can com-
pletely complement the function of MxAcpS. We therefore tar-
geted genes MXAN_3485 (MxPpt1) and MXAN_4192 (MxPpt2)
for inactivation by using a homologous recombination strat-
egy. The inactivation fragments were amplified by PCR by
using primers PMMXAN3485_1 and PMMXAN3485_2 for
MXAN_3485 and primers PMMXAN4192_1 and PMMXAN4192_2
for MXAN_4192, each of which introduced a stop codon
(Table 1, underlined), and the PCR products were cloned into
plasmid pCR2.1-TOPO (Invitrogen). The plasmids were then
introduced into M. xanthus DK1622 by electroporation, as
described previously.”™ Clones were selected for kanamycin re-
sistance and were verified by PCR by using a plasmid-specific
primer pair and two primers that bind outside of the inactiva-
tion fragment, as described earlier.’””” The PPTase mutants and
M. xanthus wild type were grown in quadruplicate in CTT
medium™® in the presence of Amberlite XAD-16 resin (1%),
and were harvested during the same stage of logarithmic
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E . coli 1 WEYIWKTH - - HQP VR FIEKEIF VS
K . pneu 1 WSIWEQH - - QQPVRFMAKIIFAV)E
S . pneu 1 MERFTSLKGRRQIEYIHAG)IW SN
MxAcpS 1 REALCGRR - - SDAASAYL\ARIF V¥4
S . aur T RELCSGR——ADAASAYA“RFAAK
E . coli 58 FAAFFAFERERIR N IINQ FER FRDELEKER L RAWEENAK LAERK LG VANMH ADERHY
K . pneu M EAIVAKALG TG IR IZNQ FIpY YDA LK) L RIAWEEIN L LA} RMGVSATH ADERHY
S . pneu LI E AJEIK ATTIG T G TENEL (e Flo]DIA E VIANL E)IGE P EE YFSQAPFSGKIWMSISEITDQF
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E.coli 118 E

K. pneu 118 V|

S . pneu 108 VTES\S$NENHES
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S.aur 115 BEALSRSSAOERG - -

B)

MxPptl I E- - —FQPARDDRRLD ALLDESYERDKQ
Mtah l =scccccmana= 33 NHIAL)ALIJP DEVHVWIVEPER IpdopdelL,

Sfp 1§

MxPpt2 1

MxPptl 47
MtaA 50
Sfp 33
MxPpt2 61

MxPptl 106

HTRDGMALBAVESADNM VGADVED TIRRNGETVEIADSFFAJFAEVARLRALPIEIGOQRERFFu

MtaA 109
sSfp 90 HS-GRWVIGAFD-SQPIGHDEEKTKP-—ISLEIAKRFFSKTEYSDLEAKDKDEQTDYFYH
PARJOLSP - -RTDVFERVMPQRIJLEMVEIHARGGEE - LAANV

MxPpt2 121 EARSVARA[R\CEPEH Iffe

* % % X
MxPptl 165 K EFY IKARGE\GLSLPLDQF Al LI QAPMQEVEEAVQLEQ
MtaA 168 INKER\YYIKARGRIGLSLPLDQF A} LSTREEE: I BUL VI E SQWQFVEFRPSQRHA
Sfp 146 L SIKESFIKQEGKGLSLPLDSFSVRHH --DGQVEJIIELPDSHS))CYIKTYEVD)3GYKMEN
MxPpt2 178 I JO9AAL S)E\LRCEATA)YFEVLEVDAFE[g- - - - - HVAGGYGCLFRNFAQYEAR-WVLGG

MxPptl 225 EWIVENUNIRZRGOISAS FTZAAGPITEPRFQAA- - - === - -=--=-=-=
Mtad 228 EYNHNYRIIISEHAIIATVSIFOR TNAIAODBIAIJAEYLSRERIQPLRLRMPGVGGG
Sfp 204 VCAL\HPDFP)DITMYSYEELL - - -------c--cmmmmmmcmccmmcamn
MxPpt2 233 YVIANVSEKHS L@HYTPADLERIRQVFGRDVSRS - ----ccecoomanann

c)
Strain PPTase/Acc.No Length Type Identity [%] to:
[aa] MxAcpS MxPptl MxPpt2
Myxococcus MxAcpS™ 126 AcpS 100 7.0 7.9
xanthus DK1622 MxPpt1™ 258 Sfp 7.0 100 18.2
MxPpt2“! 266 sfp 7.9 18.2 100
Sorangium Sce0320 162 AcpS 32.9 8.1 14.3
cellulosum So Sce5058 246 Sfp 6.5 47.5 17.6
ce56 Sced887 244 Sfp 11:5 15.8 18.6
Stigmatella ZP_ 01466494 125 AcpS 73.0 7.0 7.9
aurantiaca MtaA 277 Sfp 7.2 62.5 18.6
DW4/3-1 ZP 01459466 278 sfp 7.6 19.1 15.1
Anaeromyxobacter ABC81274 128 AcpS 55.0 7.0 9.4
dehalogans 2CP-C ABC83662 239 Sfp 11.2 17.4 20.3
Plesiocystis PPSIR1_ 19799 290 Sfp 7.6 24.8 15.9

pacifica SIR-1
BAcc. No YP_632523.1, ™Acc. No YP 631680.1, "Acc. No YP_632367.1,
“Acec.No ZP 01459466 of truncated PPTase (Het I protein, 225 aa)

Figure 1. Sequence alignment of M. xanthus PPTases with bacterial A) AcpS-type and B) Sfp-type PPTases from different species. Black shading indicates identi-
cal residues, while grey shading shows similar residues. Consensus motifs are indicated by black bars, and conserved residues that are essential for activity
and structural stability are indicated by an asterisk (alignment created with ClustalW2“” and BOXSHADE 3.21). C) PPTases from sequenced myxobacterial spe-
cies.
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Table 1. List of strains and primers that were used in this study.

Strain or primer  Genotype or sequence®

M. xanthus strains genotype description

DK1622 wild type™*®

PM3485 DK1622 MXAN_3485::kan

PM4192 DK1622 MXAN_4192:kan
PM3485tn5 DK1622 MXAN_3485-tn5_3485::kan
PM4192tn5 DK1622 MXAN_4192-tn5_4192::kan
Primers

PMMXAN3485_1
PMMXAN3485_2
PMMXAN4192_1
PMMXAN4192_2

5'-GCGTCCGGATTAGGTCCAT
5'-CGCCTTGATCTAGGACTCC
5'-CGACGGTGTAGCTCGGCA
5'-CGCCGCCAGCTAGCCGCC

Mch71 5'-TGGACAGCAAGCGAACCGG

Mch72 5'-CATAATCTGTACCTCCTT

PM3485_Pr1 5'-GATAAGGAGGTACAGATTATGCCGACAGACTTCCAGCC
PM3485_Pr2 5'-CTACGCCGCCTGGAACCG

PM4192_Pr1 5'-GATAAGGAGGTACAGATTATGACCGGCTCTGACCATCA
PM4192_Pr2 5'-CTAGCTTCGAGACACGTCGC

[a] The introduced stop codons are underlined.

growth (as assessed by measuring the optical density). The
cells and XAD resin were extracted with methanol and subse-
quently analyzed by HPLC-MS in positive-ionisation mode
(Agilent 1100 HPLC series coupled to a Bruker HCT plus ion
trap). The major metabolite from each compound family
known from M. xanthus DK1622 was chosen as a target com-
pound for quantitative analysis: DKxanthene-534,”" myxala-
mid A, myxovirescin A" and myxochromide A,®? (Figure 2).
The myxalamides and DKxanthenes comprise the main secon-
dary metabolites in M. xanthus, whereas the myxovirescins and
myxochromides are produced as minor components. We chose
to omit the myxochelins® in this analysis as their production
level varied significantly even in wild-type cultures; this pre-
cluded reliable quantification. Quantification of each secondary
metabolite was performed by collecting the respective parent
ion (Table S2 in the Supporting Information) and subjecting it
to fragmentation in mass spectrometric analyses. The intensi-
ties of the particular fragment ions were summarised and inte-
grated by using the Bruker QuantAnalysis v1.5 software. The

Myxalamide A

0
VA o
N N 0
H
HN
o o I\ANHZ
HN
N)H)\O 0
H

NIRRT NN R

0

Myxochromide A3

Figure 2. Chemical structures of analyzed natural products from M. xanthus DK1622.
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overall yield of each secondary metabolite was calculated with
respect to cell density by dividing the total amount of secon-
dary metabolite by the optical density. The secondary metabo-
lite profile for all of the strains that were analyzed in this study
was calculated as a percentage of the wild-type M. xanthus
DK1622, which was set to 100% for each natural product
(Figure 3, wild type not shown). Additionally, the fatty acid
composition of all mutants generated in this study was deter-
mined as described previously.®?

Single mutants that carry inactivated copies of either PPTase
retained the ability to produce secondary metabolites, but the
specific production profiles differed from each other and from
wild-type M. xanthus DK1622. The secondary metabolite profile
of mutant PM4192 in which MxPpt2 had been inactivated,
showed a strong overall resemblance to that of the M. xanthus
wild type. However, a moderate decrease in production level
was observed for all of the examined natural products; this
effect was most pronounced in the case of myxochromide A,
(60% of wild type). In contrast, inactivation of MXAN_3485 (en-
coding MxPpt1) in strain PM3485 led to significant changes in
the secondary metabolite pattern (Figure 3). The production of
DKxanthene-534 and myxovirescin A was significantly reduced
in mutant PM3485 in comparison to the wild type and all
other mutant strains investigated in this study that expressed
an active MxPpt1. This result indicates that MxPpt1 plays a
dominant role in the activation of the assembly lines for myxo-
virescin and DKxanthene biosynthesis. In the cases of myxo-
chromide A; and myxalamide A, the inactivation of MXAN_
3485 resulted in a four- to sixfold increase in production level
per cell, respectively, when compared to the natural producer
M. xanthus DK1622. We attribute this increased production to
the higher availability of precursors, due to reduced competi-
tion from other biosynthetic pathways.

As inactivation of both of the identified PPTases led to a
shift in metabolite production profiles, we decided to test
whether the introduction of a second copy of the respective
PPTases into M. xanthus DK1622 would cause further changes
in product levels. The over-expression of single genes or multi-
gene transcriptional units in M. xanthus was already successful-

ly performed in preceding ex-
periments, and the constitutive

o Tn5-derived npt promotor was

o shown to work very efficiently in
: S n myxobacteria (S.C. Wenzel and
VA i on R.M., unpublished results). To do

NH
HO 2 this, the promotor was amplified

from the pCR2.1-TOPO vector
by using primers Mch71 and
Mch72, and the product was
fused to the 5’ end of the target
gene(s) by overlap-extension
PCRE¥ The resulting fragment
was cloned into pCR2.1-TOPO,
transferred into M. xanthus and
allowed to integrate into the
chromosome by homologous re-
combination. Over-expression of

DKxanthene-534 0
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Figure 3. Relative amounts (%) of secondary metabolites produced by M. xanthus strains PM4192, PM4192tn5,
PM3485 and PM3485tn5 in relation to wild-type DK1622, which was set to 100% for each analysed natural prod-
uct. Secondary metabolites were quantified as described in the text; DKxanthene-534: light grey; myxalamid A:

dark grey; myxovirescin A: white; myxochromide A;: black.

the PPTases was achieved by using an analogous procedure:
genes MXAN_3485 and MXAN_4192 were amplified by PCR
(primer pairs PM3485_Pr1 and PM3485_Pr2; PM4192_Pr1 and
PM4192_Pr1, respectively; Table 1). The forward primer in each
PCR contained a fragment that was homologous to the 3’ end
of the Tn5-derived npt promoter; this allowed the subsequent
fusion with the promotor fragment that was generated with
primers Mch71 and Mch72 (S.C. Wenzel, R.M., unpublished
results).

After cloning of the final PCR product into vector pCR2.1-
TOPO and verification of the sequences, the constructs were
introduced into M. xanthus DK1622 by electroporation.”” The
genotypes of the obtained mutants (PM3485tn5 and
PM4192tn5) were confirmed by amplifying the promotor-
PPTase fragment from genomic DNA. After homologous re-
combination, both mutants contained two active copies of the
respective PPTase genes, with one copy under the control of
the natural promoter and the second copy under control of
the Tn5-derived npt promotor. The secondary metabolite pat-
tern observed for both mutants was similar to that of wild-
type DK1622, although PM3485tn5 gave slightly elevated
yields of all metabolites relative to PM4192tn5.

Taken together, our results indicate that both Sfp-type
PPTases MxPpt1 and MxPpt2 are required for full activation of
proteins involved in known secondary metabolite pathways in
M. xanthus. In contrast to other strains in which PPTases exhibit
strong specificity for a particular PKS or NRPS system,'®3¢ the
M. xanthus enzymes show functional redundancy; they can
complement, at least in part, a loss of activity of the other
PPTase. This redundancy might be vital for the complex life
cycleP”! of M. xanthus DK1622 as both fatty acids and at least
one secondary metabolite (DKxanthene) have been shown to
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play important roles for the or-
ganism during fruiting-body for-
mation.”®* Indeed, despite ex-
tensive effort, we did not suc-
ceed in generating a double
mutant in both MxPpt1l and
MxPpt2. Experiments aimed at
the generation of a double
mutant were pursued by the
introduction of a plasmid that
conferred tetracycline resistance
and contained the inactivation

fragment for MxPptl into
mutant PM4192; subsequently
clones that were resistant

against kanamycin and oxytetra-
cycline were selected. Our failure
to generate mutants in which
both Sfp-type PPTases are inac-
tive suggests that at least one
functional PPTase is required for
cell viability. However, the PPTas-
es do exhibit some specificity to-
wards activation of the biosyn-
thetic pathways analyzed, and
thus are not functionally identical; this bias is most evident in
the decreased yields of DKxanthene-534 in mutant PM3485
and myxochromide A; in mutant PM4192. The introduction of
a second copy of either PPTase into M. xanthus did not pro-
duce a significant change in the secondary metabolite profile
relative to the wild type. These data suggest that each PPTase
is expressed in the strain at sufficient levels to activate all
target carrier proteins.

The natural products analyzed in this study represent all sec-
ondary metabolites that are known from M. xanthus DK1622.
To date, no additional metabolites have been observed, de-
spite extensive screening by using various media and condi-
tions (unpublished results). Consistent with this, close inspec-
tion of the mutants that were generated in this study did not
provide any indication for the presence of unidentified natural
products, despite the possibility that decreased competition
from alternative biosynthetic pathways might lead to increased
production of compounds that had previously been over-
looked. However, such an increase would only be expected if
these pathways were supported by a single PPTase.

In vitro experiments that investigate the efficiency of both
PPTases to activate all secondary metabolite gene clusters in
M. xanthus would thus be helpful. However, the reported ap-
proach exemplifies an easily achieved shift in production pat-
tern and thus might in future pave the way for an easier purifi-
cation procedure of known or even unknown compounds.

In addition to the changes in secondary metabolite pattern,
the fatty acid profile of the PPTase mutants differed from that
of the wild-type strain; this indicates that MxPpt1 and MxPpt2
might have additional functions in fatty acid biosynthesis. For
example, the fatty acid 16:1w5c is significantly decreased in
PM4192 and increased in PM4192tn5, whereas the major fatty

PM3485tn5
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acid is015:0 is slightly decreased in PM3485 but increased in
PM4192 (Table S1). Conversely, the involvement of the M. xan-
thus AcpS in the activation of secondary biosynthetic pathways
cannot be excluded from our data. Moreover, nothing is
known about the post-translational activation of the thirteen
other secondary metabolite assembly lines that have been
identified in the genome,®***” many of which appear to be
active.*" Post-translational activation is a critical feature of as-
sembly line biosynthesis on PKS and NRPS multienzymes, and
is particularly relevant for attempts to produce the metabolites
in heterologous hosts.?"*? From the data presented here, it
appears that MxPpt1 and MxPpt2 are among a selected group
of PPTases that exhibit broad substrate tolerance.*'® This find-
ing is strongly supported by the fact that the complex PKS/
NRPS hybrid pathways for myxothiazol and epothilone from
Stigmatella aurantiaca and Sorangium cellulosum, respectively,
could be successfully expressed in M. xanthus DK1622 without
the need to coexpress a broad spectrum PPTase.***! Both
enzymes might therefore find utility in the enzymatic “tool
boxes” that are aimed at the in vitro production or heterolo-
gous expression of these giant, biosynthetic proteins.
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Glycosylation of Acyclic and Cyclic Aglycone Substrates by Macrolide
Glycosyltransferase DesVII/DesVIll: Analysis and Implications

Svetlana A. Borisova, Hak Joong Kim, Xiaotao Pu, and Hung-wen Liu*®

Macrolides target the bacterial protein translation machinery
and are one of the most prescribed classes of antibiotics to
treat bacterial infection."” However, emerging bacterial resist-
ance to macrolides necessitates the development of new ana-
logues that can potentially be used as drugs. The structures of
macrolides are characterized by a macrolactone, which is com-
monly glycosylated with one or more deoxysugars." Extensive
experiments revealed a relaxed specificity of the responsible
macrolide glycosyltransferases (GTs) toward both the sugar
and aglycone substrates.”! Thus, exploiting the catalytic flexi-
bility of these GTs offers an attractive means for creating new
macrolide derivatives.”

Among the growing number of in vitro studies of related
GTs, DesVIl, which catalyzes the attachment of p-desosamine
(1) to 10-deoxymethynolide (2) or narbonolide (3) in the bio-
synthesis of methymycin (6), neomethymycin (7), narbomycin
(5), and pikromycin (8) in Streptomyces venezuelae, is one of
the most extensively studied macrolide GTs (Scheme 1).344
Previous studies showed that DesVIl needs an auxiliary protein,
DesVIlI, for in vitro activity.”*> The detailed in vitro analysis of
sugar substrate specificity of DesVII/DesVIIl had been carried

DesViIl
DesViIil

DesVii
DesVIIl

Scheme 1. Reactions catalyzed by DesVII/DesVIlI.
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out and our results showed that both L-sugars and bp-sugars
are recognized as substrates and variant substitutions at C-3
and C-4 are tolerated, but deoxygenation at C-6 is required.®

It was also demonstrated in a preliminary study that the
linear precursor of macrolactone 2, as its N-acetylcysteamine
thioester form (9), can be glycosylated by DesVIl/DesVIIL“ Al-
though we could not determine at the time which of the three
potential glycosylation sites present in 9 were modified, TLC
and MS analysis suggested that only one monoglycosylated
product was formed. To further exploit the catalytic capability
of DesVII/DesVIIl in biosynthetic applications, we have carried
out detailed studies to explore the range of aglycone substrate
flexibility of this enzyme pair. Reported herein are the experi-
mental results and the assessment of the biosynthetic poten-
tial of DesVII/DesVII.

Glycosylation of linear precursor 9

A reaction mixture containing 9 (17 mg) and a 1.2-fold excess
of TDP-1 was incubated with DesVII/DesVIIL® TLC analysis of
the reaction mixture revealed the presence of at least four

NMez
R'=0H, R?=H (6)
R'=H, R2=0H (7)

NM82

polar compounds (R;=0.04, 0.19, 0.32, and 0.37) in addition to
9 (R;=0.51). The overall conversion of 9 to the more polar
products was estimated to be nearly 50%. After separation by
flash silica gel chromatography, compound 10 was isolated as
the major component (R;=0.19), which accounts for 80-90%
of all polar compounds produced. MS (CI*) analysis showed
that 10 ([M+1]1* =575) is a singly desosaminylated derivative
of 9. Further purification of 10 by preparative TLC led to a
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purer sample (0.4 mg), which was shown by extensive NMR
analysis to be a mixture of three monodesosaminylated prod-
ucts (10a, 10b, and 10¢, Scheme 2).°” Attempts to further
purify 10 by HPLC (C;s) were unsuccessful. Nevertheless, the
three 1-H (6 4.31, 4.35, 4.36) and C-1" (6 99.5, 103.0, 103.5) sig-
nals of the attached sugars are clearly discernible. Analysis of
the HMBC spectra revealed correlations between H-1" (6 4.36)
and C-3 (4 82.5) in 10a, and between H-1" (§ 4.31) and C-7 (0
81.6) in 10b. The 4-6 ppm downfield shift of the C-3 and C-7
peak in each respective compound is indicative of glycosyla-
tion at the designated locus.® Although no cross-peak be-
tween H-1" (6 4.35) and C-11 (6 84.0) in 10 c was detected, the
downfield shift of C-11 from 6 76.5 to 84.0 is consistent with
the structure assignment. Integration of the H-1' signals al-
lowed an estimation of a ratio of 3:4:3 for products 10a—c. It
appears that all three OH groups of 9 can be glycosylated with
little discrimination. Clearly, there is no regiospecificity of
DesVII/DesVIll in reaction with 9.

Glycosylation of short acyclic aglycones

A series of linear compounds/intermediates 11-16 (Scheme 3)
was prepared and tested as substrates for DesVIl/DesVIIl. The
structure of compound 11 resembles the glycosylation site at
11-OH in 9, and the -(C=0)-CHMe-CHOH- fragment in com-
pounds 12-16 models the glycosylation site at 3-OH in 2/9,
and at 5-OH in 3. Compounds 15 and 16 are designed to be
better mimics of 2, 3, and 9, as they include a longer fragment
-(C=0)-CHMe-CHOH-CHMe- as found in 2/3/9. To explore if the
N-acetylcysteamine thioester moiety is important for recogni-
tion, two sets of substrates differing in the ester functionality
(13/14 and 15/16) were prepared. Interestingly, all these com-
pounds could be converted by DesVII/DesVIl to the respective
desosaminylated products which were verified by high resolu-
tion MS analysis.” Compound 12 contains two possible modifi-
cation sites, but the product is only monodesosaminylated

OH OH OH O
NG g NHAC
Me Me Me Me Me
9 DesVII
Me
Me,N 0
HO
OTDP
TDP-1

Scheme 2. Desosaminylation of the linear polyketide substrate 9.
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OH o %
N S/\/NHAC Me
Me Me HO"
11
5-10%
HRMS(CI) of product
[M+H]" calcd 417.2423

obs. 417.2428

OH O

oAl NHAC

©)M

13

5-10%
HRMS(CI) of product
[M+H]* calcd 497.2685
obs. 497.2686

OH O

Me M:e

MeO :

10-20%
HRMS(CI) of product
[M+H]" calcd 541.2947
obs. 541.2952

15

~5%
HRMS(CI) of product
[M+H]" calcd 627.3315
obs. 627.3315

~5-10%
HRMS(CI) of product
[M+H]* calcd 555.3070
obs. 555.3069

OH

o)
o)

o/\r?\)LS/\/NHAc Y\)J\
; /©/ Me Me

MeO

16

~5%
HRMS(CI) of product

[M+H]* calcd 454.2805

obs. 454.2808

Scheme 3. Desosaminylation of short acyclic substrates.
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based on MS results. Similarly to the situation found for 10,
the product of 12 is very likely a mixture of two singly glycosy-
lated compounds. It is evident that the ability of DesVII/DesVIII
to glycosylate linear substrates is not limited by the length of
the substrate backbone, the presence of protecting groups, or
the nature of the ester functionality. This enzyme pair may
therefore be regarded as a general purpose glycosyltransferase
that works on a wide variety of acyclic substrates.

Glycosylation of cyclic aglycones

As shown in Scheme 4, DesVII/DesVIll is responsible for adding
desosamine (1) to 2 and 3 to give 4 and 5, respectively. It
could also desosaminylate methynolide (17) and neomethyno-
lide (18),*¥ which are produced by hydroxylation of 2 by a
P450 enzyme known as PikC, to yield 6 and 7, respectively. Al-
though there is more than one hydroxyl group in 17 and 18,
glycosylation in both cases occurs only at the 3-OH site. The
steric hindrance around the hydroxyl groups at C-10 and C-12
may have prevented their modification by DesVII/DesVIIl (see
24 and 26). Interestingly, incubation of this enzyme pair with
the 7-keto-reduced 19 and TDP-1 also led to a monoglycosy-
lated product 20.*"' Comparing the motifs of 21/22/23/25/27
with that of 28, it seems that the lack of an alkyl substituent at
C,11 (C-8) to the 7-OH group in 19 and/or the stereochemistry

21

3

Me Me

o QroxSIme

1 N
Me Nie
~100%

[o) OQSXBQ\Me

Me

~100%

of the methyl substituent at C,_, are detrimental to recogni-
tion. It is also possible that the sp® configuration of C,,; (C-8)
in 19 might result in a conformational change around 7-OH,
preventing it from being glycosylated. However, this putative
conformational change must be alleviated when the ring is
opened, as the corresponding acyclic analogue 9 can be glyco-
sylated by DesVII/DexVIllI to give 10b (compare 10b and 28).
Because only 3-OH is glycosylated in these cases, the results,
which are in contrast to those observed with acyclic substrates,
show that the reaction catalyzed by DesVIl/DesVIll is regiospe-
cific if cyclic substrates are used.

When the 16-membered tylactone (29), the precursor of ty-
losin produced by Streptomyces fradiae, was subjected to
DesVIl/DesVIIl in the presence of TDP-b-desosamine (TDP-1), a
single glycosylated product 30 was produced in high yield
(Scheme 5).29 The high regioselectivity of 5-OH as the modifi-
cation site is consistent with the close resemblance of the
motif adjacent to 5-OH in 29 (see 35) to 3-OH in 2 and 5-OH
in 3 (see 21 and 22). However, the reason why 3-OH in 29 is
not acted upon by DesVII/DesVIIl is not immediately apparent.

6-Deoxyerythronolide B (31), the aglycone of erythromycin
produced by Saccharopolyspora erythraea, closely resembles 3,
but carries three secondary hydroxyl groups, which may be
glycosylated by DesVII/DesVIIl. Two of them, 5-OH and 11-OH,
have the same core motif as the 3-OH in 2 and 5-OH in 3. For
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Scheme 4. Desosaminylation of native substrates and derivatives.
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Scheme 5. Desosaminylation of cyclic polyketide substrates.

all three sites, the C,_, is oxygen-linked as either an ester car-
bonyl (C,_, to 3-OH) or a secondary alcohol (C,_, to 5-OH) or a
ketone (C,_, to 11-OH, see 37, 38, and 40 in Scheme 4). Incu-
bation of 31 with TDP-b-desosamine (TDP-1) and DesVIl/Des-
VIIl generated two major and one minor products, with a total
of 20-30% conversion after the overnight reaction. The two
major products, 32 and 33, were identified by NMR and HRMS
to be monodesosamylated at 3-OH and 5-OH, respectively. To
our surprise, the 11-hydroxyl group was not glycosylated. In-
stead, the minor compound was found to be 34, resulting
from glycosylation of the hydroxyl group of the enol form of
the 9-keto group in 31 (see 39). Thus, unlike the cases of other
cyclic aglycones examined, glycosylation of 31 catalyzed by
DesVIl/DesVIll is regioselective but not regiospecific, as modifi-
cation takes place at three different sites, but with only one
site being modified at a time.

Interestingly, upon incubation with TDP-1 and DesVII/DesVIIl,
the bicyclic compound 41 could also be glycosylated, albeit
with low efficiency (~5% conversion overnight). This com-
pound contains two hydroxyl groups, none of which resembles
the glycosylation site in the natural substrates (2 and 3). The
product is singly glycosylated ([M+H]* calcd 438.2856, obs.

ChemBioChem 2008, 9, 1554 - 1558
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438.2857), however the site of modification or if one or two
singly glycosylated compounds were formed was not deter-
mined because of small quantities of the material. Neverthe-
less, the formation of glycosylated product(s) in this case
implies an even more permissive active site of DesVIl than pre-
viously thought.

In summary, the study reported here clearly demonstrates
that the macrolide glycosyltransferase, DesVII/DesVlll, can rec-
ognize and process not only cyclic substrates of different ring
size, but also a variety of linear substrates albeit with reduced,
but measurable activities. When multiple hydroxyl groups are
present, essentially no regiospecificity is observed for the
linear substrates. Interestingly, only singly glycosylated prod-
ucts were generated in all cases. In contrast, when cyclic sub-
strates with multiple glycosylation sites were tested, the
enzyme displayed excellent regiospecificity in most cases (3-
OH of 17-19, and 5-OH of 29). Whereas the regiospecificity
seems to be relaxed for 31, the reaction is still not totally
random as glycosylation at 11-OH was not detected. Factors
governing the glycosylation outcome for the cyclic substrates
may be multifold, including the substitution pattern near the
glycosylation site and the ring conformation. Also, the specifici-

1557

www.chembiochem.org



www.chembiochem.org



BIO

ty/selectivity may be sensitive to the substituents distant from
the glycosylation site. Taken together, the substrate flexibility
of DesVII/DesVIl is apparently extended to a wide range of
linear as well as cyclic substrates. A similar capability is expect-
ed for other macrolide glycosyltransferases. Although the yield
of product(s) is notably reduced when unnatural substrates are
used, once a desired activity is identified, the catalytic efficien-
cy of these enzymes may be fine-tuned by protein engineer-
ing. The substrate flexibility of glycosyltransferases expands
the opportunities for glycodiversification to generate new gly-
coforms of synthetic compounds and macrolide analogues,
which may help augment our battery of effective agents
against the ever-increasing number of drug-resistant organ-
isms.
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Acyl-Carrier Protein—-Phosphopantetheinyltransferase Partnerships in

Fungal Fatty Acid Synthases

Jason M. Crawford,” Anna L. Vagstad,” Kenneth C. Ehrlich,” Daniel W. Udwary,™ and Craig A. Townsend*®

The synthesis of fatty acids is an essential primary metabolic
process for energy storage and cellular structural integrity. As-
sembly of saturated fatty acids is achieved by fatty acid syn-
thases (FASs) that combine acetyl- and malonyl-CoAs by repeti-
tive decarboxylative Claisen condensations with subsequent re-
duction and dehydration steps.”! In mammals seven catalytic
domains are encoded by a single gene, giving rise to an a,-ho-
modimeric protein. In fungi, however, eight catalytic domains
are divided between two subunits, and an architecturally dis-
tinct aef canonical complex releases the final product as a
CoA ester rather than as a free-acid, as occurs with animal
FASs.An acyl-carrier protein (ACP) that is post-translationally
modified with a CoA derived arm by a phosphopantetheinyl-
transferase (PPT), tethers the growing fatty acid via a thioester
linkage during these iterative catalytic cycles. Such attachment
to the holo-ACP arm fosters high effective substrate concentra-
tions during the synthesis.

Several examples are known in fungi where dedicated FASs
have evolved to interact with polyketide synthases (PKSs) in
secondary metabolic pathways.” For example, norsolorinic
acid synthase (NorS) is comprised of a pair of fatty acid sub-
units, HexA and HexB,” that synthesize a C-fatty acid starter
unit to prime the associated PKS, PksA, in the formation of the
aflatoxin (1) precursor, norsolorinic acid (2; shown). These sub-

units associate into an approximately 1.4 MDa species as esti-
mated by size exclusion chromatography, and they are
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thought to form an a,f3,y, complex that is quite distinct from
the FAS of primary fungal metabolism.”) Hexanoyl-CoA was
not detected as a free intermediate in in vitro assays, suggest-
ing, but not proving, that a direct transfer could take place be-
tween the FAS and PKS subunits. A starter unit, ACP transacy-
lase (SAT) domain in the accompanying PKS was identified that
exhibited Cg-chain length specificity and catalyzed transfer to
the PksA ACP to bridge fatty acid and polyketide synthesis.”
Such drastic differences in the protein organization of primary
and secondary metabolic FASs reflect different evolutionary
histories.

Major advances have been made recently in elucidating the
structures of FASs from primary fungal metabolism."® The
aePs complex harbors six distinct reaction compartments
where the ACPs lie inside each compartment and are posi-
tioned to deliver the elongating substrate to the deep-seated
active sites of the remaining catalytic domains, which are or-
ganized in an accessible circular fashion.”® The apo-ACPs must
be activated by a PPT to the holo-form containing the approxi-
mately 18 A 4'-phosphopantetheine arm derived from CoA to
extend the acyl intermediates down into these active sites. In
addition, the ACP domain itself has flexible upstream and
downstream linker sequences that allow effective substrate
transfer of the tethered intermediates among the catalytic do-
mains. The PPT domain, however, is external to the rigid, tight-
ly associated complex and is unable to contact its cognate
ACP for activation.” In agreement with biochemical studies
this quaternary organization necessitates activation prior to
complex association."” Consequently, the ACP and PPT reside
in the same a-subunit. Such organization would be expected
to facilitate efficient intramolecular activation (Figure 1). It is
not clear however, which ACP/PPT activation partnerships
occur in FAS/PKS hybrid complexes where multiple ACPs are
present, but only one PPT resides on the FAS.

The structures of the 2.6 MDa a4f¢ fungal primary metabolic
FASs have yielded deeper understanding of the mechanism of
fungal fatty acid biosynthesis. The N terminus of the fatty acid
o subunit (HexA homologue, 56.7% global similarity) comple-
ments the malonyl/palmitoyl transacylase (MPT) catalytic
domain and acts as the upstream ACP anchor.”#® In the current
description of the HexA protein sequence, such a domain is
not present, raising concern that the HexA encoding sequen-
ces as currently described are incorrect. Alignment of the pri-
mary metabolic f-subunit and HexB revealed that the latter
described sequence lacks the N-terminal trimerization helix.
This helix forms extensive 3; interactions in the primary meta-
bolic FAS likely essential for afs dodecamer formation.” Con-
trary to the HexA encoded sequence, loss of this structural ele-
ment in HexB plausibly contributes to the marked difference in
structural organization between primary and secondary meta-
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Figure 1. Domain organization of FAS a- and -subunits. Domains include:
acyl-carrier protein (ACP), ketoreductase (KR), ketosynthase (KS), phospho-
pantetheinyltransferase (PPT), acetyl transacylase (AT), enoyl reductase (ER),
dehydrase (DH), and malonyl-palmitoyl transacylase (MPT). (*) indicates clon-
ing sites used within the flexible linker regions surrounding the catalytic do-
mains. (@) indicates the old predicted start site for HexA, which resulted in a
truncated gene product. (A) indicates the predicted HexB start site down-
stream of the N-terminal structural helix involved in -subunit trimerization
in the primary metabolism FAS. The Aspergillus parasiticus HexA (revised)
and HexB proteins (GenBank accession # AY371490) share significant se-
quence homology to the recently determined crystal structure of similar
subunits from Thermomyces lanuginosus (a-subunit, 2V9A, 39.4/56.7/11.5 %
id/sim/gap, global alignment, http://www.ebi.ac.uk/emboss/align/, and f3-
subunit, 2UVA_G, 38.1/54.2/11.5, respectively). For a detailed view of domain
organization including sequence expansion segments see the T. lanuginosus
crystal structure reference.”

bolic FASs. Inspection of the small intergenic region between
HexA and HexB revealed that two very small exons could po-
tentially code for the additional region in HexA. Previously, a
5'-RACE experiment carried out on RNA isolated at 48 h sup-
ported the presence of only the truncated version of HexA
that is missing these exons.”! Other descriptions of HexA or-
thologues annotated in GenBank similarly lack these N-termi-
nal coding sequences. Early genes in aflatoxin production are
known to be turned on during early growth phase, " so an
earlier 24-hour RNA time point was selected for mRNA analysis
in the present study. Reverse transcription near the 5-end of
HexA from A. flavus and A. parasiticus was carried out, and the
results revealed that splicing different from that previously
described, is indeed occurring (Figure 2). 5-RACE analysis on
HexA in A. parasiticus further demonstrated that the 24-hour
RNA has a transcriptional start point 58 bp upstream to the
new predicted translational start point. By homology to the
primary FASs, this region encodes the complementary part of
the MPT domain and the ACP anchor sequence. However, the
48-hour RNA time point did not yield any PCR product in this
study, suggesting that mRNA is either not made at the later
time or, if made, is in insufficient amount to be detected by
the rather sensitive RACE PCR techniques that were used. By
sequence comparison, it is probable that other HexA homo-
logues in other organisms that produce products related to
aflatoxin biosynthetic precursors, for example, A. nidulans and
A. nomius, share this transcription pattern.

RACE analysis on HexB in A. parasiticus corroborated earlier
assignments, which lack the trimerization helix. Furthermore,
clones of the N-terminal acetyl-transacylase (AT) domain in
HexB utilizing the currently described translational start point
yielded a soluble, competent monodomain that exhibited spe-
cificity for acetyl-CoA, but not malonyl-CoA (unpublished re-
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sults). In addition to the role of AT domains to introduce acetyl
starter units, as in primary metabolic FASs, proper protein fold-
ing of this N-terminal domain supports the currently described
translational start point for HexB.

The high degree of homology among secondary metabolic
FAS a-subunits and the incorporation of this revised N-terminal
coding sequence implies that this sequence is required for FAS
function. During the release of palmitoyl-CoA in primary meta-
bolic FASs, the MPT domain is occupied by the palmitoyl
chain, blocking malonyl binding.”’ This allows the AT to bind
the acetyl starter unit to initiate another cycle of synthesis.
Averufin, an intermediate in the aflatoxin biosynthetic path-
way, was determined to exhibit the acetyl starter unit effect in
3C-labeling studies.>'® This, combined with the AT specificity
as described above, suggests that a similar level of co-operativ-
ity likely occurs in secondary metabolic FAS subunits as well.
The similar MPT-like domain in the secondary metabolic FAS
subunits could be restricted to malonyl transfer for chain ex-
tension and a direct transfer of the C,-ACP starter unit to the
PksA SAT domain could occur. Or, this domain could have dual
functionality, like the primary metabolic FASs, and act as a
malonyl-hexanoy! transacylase (MHT), shuttling hexanoyl-CoA
as a substrate for the PKS SAT domain.”

In aflatoxin-producing species the genes involved in biosyn-
thesis predominantly reside in a 75 kb cluster."” Association of
HexA, HexB, and PksA in the NorS complex led us to investi-
gate in more detail the ACP/PPT partnerships required for ini-
tiation of aflatoxin biosynthesis. From the revised hexA cDNA
sequence as described above, the ACP,,, and PPT., mono-
domains were cloned, expressed in E. coli, and purified using
Ni NTA-Sepharose chromatography for in vitro activation stud-
ies. Cloning sites were selected based on application of the
Udwary-Merski algorithm (UMA) to the revised HexA homo-
logues in conjunction with the primary metabolic FAS a-sub-
units. UMA combines primary sequence similarity, local hydro-
phobicity, and structural similarity to assess probable linker re-
gions that occur between domains. Sequence expansion seg-
ments fused to fungal FAS catalytic domains, revealed in the
recently determined crystal structures, complicated analysis to
parse apart the linkers between all of the domains in the pri-
mary FASs. Selection of truncation sites for the HexA ACP and
PPT, however, were in good agreement with the structures,
and fall directly within the flexible linker regions found in the
similar primary metabolic FASs. Notably, the upstream ACP
linker occurred just downstream of the predicted ACP anchor-
ing attachment point in the revised HexA sequence. The
ACP,» Was purified as a mixture of two inactive apo-species
as determined by MALDI-TOF mass spectrometry (Table 1).
Both species lacked the starter fMet, although partial modifica-
tion by a-N-6-phosphogluconoylation occurred, which often
accompanies N-terminally Hisq-tagged proteins in E. colil'®
The dephosphorylated a-N-p-gluconoyl-group shows an addi-
tional mass of 178 Da. The purified ACP, species could not
be activated by the promiscuous bacterial PPT Svp isolated
from the bleomycin gene cluster in Streptomyces verticillus."”
The PPT,sx monodomain, however, was able to transfer the
4'-phosphopantetheine moiety (340 Da) onto its cognate apo-
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Ex1| Ex3 Fx 4 Ex5
B) #1
ATTCCTATCTTATTCCAGCGGCGGATCGCGCAGCTCGTGTCTAAAACGGAGTATCGAT

o : T | T T
A. parasiticus gDNA -AGACCIGMGCC-T-ATAT-AClT cl_a-'r .c-:lc-ccl-r GEEEEATAAC
A. parasiticus cDNA BE@AGACCEGAAGCCHTEER T BRIEH AT AT RIREE ACET cEABTE T8 cHCEREEH ccHrcE---—-----
A. flavus gDNA BEEGGACCEGAAGCCRICEA T EATEE AT AT BINEE 2T cEASRATECHCEREEE ccliT cEEIEATAAC

A. flavus cDNA BEBcGACCEGAAGCCEHIGEE T BARGH A1 AT HIIGEE ACEAT CHABIAT Il cEBREEE cclTcB-----—--

A. nomius gDNA BEBcceeclcaceccliEEE T BRTEE AT AT EEREE A CHT CEAGTAT B8 cHcEBRESH cCliT cEEIEATCAC

A. nomius cDNA BEECGGCCACAGGCCRIEEAT BANEHE AT AT BRIGEACET CEAABNAT Gl cERGETRCCRTGE--------

A. nidulans gDNA BEEGCGATHCGAAACETIEEAA - - - BlcACARIRGEE cTRCCRCEIRCHE AT BREEH T 1 AT BEEECGTTT
A. nidulans cDNA BEEGCGATACGAAACETEER - - BRcAcARIRGECcTRcclcEIACEG Al TBAEEE T THATE-——————-

100 ; 130 3 120 : 130 :

A parasiticus gDNA mccaécccclwcw'mlwlcwGémecm_s-_mm

A. parasiticus cDNA
A. flavus gDNA TCCAGCCCCHTTCTCAGT lcmcmcscm_c;-g-h.p..
A. flavits CDNA == === == === e e e e e e e e e e e e ABRTGH ~ 11 A58

A. nomius gDNA TTCAGCCCCHCccce--

A TR CILYIN S o oo s s e e e A e S o et e S e e S e
A. nidulans gDNA CCTTATAGGEGTTGAGCABARAACTGATCAGCABE---------——-————————-

A i an s QDN i e o T T e T T T T T T T T T o T R T T T e e

w150 v AG0 e T 1] U 230
A. parasiticus gDNAA.C-T.CIGC-GAIAITClGATA.ACTCCAT.A.'I‘G-G-C. lTG-AClTAT.
A. parasiticus cDNA ARSI CEETEECEGCHE
A. flavus gDNA ABHCEETEE cBcciE8icABABTcllcaTABBACT AT ERAR T GEEE cEf R CETcEREEACRTATH
A. flavus cDNA AEcEETEECE

8
A, nomius cDNA AlNCElTIclccl------------—--—-—-——— ==
A. nidulans gDNA GEETEECEECEAATEEH AcBTE A AcCCEBTcccAT ABRCEACHR-----——--——--——- EcrBcccl

A. nidulans cDNA GIITIRCEMGRAANIR--—------—-—=————— ===

220 . 240 . 250 . 260 ., 270 , 280
A. parasiticus gDNA A-CAIAIMTCGAIT_G.C-C-GG-CAIT.AIC-CAAIAGAITG-M-'I'A
A. parasiticus cDNA ———=——=——————————— Bl cBACRSEEE Rl C AR Tl AR CEEEcArBAcAlT GEREERE A nBEE T A
A. flavus gDNA ABBCABARAATCGARTENEE G CEH CREEEH Rl C AR Tl A0 BB cAABAGAR T CENEINE A A BE8 T A
A. flavies cDNA == ——————mmmmmm o §Gl CEACRESEE Rl C AR T A AR CEEEcAARAGAR T CENEINE A~ BEE T A
A nomius gDNA AICAIGIAATcGAIG-GICIC_AGITAITICIT-CGGIAGAITG-AA-TA
A. nomius CDNA === === - e e e e e e EclcEBACEEEER AR Al T EECHTESE coclacAlT cEIEHIE A BEET A
A. nidulans gDNA GEBGCEGETTCGCCHARNEE AN ABEARCEOH A BRcCRAMATE--—--- GlcAGHCAR---EBGTEEECT
A nidulans cDNA ===========————— e EARAEEARCEEHCARAGCEATATE--—--- GEGAGHECAR---EEGTEGECT

#2
290 . 300 . 310 . 320 . 330 , 340 , 350

A parasitiass sDNA SEERGCH GBS o S8 C ™ O A C Gl ACHS cEEERI o ol oSS o AT BENEINEE Al
A parasiticus cDNA BEHEEHC ESHEE T B0H :C i B GACEAC IS CEEBRANA A o .l CBEARC T BETCATES A
A. flavus gDNA BSIGEA 1 CESHEE o B8R i CBl ccCCEACHEE CEBEMRANA -8 oGl CBBAGGCAT SEIBATEE Al

A. flavus cDNA (SIS Cl GESHEE ' B0 G 8 GG C R ACHIE CEESRANA A - Gl GEEAGGC AT BEIOATET AK

A. riomius SDNA [SSHGEA :CH EEHEE S8R cC CB AT GG CBBGRRAN . of CBEAE AT EEICANGE A5

A nomius cDNA [BEGEH < CESBEE G0N AT CEl AT G GC NS CESBRARA A i l CBBAGGC AT BENGATEE AR

A. nidulans gDNA SR A8 7 BEHGE A S8R oAl CClEl 7 AT AN A BESRARA 8 7 A1 A8 - - ACCABE - HEECH
4. nidulans cDNA BSHSERAA ] SENEE A CEEAAGHCCEET AT T CA RS ABSGRRAN cART AAR- - - AGCABE---BOECH

Figure 2. Splicing pattern for HexA. A) Revised transcript pattern B) 5'-transcript end. The 5'-transcript sequence 58 bp upstream of the new predicted transla-
tional start site for A. parasiticus is shown. (#1)=the transcriptional start point as determined by RACE analysis in this study. C) Splicing pattern for the first
three exons. A. parasiticus and A. flavus transcript splicing were determined in this study. The first ATG downstream from the revised transcriptional start point
begins the sequence listed. A. nomius and A. nidulans were inferred by sequence comparison. (#2) =former transcriptional start point (truncated).
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Table 1. ACPy.., MALDI-TOF results.

Species Calculated m/z
(—)Met apo-ACP 25024 25022
(—)Met apo-ACP modified 25202 25202
(—)fMet holo-ACP 25364 25368
(—)fMet holo-ACP modified 22542 22543

ACP,x monodomains to generate the active holo-ACP, .
forms. The dissected fragments were not subject to any re-
stricted motions that could occur in the associated NorS com-
plex, and, thus, were freely able to carry out activation. Earlier
attempts to analyze ACP activation of dissected domains from
the primary metabolic yeast FAS were made to no avail."® Be-
cause of the sequence similarity between primary and secon-
dary FASs, this was likely due to the selection of alternative
truncation sites.

The PPTy.,, Was not able to transfer the 4’-phosphopante-
theine moiety onto the partner PKS ACP;,. Although, the FAS
and PKS proteins form a complex, the PKS must be activated
by an alternative PPT. Deletion of a discretely expressed PPT
(npgA) in A. nidulans, which produces sterigmatocystin, an ad-
vanced intermediate in aflatoxin biosynthesis, destroys sterig-
matocystin production." This led us to seek the native npgA
homologue in A. parasiticus. A single PPT, npgA, in Aspergillus
nidulans was shown to be responsible for ACP activation of
both primary and secondary metabolic pathways including
pigment, lysine,”” siderophore,”” and penicillin,?? in addition
to sterigmatocystin biosynthesis. The discretely expressed, pro-
miscuous enzyme has been proposed to be the sole PPT re-
quired for all PKS and nonribosomal peptide synthetase (NRPS)
metabolism, and, consequently, controls asexual development
in A. nidulans.”® The A. parasiticus homologue of A. nidulans
npgA was cloned, expressed, and purified to determine if it
has a role in ACP activation in the aflatoxin biosynthetic path-
way. While we were searching for the A. parasiticus npgA gene,
the genome sequence of the similar fungus A.oryzae was
released. Consequently, the full-length A. parasiticus npgA was
amplified based on this genome sequence information.?¥ The
one exon coding sequence was inserted into pET24a to create
the C-terminal Hisg-tag fusion construct, pET-npgA. The full-
length npgA was expressed in BL21(DE3) E. coli cells and puri-
fied by Ni NTA-Sepharose chromatography to examine its role
in ACP activation.

In order to easily analyze all ACP/PPT combinations, a biotin-
CoA conjugate™? was used to visualize the reactions in a far-
Western blot with a streptavidin-horseradish peroxidase conju-
gate (Figure 3). The promiscuous bacterial PPT, Svp, was only
able to activate the PKS apo-ACP,,, a finding that had been
demonstrated previously.”! The universal fungal PPT, npgA,
was more broadly active and could activate both the PKS apo-
ACPya and the FAS apo-ACP,,. The FAS PPT,.. however,
could only activate its cognate ACP,,, supporting the MALDI-
TOF results described above. This result suggests that specific
ACP/PPT interactions are required in the secondary metabolic
fungal FASs, and the promiscuity of npgA is not limited to PKS
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Figure 3. Western blot showing ACP/PPT activation partnerships. A) PksA
ACP activation. Lane 1: molecular mass references; lane 2: Svp; lane 3:
PPThexas lane 4: npgA; lane 5: apo-ACPp; lane 6: apo-ACPy/Svp; lane 7:
apo-ACPpn/PPT e lane 8: apo-ACPp/nNpgA. B) HexA ACP activation.
Lane 1: molecular mass references; lane 2: Svp; lane 3: PPT,,q4; lane 4:
npgA; lane 5: apo-ACP.; lane 6: apo-ACP.,/Svp; lane 7: apo-ACP e/
PPTicxa; lane 8: apo-ACP,o/NpgA. The blot was treated with streptavidin-
horseradish peroxidase conjugate to detect biotinylated-ACPs due to PPT
activation.

and NRPS enzymes in vitro. Mutagenesis of the C-terminal PPT
domain in the similar yeast FAS a-subunit led to undetectable
incorporation of the CoA derived arm in the N-terminal apo-
ACP domain."” By analogy, npgA activation of the FAS ACPs is
likely not the primary activation pathway in vivo.

Fatty acid biosyntheses are critical cellular processes both
for cell survival, and the production of intermediates dedicated
to secondary metabolic pathways. Determination of the tran-
scription pattern for HexA revealed that an alternative translat-
ed protein sequence was produced to afford an N terminus
similar to that of the primary metabolic FASs, which is necessa-
ry for protein function and ACP anchoring. Bioinformatics anal-
ysis of the revised sequences led to the production and isola-
tion of individual dissected ACP,,, and PPT,,, monodomains.
The discretely expressed PPT npgA was found to be capable of
activating both the FAS and the PKS ACP domains in vitro, fur-
ther expanding its known roles in carrier protein activation.
The universal activity of npgA provides a route for PksA ACP
activation in the biosynthesis of aflatoxin (1). The FAS PPT
domain, however, exhibited specificity only for its cognate ACP

ChemBioChem 2008, 9, 1559 - 1563
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domain. This specific activation partnership demonstrates that
fungal FASs evolved to self-pantetheinylate to ensure proper
ACP activation in both primary and secondary metabolic path-
ways.
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Isomerization of the Asp7 Residue Results in Zinc-Induced Oligomerization
of Alzheimer’s Disease Amyloid (1-16) Peptide

Philipp O. Tsvetkov,” Igor A. Popov,™ ¢ Eugene N. Nikolaev,” 9 Alexander I. Archakov,” Alexander A. Makarov,

and Sergey A. Kozin*® "

Alzheimer’s disease (AD)—a fatal neurodegenerative disorder
that primarily affects the elderly—is pathophysiologically char-
acterized by the extracellular deposition of a 40/42-amino-
acid-long protein, referred to as amyloid-f3 peptide (Ap), in the
brains of AD victims. Although the molecular mechanism of
AD onset is unknown, the transformation of AP from its native
monomer conformation via soluble dimers and higher oligo-
mers into insoluble fibrillar (3-sheet aggregates, which finally
accumulate into the amyloid plaques, is believed to be a key
event in AD pathogenesis.”’ One plausible hypothesis suggests
that the amyloid neuropathology of AD depends on zinc ions
released during neurotransmission, and so it is assumed that
binding of zinc to Af} might play an important role in initiating
pathogenic amyloid deposition,” as well as some additional
still unidentified proteinaceous factors.™

The AP molecules isolated from AD brain lesions have nu-
merous endogenous post-translational modifications (PTMs),”
which should profoundly affect both the Af} conformation and
its oligomeric state and make up a pool of potential pathogen-
ic agents in AD. The most abundant PTM of Af is isomerization
of the Asp7 residue; this results in the formation of an L-
isoAsp7 isoform (isoaspartate). This nonenzymatic modification
occurs spontaneously in polypeptides through an intramolecu-
lar rearrangement of aspartate or asparagine residues and is
generally regarded as a degradation reaction that occurs in
vivo during tissue ageing.®” In the case of isomerized AP
(isoAB) it is still unclear whether the isoaspartyl residues are
the cause or the result of the pathological accumulation of
AB.”" Nevertheless, recent in vitro experimental evidence indi-
cates that isoAf} might potentially be involved in the onset of
AD.[S]

To investigate the role of the Asp7 isomerization in zinc-in-
duced oligomerization of A we have studied the thermody-
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namics of zinc binding and the oligomeric states of two syn-
thetic model peptides that correspond to region 1-16 in AP
and in isoAB: AP and isoABe, respectively. Earlier, this region
was identified as the zinc-binding domain of AR, which
binds Zn?* with 1:1 stoichiometry and a 6 um dissociation con-
stant."? Both AP, and its complex with Zn** were found to
be monomeric under physiological conditions for at least six
months over a wide concentration range,”'” and so were used
as monomer reference standards throughout this work. The
isoAB,¢ was also shown to possess zinc-binding ability;"" how-
ever, the properties of the Zn>*-isoAB;s complex have not
been studied previously.

To compare Zn*" binding to AB;s and to isoAB;s (in 50 mm
Tris buffer at pH 7.3), isothermal titration calorimetry (ITC) was
used. The thermodynamic data demonstrate that AP, binds
one zinc ion with an association constant of 1.7(£0.4)x 10*m™"
(Figure 1), which corresponds to previously published data.'?
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Figure 1. Typical ITC curves of Zn?" interaction with A, at 25°C in Tris
buffer (pH 7.3, 50 mm): A) titration of Af,¢ with Zn**; B) binding isotherm
derived from A).

Zinc binding to AP, is both enthalpy-driven and entropy-fa-
vorable (AH=-3.8+0.2 kcalmol™'; TAS=2.0+0.1 kcalmol™).
The thermodynamic parameters determined for the Af,;s pep-
tide acetylated at the N terminus and amidated at the C termi-
nus correspond, within experimental error, to recently pub-
lished data for the AP, peptide with unprotected termini.'”
Asp7 isomerization does not noticeably affect either the associ-
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ation constant (K,=1.3(£0.4)x10*m™") or the thermodynamic
profile (AH=—4.8+0.2 kcal mol™'; TAS=0.840.1 kcalmol™") of
zinc binding to isoAP. The positive entropy could be ex-
plained in terms of burial of hydrophobic surfaces and/or the
release of water molecules from the Zn’" jon upon its binding
to peptides. Since the contribution of zinc desolvatation to the
binding entropy—as well as the effect of the reduction of the
number of particles from two to one—is the same for both
peptides, it appears that the difference in the Zn-binding en-
tropy values of the peptides mostly depends on conformation-
al changes. The differences in thermodynamic values thus sug-
gest that Asp7 isomerization slightly changes the mechanism
of zinc-complex formation with isoAf,4 relative to that for Ap;s.
These observations agree with earlier conclusions based on
NMR spectroscopy data."”

The oligomeric states of zinc-free and zinc-bound A, and
isoAP,s were studied by electrospray ionization mass spectrom-
etry (ESI-MS), which allowed noncovalently bound multimeric
peptide species to be detected.'" All samples were prepared
in Tris buffer (pH 7.3, 5-10 mM) containing the peptide of in-
terest (0.01-1 mm) and ZnCl, (0-10 mm). The mass spectrum
of zinc-free AP, shows intense signals of ions that correspond
to multiprotonated and sodiated Af,; monomers (Figure 2).

[AB,+3H]"
100 |
[AB,+4H]"

80+
RA% |

40+

(A, +Na+2H]™"
20r [AB, 4+ 2HI"
0 e |J| .LJHL b " N by L \‘
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m/z

Figure 2. The 200-1000 m/z range fragment of a positive ion mass spectrum
obtained for zinc-free AP, peptide at a concentration of 10 pm in Tris buffer
(pH 7.3, 10 mm). Major signals at m/z 499.99, 666.31, and 998.97, which cor-
respond to multiprotonated monomeric molecules of A, that have charge
states of 47, 37, and 27, respectively, are indicated, together with the dou-
bly protonated and sodiated ions of AB,¢ (with m/z 673.65).

The ions’ identities were then verified in collision-induced
dissociation (CID) MS? experiments. The mass spectrum of zinc-
free isoAP,; demonstrated signals identical to those of AP
(data not shown). The CID mass spectrum of the doubly pro-
tonated isoAf,s ions (data not shown) revealed the “bg+H,0"
ion, which was absent in the corresponding MS? spectrum of
AP This ion serves as a characteristic feature of the presence
of isoAsp7 in amyloid-p peptides.'

Altogether, the data have shown that in the absence of Zn**
both peptides exist exclusively in monomeric form. Addition of
zinc ions to the same samples, however, resulted in strong dif-
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ferentiation between the oligomeric states of the peptides, as
evidenced by ESI-MS. The mass spectrum of zinc-bound AP
(data not shown) demonstrated no changes relative to that of
zinc-free APy In contrast, in the mass spectrum of the zinc-
bound isoAB;s sample an additional isotopic pattern in the
1330.9-1332.3 m/z interval was registered (Figures 3 and 4).
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Figure 3. The 1100-1400 m/z fragments of the positive ion mass spectra ob-
tained for: A) Tris buffer (pH 7.3, 10 mm) in the presence of ZnCl, (0.1 mwm),
B) zinc-bound AR, and C) zinc-bound isoAp,, both of which were dissolved
in the Tris buffer. The four major signals (corresponding to the ions with
charge state z=+2) in each spectrum are indicated by their monoisotopic
m/z values. The peaks’ amplitudes were about 0.5-3 % of that corresponding
to the [AB;s+3HI*" ion signal shown in Figure 2. Each peak from these frag-
ments was subjected to CID fragmentation, and according to these experi-
ments (data not shown) none contained any AB,, isoform except for the
peak with monoisotopic m/z 1330.90 (in magenta, panel C), the isotopic pat-
tern of which is shown in Figure 4. This peak was assigned to a triply pro-
tonated noncovalent isoAB;s homodimer.

This pattern was attributed to the triply protonated noncova-
lent homodimer formed by isoAB;s. MS? and MS® experiments
confirmed the isoAf;, homodimer identification (Figure 5).

No higher oligomers or zinc-bound dimers of isoAB,; were
observed, possibly due to the instability of such species under
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Figure 4. The observed (black) and calculated (magenta) MS isotopic pat-
terns of triply protonated noncovalent isoAf;, homodimer. ESI-MS measure-
ments of isoAB,s (10 um) were performed in Tris buffer (pH 7.3, 10 mm) in
the presence of ZnCl, (0.1 mm).
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Figure 5. The MS® spectrum of the isoAB;s homodimer. The precursor ion
was the doubly protonated peptide (m/z 998.95). Some of the b and y series
product ions that corresponded to fragments of isoAf,s (see scheme, top
panel) are marked. The inset shows expansion of the 780-880 m/z range

to demonstrate the “b,+H,0" ion, which is the characteristic marker of
isoAsp7. Attribution of all observed fragment ions is shown in Table S1 in
the Supporting Information.

our experimental conditions. The ESI-MS data presented here
therefore unambiguously indicate that isoAp,, forms oligomers
in the presence of zinc ions. In contrast, normal Af,s showed
no signs of oligomerization under any of the experimental con-
ditions examined.

Earlier it was demonstrated that Asp7 isomerization does
not affect the biophysical and biological properties of the full-
length AB; however, its behavior was studied in the absence of
zinc ions,"® whereas it has been shown that zinc plays an im-
portant role in pathological AR oligomerization.” In the work
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presented here, the synergetic effect of both zinc ions and
Asp7 isomerization on AP oligomerization has been studied
with ESI-MS by using the zinc-binding domain of AP as a
model. It was found that isomerization of Asp7 results in zinc-
induced oligomerization of this domain under such conditions.
On the basis of these results it is reasonable to suggest that
this modification will also cause the full-length AP to form olig-
omers in the presence of zinc ions. Since excessive formation
of AP oligomers is assumed to trigger AD,"” our results support
the protein-ageing hypothesis of AD, which suggests that
isoAp is a causative agent in AD rather than a product of the
pathology progression.”” In the context of this hypothesis our
results show that any endo- or exogenous factor that favors
isoaspartate formation at AP residue 7 will presumably lead to
subsequent accumulation of zinc-bound isoAB in the brain,
and will potentially be involved in Alzheimer’s disease. Ageing
of AP in biological tissues could be one such factor. Another
consideration could be substitution of Asp7 by Asn in AB,
since asparagine is known to be much more susceptible than
aspartate to spontaneous conversion into isoaspartate.® This
factor could explain why the recently discovered intra-AP
mutation Asp7Asn (the Tottori-Japan mutation)!'” is linked to
early-onset familial AD.

In summary, in this work it has been shown that Asp7 iso-
merization—a standard post-translational modification of AR
species accumulated in AD brain lesions®—gives rise to a new
function of the AP zinc-binding domain: namely, its ability to
oligomerize upon interactions with zinc ions. In the context of
the already known molecular features of AD, these in vitro
results suggest a need for further in vivo analysis of biological
effects of isomerized AP in AD pathogenesis.
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Glycans attached to proteins and lipids are known to act as
regulators of various aspects of cell behaviour. They exhibit
high levels of structural diversity, which dictates the functional
specificity of their many activities, achieved principally through
interactions with proteins. An understanding of the cell’s gly-
come-—protein interactions complements data obtained from
studies of the proteome and represents an essential facet of
post-genome technology development that should underpin
the discovery of novel glycotherapeutics and biomarkers. The
inherent structural complexity and limited availability of cell-
expressed sugars is now driving the development of glycomics
approaches for studying bioactive carbohydrates."! Major tools
in this respect are surface binding-based interrogation tech-
niques including fluorescence microarrays,” surface plasmon
resonance (SPR) biosensors,® and matrix-assisted laser desorp-
tion ionisation time-of-flight mass spectrometry (MALDI-ToF-
MS).™ A combination of these interrogation techniques is a
very effective tool for elucidating binding patterns, kinetics,
affinities, and specificities of these molecular interactions. We
reasoned that an appropriately designed terminally functional-
ised self-assembled monolayer (SAM) on a gold surface could
have advantageous features as a generic platform for glycan
attachment and binding interrogation by this diverse range of
techniques. To achieve this goal, reliable surface chemistries
that allow effective covalent attachment of glycans with mini-
mal nonspecific protein binding are central requirements.

[a] Dr. Z-L. Zhi, Dr. A. K. Powell, Prof. J. E. Turnbull
Liverpool Centre for Glycobiology, School of Biological Sciences
University of Liverpool
Crown Street, Liverpool, L69 7ZB (UK)
Fax: (+44) 151795-4404
E-mail: j.turnbull@liverpool.ac.uk

[b] Dr. N. Laurent, J. Voglmeir, Dr. A. Wright, Prof. S. Flitsch
Manchester Interdisciplinary Biocentre and School of Chemistry
The Manchester University, 131 Princess Street, Manchester, M1 7DN (UK)

Dr. R. Karamanska, M. Fais, Prof. D. A. Russell, Prof. R. A. Field
School of Chemical Sciences and Pharmacy, University of East Anglia
Norwich, NR4 7TJ (UK)

Dr. R. Karamanska, M. Fais, Prof. R. A. Field

John Innes Centre, Norwich Research Park

Colney, Norwich, NR4 7UH (UK)

Prof. J. M. Blackburn

Centre for Proteomic and Genomic Research

Institute of Infectious Disease and Molecular Medicine
University of Cape Town

Observatory 7925 Cape Town (South Africa)

[f] Prof. P.R. Crocker

College of Life Sciences, University of Dundee
Dow Street, Dundee, DD1 5EH (UK)

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

[c

[d

[e

0

MWILEY

) InterScience’

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

For covalent attachment, three general strategies have been
used for attachment of sugars onto gold or glass surfaces, with
no single method suited to all types of sugars. The first strat-
egy is based on the synthesis of thiol-terminated sugar deriva-
tives and subsequent formation of a SAM.”! The second is
based on the introduction of sugar moieties onto prefunction-
alised surfaces through the use of chemoselective coupling
reactions, including thiol addition to a maleimide functional
group,”® Diels-Alder cycloaddition,” disulfide exchange,’® DNA
hybridisation® and Huisgen 1,3-dipolar cycloaddition."” The
principle disadvantage of the above two strategies is the re-
quirement for significant derivatisation and purification of
each individual probe, complicating platform fabrication and
limiting accessibility of the technology to life science research-
ers.

The third option is based on the direct and chemoselective
attachment of nonderivatised glycans to a surface functional-
ised with nucleophiles such as hydrazide,'? amino-oxy'<'?
or amino groups,™™ through formation of stable Schiff bases
with the free reducing end aldehyde functional group. This
strategy eliminates the need for sugar prederivatisation,
though higher concentrations of spotting sugars"'®? are typi-
cally needed to drive immobilisation efficiency. Previous stud-
ies have demonstrated that mixed SAMs prepared with alkane-
thiolates incorporating oligo(ethylene glycol) groups display
ideal properties in terms of reduced nonspecific protein ab-
sorption.®®”'®17 Bilding on these approaches, here we dem-
onstrate a versatile platform based on a common SAM-gold
surface chemistry for displaying both nonderivatised and deri-
vatised natural and synthetic oligosaccharides for diverse pro-
tein binding assays in chip formats (Scheme 1).

To develop the surface and linker chemistry we first used an-
tibody-based on-chip fluorescence detection of protein bind-
ing to immobilised nonderivatised glycans. This fabrication
procedure is based on the use of a carbohydrazide-derivatised
hexa(ethylene glycol) alkanethiol construct formed into a
mixed SAM with a tri(ethylene glycol) terminated C17 alkane-
thiol (Scheme 1A). For initial optimisation of monolayer struc-
tures (hydrazide surface coverage and alkyl chain length), mi-
croarrays displaying dilution series of heparin decasaccharides
or oligomannose-5 (Man5) were interrogated with protein
probes (the heparin-specific protein fibroblast growth factor 2
(FGF2) and the mannose-specific protein concanavalin A
(Con A), respectively). Homogenous SAMs made with 100%
hydrazide-terminated construct provided strong fluorescence
spot signals for the sugars at several different dilutions (Fig-
ure 1A), but with elevated background binding similar to that
observed with a 16-mercaptohexadecanoic acid (MHDA)-hydra-
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Scheme 1. Surface modification chemistries for simple fabrication of gold surface glyco-
arrays. Optimised mixed C17 thiol SAMs on gold surfaces are prepared with appropriate
terminal modifications to permit rapid immobilisation of either nonderivatised or deriva-
tised glycans, and incorporate oligoethyleneglycol groups to minimise nonspecific bind-
ing. A) Attachment of nonderivatised glycans by hydrazide chemistry. B) Attachment of

derivatised (aminated) glycans by succinimide ester chemistry. These surfaces offer mul-

comparison revealed that the three-layer format pro-
vided much stronger fluorescence signals (Figures 1B
and D).

To examine specific and nonspecific protein ad-
sorption onto the gold surfaces further, we utilised
SPR to monitor binding of FGF2 to immobilised hep-
arin decasaccharide and a control surface. SPR sen-
sorgrams showed that a SAM with 100% hydrazide
surface coverage gave strong binding signals when
the sugar was present, but negative control experi-
ments (surface without sugar attachment) demon-
strated very strong nonspecific binding (Figure 2 A).
In contrast, when the tri(ethylene glycol)-terminated
C17 thiol was employed as a “dilutor” to adjust the
hydrazide surface coverage, nonspecific binding was
minimised. A monolayer with 80 or 60% hydrazide
surface coverage was found to provide optimal re-
sults, giving negligible binding (only “bulk shift”
upon introduction of sample; Figure 2A). These data
were supported by QCM measurements, which also
demonstrated that 60 or 80% surface coverage re-
sults in reduced nonspecific binding (see Figures S1B,
Q). Further control experiments on binding of FGF2
to immobilised heparin decasaccharides in the pres-
ence of a 20-fold excess of heparin were carried out
on surfaces with 60% hydrazide coverage, and very

tiple detection options including fluorescence microarrays and label-free biophysical

methods such as SPR or MALDI-ToF MS.

zide linker with no hexa(ethylene glycol) group present,

demonstrating that the hexa(ethylene glycol) moiety alone is
insufficient to reduce nonspecific binding. In contrast, inclusion
of shorter tri(ethylene glycol)-terminated C17 thiols as dilutors
to produce mixed SAMs permitted adjustment of the hydra-
zide coverage. Dilution to 60% hydrazide construct relative to
total alkanethiolate produced optimal microarray signals,
whereas a surface with 40% hydrazide coverage or below re-
sulted in much reduced specific signals (Figures 1A and Q).

To promote formation of a densely packed monolayer we
introduced a long alkyl chain. We found that C17 thiol-based
monolayers provided improved fluorescence signals and lower
background and noise than C11-thiols (Figures 1B and D);
this suggests differences in their molecular packing into a
structurally well defined monolayer. The improved perfor-
mance of the C17 thiols was also confirmed by contact angle
measurements of surface wettability, a useful parameter for
evaluation of the quality of the monolayer'® (see Figure STA
in the Supporting Information). A better ordered monolayer is
also beneficial for overcoming fluorescence quenching on gold
surfaces by providing improved insulation."” We found that
the quenching effect was further minimised by application of a
commonly used indirect detection format employing primary
and labelled secondary antibodies. This “three-layer” approach
significantly increases the distance between the gold surface
and the fluorescent probes, though we observed that single-
layer detection is also possible, but with reduced sensitivity. A
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low nonspecific binding was observed (Figure 2B).
Collectively, these data show that mixed SAMs fab-
ricated with optimised ratios of dilutor can be used
to generate binding data for measurement of specific
interactions between protein probes and immobilised glycans.
Using these conditions we next demonstrated the utility of
this approach for interrogation of glycan-protein interactions
in a fluorescence microarray format, examining the binding of
lectins and heparin-binding proteins to structurally diverse sac-
charides. Glycoarrays in slide format were fabricated with the
aid of a standard pin-type contact arraying robot
(~1 nL per spot), and binding of protein probes was detected
with a standard fluorescent slide scanner. We first studied the
specificity of binding of several lectins to a selection of model
glycan ligands (for details of the sugar structures, see Table S1).
Con A, either in three-layer (Figure 3A) or in one-layer (Fig-
ure 3B) detection formats, showed a strong preference for
binding to a.1-6 mannose oligosaccharides (6 and 7), as would
be expected from its specificity for a-linked mannose resi-
dues™? (Figures 3A, B and S2). Similarly, wheat germ aggluti-
nin (WGA), which binds to N-acetylglucosamine and sialic acid
residues,”® displayed strong binding to 0-2,3-sialylated and a-
2,6-sialylated structures (1 and 2, respectively, Figure 3E; see
also Figure S2). However, WGA showed only weak binding to
6’-sialyl-N-acetyllactosamine (4), and even weaker binding to
LSTc (3) and 3'-sialyl-N-acetyllactosamine (5); this may be due
to influences of sugar size and internal structures on the bind-
ing. We next also tested two sialic acid-specific binding immu-
noglobulin-like lectin proteins—human Siglec-7 (hSiglec-7) and
murine Siglec-E (mSiglec-E)—using a precomplexed format
(anti-Fc antibody precomplexing the Fc fusion component of
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Figure 1. Optimisation of gold platform for fluorescence glycoarray fabrica-
tion. A) Binding of FGF2 to immobilised sugars (heparin dp-10, dp: degree
of polymerisation) on hydrazide-terminated SAMs on gold as shown in
Scheme 1A. B) Comparison of one-layer (direct) and three-layer (indirect)
detection formats for Con A to immobilised Man 5 on hydrazide-terminated
SAM. FGF2: 100 nMm, Con A: 50 nm (three-layer format), 200 nm (one-layer
format). The slide with C11-EG6-hydrazide was noisy due to poor wettability
of the surface. C) and D) Quantitative data analysis of the data in A and B.
Note that false-colour images are shown for fluorescence microarrays.

the siglec constructs). The data showed that whereas mSiglec-
E displayed more relaxed specificity, binding to 1, 2, and 4 (Fig-
ures 3C and H), hSiglec-7 bound strongly to the branched a-
2,6-sialylated structure (2), but more weakly to one of the un-
branched a-2,6-sialylated glycans (4, Figures 3D and G). The
specificity data for these siglecs are consistent with those re-
ported previously, with hSiglec-7 binding strongly to a-2,6-sia-
lylated glycans,”””’ but more weakly to a-2,3-sialylated structur-
es.2’®2 Our data on mSiglec-E are also consistent with previ-
ous findings that indicated similar binding to hSiglec-7,%? but
with a broader preference for binding a-2,3- and a-2,6-sialylat-
ed structures.”™ We noted that WGA, hSiglec-7, and mSiglec-E
all showed some cross-reactivity to heparin decasaccharide at
the higher spotting concentrations (~33-333 um, Figures 3C-
E); it is feasible that N-acetylglucosamine residues, and also
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Figure 2. SPR characterisation of the hydrazide surface. Specific and nonspe-
cific binding of FGF2 to an immobilised heparin saccharide (dp-10) was ex-
amined by SPR. A) Effect of hydrazide surface coverage on protein binding
to surfaces with and without immobilised heparin (33 pm in 1M betaine;

30 pL of 100 nm FGF2 was injected at 5 uLmin"). B) Nonspecific binding

of heparin-saturated FGF2 to the immobilised heparin (40 uL of 1-100 nm
FGF2 saturated with a 20-fold excess of heparin dp-10 was injected at

20 pLmin™).

anionic sulfate groups,””® may contribute to generation of sig-

nificant affinity of these lectins for large heparin saccharides.

For microarrays with immobilised heparin saccharides we
observed strong specific binding for known heparin-binding
proteins such as the growth factors FGF1, FGF2 and glial cell
line-derived neurotrophic factor (GDNF), with no binding to a
negative control protein, Con A (Figure 3F). Note that much
lower spotting concentrations (~3-33 pm) are required, reflect-
ing the higher affinity of heparin—-protein interactions relative
to N-linked glycans; heparin is known to bind specifically to
these growth factors with low nanomolar affinities.”” We have
found that binding of protein targets such as FGF2 to heparin
saccharides as small as tetrasaccharides can be examined with
this microarray format (see Figure S3). Overall, this facile glyco-
array approach should be particularly advantageous for rapid
multiplex screening of large libraries of natural glycans against
protein probes; such applications can readily be envisaged in
the developing field of glycomics.

MALDI-ToF MS analysis of SAMs on gold surfaces” > has
recently emerged as an alternative, label-free method for prob-
ing bound molecules. In order to extend the versatility of our
gold platform we also examined its application for MALDI-ToF
MS analysis of immobilised glycans. For this application we uti-
lised a second variant of the surface by functionalising it with
activated succinimide esters in order to capture aminated
sugars (Scheme 1B). Aminated sugars are common products of
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Figure 3. Interrogation of protein binding to immobilised glycans in fluorescence array format. Microarrays displaying immobilised N-linked glycans and a
heparin decasaccharide were fabricated on a 60% hydrazide mixed SAM gold surface, and interrogated for binding of selected protein targets. A) and

B) Con A; C) mSiglec-E; D) hSiglec-7; E) WGA; F) heparin-binding growth factors FGF1, FGF2, and GDNF (with Con A as negative control). G) and H) Quantita-
tive data for detection of binding of hSiglec-7 and mSiglec-E to glycan ligands, respectively. Quantitative data for Con A and WGA are shown in Figure S2. Bar
graphs of the data corresponding to the means of five spots 4-SD are shown. Assays using the primary and secondary antibodies were also tested as the neg-
ative control to exclude the possibility of antibodies binding directly to the attached sugars. Glycans were printed in three twofold dilutions at the concentra-
tions shown: 1) LSTa; 2) LSTb; 3) LSTc; 4) 6'-sialyl-N-acetyllactosamine; 5) 3'-sialyl-N-acetyllactosamine; 6) oligomannose-5; 7) a1-6-mannobiose; 8) a1-3-man-
nobiose; 9) heparin dp-10. Note that heparin was printed at 3, 33, and 333 um. Only duplicate spot data for each glycan are given for clarity.

carbohydrate synthetic schemes and are readily available for
array fabrication. 2-Aminoethyl glycosides were synthesised by
known procedures.”® Briefly, 2-N-benzyloxycarbonylethanola-
mine was glycosylated with O-acetylated glycosyl donors (ace-
tate, trichloroacetimidate, or bromide) under standard condi-
tions and purified by flash chromatography. Acetyl protecting
groups were removed under Zemplen conditions (MeONa/
MeOH), followed by N-Cbz cleavage by hydrogenolysis to
afford the desired glycosides suitable for immobilisation. Initial
experiments were carried out with the -p-GIcNAc derivative.
Immobilisation was performed by coating clean gold surfaces
with a mixture of C17 alkanethiolates presenting either a car-
boxylic acid (suitable for functionalisation) or a tri(ethylene
glycol) group (dilutor), in an optimal molar ratio of 50:50 for
further enzymatic transformation.”*® Activation of the carbox-
ylic acid with a dimethylformamide (DMF) solution of 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide (EDC) and N-hydroxy-
succinimide (NHS)*? allowed for immobilisation of the sugar
through amide bond formation.

MALDI-ToF MS analysis of the resulting monolayer (Figure 4)
indicated efficient immobilisation, the main signal detected
being the mixed disulfide formed by the sugar-terminated
alkanethiol and the tri(ethylene glycol) alkanethiol (m/z 1298;

ChemBioChem 2008, 9, 1568 - 1575
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see also Figure 5E). Reproducibility was assessed by spotting
the sugar in triplicate on the same gold-coated slide, and in all
cases a strong signal at m/z 1298 was detected (data not
shown).

Nine different sugars were then spotted in triplicate in an
array format on the same SAM gold surface, with the aid of a
modified Tecan liquid-handling robot (Figures 5A,B; Table S1).

100 4 $-C,,-EG,-OH
3 $-C,;—EG,-OH
80| 4 » $-G;—EG,— COOH
$-C,,~EG,-OH
60
3 8-C,;—~EG,~ CONH - C, - GIcNAC
48 $-C,;,—EG,-OH
- ) . 4 §-C,;—EG,—CONH-C,-GlcNAc
§=C,; =EG, = CONH - C, - GIcNAc
0 ! " 1 Y Lo
800 1340 1880 2420 2960

miz

Figure 4. MALDI-ToF MS analysis of glycans immobilised on gold surfaces.
Direct MALDI-ToF analysis of immobilised 2-aminoethyl 2-acetamido-2-
deoxy-f-p-glucopyranoside. Structures of the detected species are indicated:
1) m/z 861, 2) m/z 1051, 3) m/z 1298, 4) m/z 1734 for the sodium adducts of
the species 1, 2, 3, and 4, respectively.
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Figure 5. MALDI-ToF MS analysis of immobilised carbohydrates and detection of enzymatic transformations. A) Structures of the sugar derivatives (see also
Table S1). B) Representative 6 x5 array (picture taken after spotting of the matrix). C) MALDI-ToF MS analysis of the BGIcNAc 4 (left) and BGIcNAc(1,4)BGlc 8
(right). MALDI-ToF MS mass data for the complete glycoarray are given in Table S1, and the corresponding MALDI spectra are shown in Figure S4. D) MALDI-
ToF MS of spots 4 (top) and 8 (bottom) after enzymatic transformation with $1,4-GalT in the presence of UDP-Gal. Masses shown correspond to the mass of
the sodium adduct of the mixed disulfide formed by the sugar-terminated alkanethiol and the tri(ethylene glycol) alkanethiol. No mass shifts were observed
for the other glycans in the array (see Table S1). E) Molecular structure of the sugar-terminated mixed disulfide of alkanethiol and tri(ethylene glycol) alkane-
thiol.
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Again, MALDI-ToF MS analysis confirmed immobilisation and
detection of all sugars (see Figure S4 and Table S1 for mass
data). Despite increasing development of glycoarrays, only a
few examples of enzymatic glycosylation on solid surfaces,
mostly based on the use of fluorescent lectins to probe suc-
cessful transformation,®*’>% have been reported. MALDI-ToF
MS analysis has recently been employed to probe the activities
and specificities of enzymes, though not in array format.”.2>2"
To test the potential of our SAM gold surface for detecting en-
zymatic transformations in arrays, we assayed the activity of
bovine B1,4-GalT by covering the surface of the nine-sugar
array with a mixture containing the enzyme, UDP-Gal and
MnCl,, and incubating overnight at 37°C in a wet chamber to
prevent evaporation. MALDI-ToF MS of the resulting array indi-
cated full conversion of 4 (3-p-GIcNAc) and 8 ((3-p-GIcNAc-
(1,4)p-p-Glc) (Figures 5C, D), in agreement with the known
substrate specificity of this enzyme.®" The masses of all other
sugars remained unchanged, as would be expected from the
known enzyme specificity (see Table S1). These results demon-
strate the effectiveness of this approach for examining enzy-
matic transformations of immobilised glycans. Potential appli-
cations include multiplex studies on the substrate specificities
of glycan biosynthetic enzymes and monitoring of on-chip
glycan synthesis. We have also exploited this surface for
MALDI-MS investigation of enzymatic glycosylation of pep-
tides.B?

In summary, here we report a versatile gold-surface-based
glycoarray platform for presenting multiple oligosaccharides to
protein targets. The approach is based on the utilisation of
self-assembled monolayers of functionalised PEGylated C17-
alkyl-thiolate linkers on a gold chip surface for direct chemose-
lective attachment of glycans either in natural (nonderivatised)
form (to hydrazide-functionalised surfaces) or as prederivatised
glycoconjugates. The latter case is exemplified here by succini-
mide ester coupling of aminated glycans, though alternative
chemistries to extend the applications of this surface platform
can readily be envisaged. Diverse natural and synthetic oligo-
saccharide probes can be rapidly immobilised on gold chip
surfaces, and their interactions with target proteins can be as-
sessed for binding and specificity by use of microarrays with
fluorescence detection, label-free interrogation techniques in-
cluding SPR and MALDI-MS, and on-chip enzymatic modifica-
tions. Importantly, the functional group density on the mono-
layer can be adjusted by use of a “dilutor” (thiol-alkyl-EG3-OH)
to form mixed SAMs. This minimises nonspecific protein ad-
sorption, provides optimal signal to noise ratios, and abrogates
the need for blocking agents (the latter being critical for effec-
tive SPR and MALDI-MS). This diversified, generic surface plat-
form is facile, does not require specialist chemical expertise,
and can be applied by use of widely available equipment. It is
readily accessible to standard life science labs and could pro-
vide the basis for development of integrated methods with po-
tential for exploitation as tools for decoding the protein inter-
actions of the glycome. Applications of this platform with ex-
tended libraries of chemically and structurally diverse glycans
should prove valuable, as has already been convincingly dem-
onstrated with other glycoarray platforms.?*3*

ChemBioChem 2008, 9, 1568 - 1575
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Experimental Section

Materials: All chemical and biochemical products were of analyti-
cal grade. PEGylated thiol linkers—HS-(CH,),,-EG4-CH,-COOH (C17
thiol) and HS-(CH,);;-EG¢-CH,COOH (C11 thiol)—and dilutors—HS-
(CH,),,-EG;0H and HS-(CH,),,-EG;-OH—were purchased from Pro-
Chimia Surfaces (Poland). All thiol structures were verified by
'H NMR and mass spectrometry. Carbohydrazide and MHDA were
purchased from Aldrich. EDC was purchased from Fluka. Gold-
coated microarray slides (coating: 100 nm Au, 5 nm Ti; size: 1”x
3”"%0.04") were obtained from EMF (New York, USA). Alexa
Fluor 546 rabbit anti-goat IgG (H +L) conjugate was obtained from
Invitrogen-Molecular Probes. Goat anti-human IgG Fc, FGF1, FGF2,
GDNF and their corresponding antibodies were obtained from
R&D Systems (Minneapolis, USA). Con A, anti-Con A antibody,
rhodamine-labelled Con A, WGA, and anti-WGA antibody were pur-
chased from Vector Labs (Burlingame, USA). hSiglec-7 and mSiglec-
E were examined as recombinant soluble 1gG Fc chimeras in cul-
ture supernatants. These consist of the extracellular Ig-like do-
mains 1-3 of hSiglec-7, and mSiglec-E, stably secreted by transfect-
ed Chinese hamster ovary cells harvested in X-VIVO-10 serum-free
medium, and quantified by immunoassays (ELISA). Oligomannose-
5 (Man5), al-6-mannobiose, o1-3-mannobiose, sialyllacto-N-tet-
raose a (LSTa), sialyllacto-N-tetraose b (LSTb), sialyllacto-N-tetraose c
(LSTc), 6'-sialyl-N-acetyllactosamine, and 3'-sialyl-N-acetyllactosa-
mine were from Dextra Lab. Heparin decasaccharides (dp-10) were
prepared by gel filtration chromatography.>?

Hydrazide derivatisation of thiol linkers: Carboxylic acid-termi-
nated C17 or C11 thiols (2 mg) and carbohydrazide (35 mg) were
mixed in dimethyl sulfoxide (DMSO, 10 mL), and sonicated to dis-
solve the mixture completely. EDC (30 mg) was then added, and
the reaction mixture was stirred at ambient temperature for 6 h;
the reaction product was divided into aliquots (200 uL) and freeze-
dried. The molecular structures of the prepared C17 and C11 thiol-
carbohydrazide constructs were verified by MALDI-ToF and electro-
spray ionisation (ESI)-MS analysis.

Fabrication of hydrazide-functionalised gold surfaces: Gold-
coated glass slides were cleaned by sonication in ethanol for
10 min. Slides were coated with a monolayer of the thiol-carbohy-
drazide construct by overlaying for 24 h in a solution of thiol
(0.1 mgmL™) dissolved in 50% methanol (400 pL). This solvent was
chosen after extensive testing, and provided reduced evaporation
and diffusion on the gold surface (alternative polar solvents in-
clude 50% or 100% ethanol, isobutyl alcohol, or acetonitrile). The
SAM-covered slides were washed and sonicated for 10 min in etha-
nol and dried with nitrogen. For the formation of the mixed mono-
layer on gold, a precalculated amount of the “dilutor” was added
to the thiol-carbohydrazide construct solution.

Fabrication of NHS-functionalised gold surfaces: Microscope
glass coverslips (13 mm diameter, no. 2 thickness; Agar Scientific)
were cleaned in “Piranha” solution (5:1 H,50,/H,0,, CAUTION! very
reactive oxidising agent) for 20 min, rinsed with distilled water, and
dried under nitrogen. An adhesion layer of 5 nm of chromium and
a subsequent 100 nm of gold were sputtered onto the glass cover-
slips with a Denton Vacuum Desk lll sputter coater. Gold-coated
glass slides were cleaned in “Piranha” solution, rinsed with deion-
ised water and ethanol, and dried under a stream of nitrogen. The
substrates were then immersed overnight in a DMSO solution of
carboxylic acid-terminated alkanethiols and tri(ethylene glycol) al-
kanethiols (final concentration 0.1 mgmL~', molar ratio 50:50) and
rinsed and dried as above. Activation of the carboxylic acid was
performed by dipping the substrates into a solution of EDC and
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NHS (final concentrations 0.2m and 0.05Mm, respectively, in dry
DMF) for 2 h, followed by washing and drying as above. For immo-
bilisation of glycans on these surfaces, a solution of 2-aminoethyl
glycosides (100 mm in PBS pH 8.0, approximately 50 nL) were spot-
ted onto the freshly activated monolayers with the aid of a modi-
fied Tecan liquid handling robot and allowed to react overnight,
then rinsed and dried as above.

MALDI-ToF MS analysis: After spotting of the matrix (2,4,6-trihy-
droxyacetophenone, 10 mgmL™' in acetone), the gold substrates
were attached to a modified MALDI-ToF sample holder and loaded
on a Voyager-DE STR Biospectrometry mass spectrometer (PerSep-
tive Biosystems) operating with a 337 nm nitrogen laser. Spectra
were acquired with reflector mode for positive ions with use of an
accelerating voltage of 20 kV and an extraction delay of 200 ns.

On-chip enzymatic glycosylation with bovine (1,4GalT: Slides
were incubated overnight at 37°C with a mixture of 1,4GalT®"
(1.1 mU, 1 unit corresponded to the transfer of 1 pmol of Gal from
UDP-Gal to p-GIcNAc per min at 37°C at pH 8.0), UDP-Gal (final
concentration 2 mm), and MnCl, (final concentration 10 mm) in
Tris-HCl buffer (40 mm, pH 8.0). After rinses with deionised water
and ethanol they were dried under a stream of nitrogen.

Microarray printing for fluorescence detection: Oligosaccharide
printing solutions were prepared in betaine (1 m, pH 5.5) and spot-
ted onto hydrazide-derivatised gold-coated glass slides with the
aid of a MicroGrid Il compact pin-type contact arrayer and Micro-
Spot 2500 split pins (Genomic Solutions, UK) in 65% relative hu-
midity. Betaine (1 M) was added in the samples to prevent water
evaporation from the droplets. The oligosaccharides were typically
arrayed as ten- or twofold dilution series with starting pickup solu-
tion of heparin (333 um) and N-linked sugars (10 mm) for 10 repli-
cate spots (with ~1 nL per spot delivered by contact of the pins
with the surface). The distance between the centers of adjacent
spots (spot size: ca. 150 um) was 400 um. The printed slides were
incubated overnight at 18°C in a closed environment (a plastic
dish sealed with Parafilm). Unbound saccharides were removed by
washing and sonicating the slides twice in distilled water, and
slides were stable to storage for at least several weeks at 4°C in a
sealed container.

Protein binding on microarrays: The microarray-bound specific
proteins were probed with appropriate cognate antibodies, fol-
lowed by a fluorescence-labelled (Alexa Fluor 546) secondary anti-
body. Con A and WGA were applied on the slides (5pugmL™",
50 nm in DPBS buffer (Invitrogen) supplemented with 1 mm Mn?*
and 0.05% Tween 20). Rhodamine-labelled Con A (20 pgmL™',
200 nMm) was also used to probe the binding to mannose sugars by
the single-layer binding format. hSiglec-7 and mSiglec-E in PBS
buffer (Oxoid) were precomplexed with goat anti-human-IgG Fc
(Vector) 1:3 w/w ratio for 1 h at ambient temperature. For hSiglec-
7, the precomplexed proteins were applied onto the slides at a
final concentration of 2pgmL~". In the experiments in which
mSiglec-E was used, the precomplexed proteins were applied onto
the slides at a final concentration of 10 ygmL™". The binding was
detected by use of Alexa Fluor 546-labelled secondary antibody
(2 pgmL™~" in PBS-T, 0.05% Tween 20). For each binding step, an in-
cubating step of 40 min was used. HybriWells (Grace Biolabs) were
used to cover the slides during the incubation to prevent evapora-
tion. The slide was washed gently between binding steps with a
magnetically stirred wash bath (in 10 mm Tris-HCl plus 0.01%
Tween 20, pH 7.4), and finally rinsed with water.

Scanning and evaluation: Fluorescence glycoarrays were read by
use of a Genepix 4000 A laser microarray scanner (Molecular Devi-
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ces, UK) with PMT voltage set at 800V and laser power at 100%;
signals of the ratio of 635 nm/532 nm were quantified with use of
the GenePix Pro 3.0 image analysis software package.

SPR spectroscopy: SPR measurements were performed with a Bia-
core X™ instrument (Biacore AB, Uppsala, Sweden). The Sensor
Chip Au (bare gold surface) was cleaned with H,0, (30%), NH,
(30%), and MilliQ water in a 1:1:5 ratio for 10 min and was then
thoroughly washed with water, before being covered with a solu-
tion of hydrazide-modified C17 thiol linker (0.1 mgmL™", 100 pL in
50% methanol) and incubated at room temperature for 24 h. The
chip was then sonicated in ethanol and washed with MilliQ water
and treated with heparin solution (dp-10, 33 pm, 0.1 mgmL~',
100 pL in 1™ betaine) at room temperature for 16 h in a Parafilm-
sealed chamber. After washing with water, the chip was docked
into the instrument. FGF2 protein (100 nm in PBS, pH 7.4) was in-
jected onto monolayers presenting immobilised heparin dp-10 or
hydrazide-only control surfaces (nonspecific binding), and meas-
urements were carried out with PBS-T as running buffer. The
sensor surface was regenerated by two consecutive treatments
(30 s) with HCI (100 mm) or NaOH (100 mm).
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Tetrameric >-Peptide Bundles

Jessica L. Goodman,” Matthew A. Molski, Jade Qiu,” and Alanna Schepartz*®

There is considerable current interest in the design of non-
proteinaceous quaternary structures with defined oligomeric
states because these materials have potential as nanomaterial
scaffolds, drug delivery tools and enzymatic platforms."? We
recently described a series of 3*-peptides, which are exempli-
fied by the sequences of Zwit-1F and Acid-1Y (Figure 1A), that
assemble into octameric (3-peptide bundles of known structure
and high stability.*® The 3,, helices that comprise these oc-
tamers form three distinct faces: a leucine face whose side
chains form the bundle core, a salt bridge face of alternating
B*-ornithine and P*-aspartate resides, and an aromatic face
that contains two B*-tyrosine or B*-phenylalanine residues.”™

It is well established that natural coiled-coil-bundle stoichio-
metries are controlled by the identity and conformation of the
side chains that are buried at the bundle interface."” For ex-
ample, substitution of valine or isoleucine for leucine at the
GCN4 dimer interface leads to trimeric and tetrameric bun-
dles." Here we show that the *-peptide bundle stoichiome-
try is also controlled by the side-chain identity within the
bundle core. Specifically, by replacing the leucine residues at
the octamer interfaces of Zwit-1F and Acid-1Y with valine gen-
erates valine derivatives, Zwit-VY and Acid-VY. These second-
generation B-peptides assemble into discrete and stable tetra-
meric bundles that were characterized by analytical ultracentri-
fugation (AU), circular dichorism spectroscopy (CD), 1-anilino-
8-naphthalenesulfonate (ANS) binding, and deuterium ex-
change NMR spectroscopy.* %"

First we used analytical ultracentrifugation (AU) to deter-
mine whether Zwit-VY and Acid-VY formed bundles that pos-
sess a discrete stoichiometry in solution (Figure 1). The Zwit-VY
AU data fit best to a monomer-n-mer equilibrium in which n=
4.07 with an RMSD of 0.00670 (Figure 1B). A comparable fit
(RMSD =0.00672) resulted when n was set to equal 4 (Figure
S2A in the Supporting Information). The InK, value that was
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Figure 1. A) Helical net representation of Zwit-1F, Acid-1Y, Zwit-VY and Acid-
VY. B, C) Zwit-VY and Acid-VY self-association monitored by analytical ultra-
centrifugation and fit to monomer-n-mer equilibria, where n was allowed to
vary during fitting. Samples were prepared in 10 mm NaH,PO,, 200 mm NaCl
(pH 7.1) and centrifuged to equilibrium at 25 °C at the indicated speed. The
experimental data points are shown as open circles; lines indicate fits to the
indicated monomer-n models.

calculated from these two fits are 37.70+0.07 and 38.2+0.8,
respectively. Significantly poorer fits (larger RMSD values and
residuals with systematic errors) resulted when n was set to
equal 5, 6 or 8 (Figure S2). The AU data that were collected for
Acid-VY fit optimally to a tetramer where n=3.94 (n was al-
lowed to vary) with an RMSD value of 0.00861 (Figure 1C). The
Acid-VY data were fit to a variety of other oligomeric assem-
blies, all of which afforded poorer fits to the AU experimental
data, and showed increased RMSD values and systematic
errors in the residuals (Figure S2).

We next used wavelength-dependent circular dichroism (CD)
spectroscopy to characterize the concentration and tempera-
ture-dependent changes in the secondary structures of Zwit-
VY and Acid-VY (Figures2 and S3). Zwit-VY underwent a
concentration-dependent increase in 3,,-helical structure (as
judged by the molar residue ellipticity at 209 nm, MRE,q,"'?)
between 12 and 100 um (Figure 2 A), which is consistent with
a concentration-dependent equilibrium between a partially
structured monomer and a folded oligomer. This behavior
mimics the behavior of previously characterized f-peptide
bundles Zwit-1F, Zwit-1F*, and Acid-1Y.>¢ A plot of MRE,, as a

ChemBioChem 2008, 9, 1576 - 1578





A) B)
& © © uM
kel B £ 4004
© i [Zwit-VY] 0o 128 s f\
9 @ 400 um E ] H 3
o 20 c3001e 25um
g 200 pm o ® 125 um %
@
B 15 00p 2 59, \
- e 50um 5
o ® 25um =
x 10 ®12.5 um £ 100+
= 5 ® 6.25 pm % 5
0 00002 00004 = 20 40 60 80
Zwit-VY /m TI°C

Figure 2. Zwit-VY self-association monitored by circular dichroism spectros-
copy (CD). A) Plot of MRE,, as a function of [Zwit-VY],onomer fit to @ mono-
mer-tetramer equilibrium. Error bars were generated from the standard
deviation that was calculated from three independent trials. B) Plot of
SMRE,:8T™' for the concentrations of Zwit-VY shown as a function of
temperature (7).

function of the Zwit-VY concentration fit well to a
monomer-tetramer equilibrium with InK,=38.34+0.5
(Figure 2 A); this is in agreement with the value calcu-
lated from the AU data (38.2+0.8). Acid-VY also dis-
played a concentration-dependent increase in 3,,-hel-
ical structure (as judged by the MRE minimum at
209), and fit best to a monomer-tetramer equilibrium
with a InK, of 39.3+0.5 (Figure S3). In addition, the

P

temperature-dependent CD spectra of both Zwit-VY E_LIM,_\,MMW_MNWWJ

1):'_/»«,»/ K""”"’-v-'”“

ZN.IJM ™

cence upon addition of Zwit-VY and Acid-VY suggests that
both tetramers possess minimally exposed hydrophobic cores.

Finally, we used hydrogen-deuterium exchange NMR spec-
troscopy to characterize the kinetic stability of the Zwit-VY and
Acid-VY tetramers."® The 'HNMR spectra of both samples
show dispersion of the amide N—H resonances (0.8 ppm) that
is higher than that observed for the B-peptide monomer Acid-
1-AA (Figures 3 and S6)®' although smaller than that ob-
served for Zwit-1F (1.4 ppm) and Acid-1Y (1.5 ppm). As was ob-
served for the isosteric octameric bundles Zwit-1F and Acid-
1Y*9 the pattern of the amide N—H resonances of Zwit-VY and
Acid-VY are nearly identical; this suggests that the quaternary
structures of the two bundles are similar.”®

The amide (N—H) exchange rate constants (k.,) that were de-
rived from the deuterium exchange NMR spectroscopy experi-
ment correlated with the availability of amide protons to ex-

Normalized Peak Height

and Acid-VY showed concentration-dependent in- g g5

creases in T, that implied self-association (Figures 2B
and $4C)." The T,, (defined as the maximum in a
plot of 8MRE,-8T ") of a 50 um Zwit-VY solution
(88% folded) is 85°C, and it is also 85°C for a 80 um
(88% folded) solution of Acid-VY. Unexpectedly, these
values are higher than the T, values of 70 and 78°C
that were previously observed for Zwit-1F (100 pm,
65% folded) and Acid-1Y (100 pm, 92% folded), re-
spectively.”! In summary, analytical ultracentrifugation meas-
urements, as well as wavelength and temperature-dependent
CD spectroscopy experiments indicate that 3-peptides Zwit-VY
and Acid-VY assemble into a 3;,-helical tetramer.

We used 1-anilino-8-naphthalenesulfonate (ANS) to further
probe the features of the tetrameric Zwit-VY and Acid-VY hy-
drophobic cores. The fluorescence of ANS increases upon bind-
ing to hydrophobic surfaces." A significant increase in ANS
fluorescence (between 60 and 100-fold) upon addition of pro-
tein indicates a loosely folded, exposed hydrophobic core as
shown for the o-lactalbumin molten globule."™ Most well-
folded or unfolded proteins do not provide favorable ANS-
binding sites, and minimal fluorescence changes are observed
in these cases.™™ The relative fluorescence of 10 um ANS in-
creased from a value of 1.1 at 12.5 um Zwit-VY (79 % tetramer)
to a value of 1.6 at 350 um Zwit-VY (98% tetramer, Figure S5).
The increase in relative ANS fluorescence upon the addition of
Acid-VY ranged from 1.1 at 25 um (91% tetramer) to 1.2 at
300 pum (98 % tetramer). Taken with the CD spectroscopy data,
the minimal concentration-dependent increase in ANS fluores-
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Figure 3. Kinetic stability of the Zwit-VY tetramer as determined by hydrogen-deuterium
exchange analysis. A) 500 MHz 'H NMR spectra of 0.6 mm Zwit-VY acquired at the indicat-
ed times (t) after a lyophilized Zwit-VY sample was reconstituted in phosphate-buffered
D,0. B) Peak heights of the indicated resonances (normalized to an amide peak at

6.8 ppm, *) fit to exponential decays as described in the Supporting Information.

change with bulk solvent. Slow exchange rate constants are
found for amide protons that are protected from exchange
due to participation in stabilizing hydrogen bond interactions.
The rate of disappearance of peaks a-d in a 600 pm sample of
Zwit-VY (Figure 3 A) fit a first-order kinetic model with rate con-
stants (k.,) between 1.6x107° and 5.5x107*s™' (Figure 3B). A
comparison of these values to the rate constant for exchange
of an amide N—H in poly-B-homoglycine (k) allows the calcu-
lation of a protection factor (P=k,/k.)"'" that facilitates com-
parisons between protein and [-peptide quaternary sys-
tems.>7® The protection factors that were calculated for a
600 um (98% folded) sample of Zwit-VY fall between 4x10°
and 1.8x10*"? These values are comparable to the range that
was calculated for a 1.5 mm (97 % folded) solution of Zwit-1F
of 3.4x10° and 2x10*™ A similar trend in protection factors
was also observed for Acid-VY.'"? The minimal difference in
protection factors of Zwit-VY and Zwit-1F provides additional
evidence that the valine (3-peptide derivatives assemble into a
discrete tetrameric structure that possess kinetically stable hy-
drophobic cores. 1619201
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In summary, here we show that 3-peptide bundle stoichiom-
etry can be controlled by the identity of the side chains that
are buried at the subunit interface in a manner analogous to
that observed in natural coiled-coil proteins.'” These results
provide a second, critical step in the “bottom-up” assembly of
p-peptide assemblies that possess defined sizes, reproducible
structures, and sophisticated function.?"
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Copper Resistance in E. coli: The Multicopper Oxidase PcoA Catalyzes

Oxidation of Copper(l) in Cu'Cu"-PcoC

Karrera Y. Djoko, Zhiguang Xiao,* and Anthony G. Wedd®

Fluctuations in nutrient copper levels in the micromolar range
are controlled in Gram-negative bacteria by chromosomal tol-
erance operons."" Resistance to excess copper at the millimolar
level is induced by additional plasmid-borne operons pco and
cop in Escherichia coli and Pseudomonas syringae, respectively
(Scheme 1).' The current model of copper resistance propos-

om o * ® o © I
bt .
0, PcoB

periplasm

PcoA O O PcoE
: PcoS Reos PcoD
Im M\ ( )

\ )
cytoplasm

PR O B e s )E)

Scheme 1. Partial model for copper resistance in E. coli (pco). om: outer
membrane; im: inner membrane.

es that three soluble proteins (PcoA, PcoC, PcoE in E. col)) are
expressed to the periplasm, that two copper pumps (PcoB,
PcoD) are present in the outer and inner membranes, and that
there is a copper sensing system (PcoS, PcoR).

PcoC and CopC are highly homologous -barrels (~11 kDa)
that bind both Cu' and Cu" at sites separated by about
30 A9 These sites are tailored to bind their individual ions
with high affinity (K;~107">m): Cu'(His)(Met),,; (trigonal or tet-
rahedral), Cu"(His),(N-term)(OH,) (square planar).®® Each shows
little affinity for the other ion. All possible types of intermolec-
ular copper transfer reactions have been demonstrated: oxida-
tive transfer from the Cu' site to the Cu" site, reductive transfer
from the Cu" site to the Cu' site, and non-redox transfers be-
tween Cu' and Cu" sites. This versatile chemistry is consistent
with a role for PcoC as a copper carrier (chaperone) in the oxi-
dizing periplasm, but which functions are employed remains
unknown.
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apo-PcoA (63.9 kDa) was over-expressed in E. coli and isolat-
ed in high purity in the presence of ethylenediaminetetraace-
tate (EDTA), dithiothreitol (DTT), and glycerol (Figure S1). The
protein ran as a monomer on a Superdex-75 size exclusion
column (Figure S1). Incubation with more than five equiv of
Cu”aq in the presence of glutathione and removal of unbound
ions by gel filtration led to optimal development of an absorb-
ance spectrum characteristic of a multicopper oxidase (type 1
center: 600 nm (g, 4000 m~'cm™"); OH-bridged type 3 binuclear
center: ~340 nm sh; Ag/Ac 23.0; Figure S2).7 Both type 1
and type 2 Cu" centers were also detected in the frozen EPR
spectrum (type 1 center: g, =207, g;=2.28 A =85X
10°cm™'; type2 center: g, =207, g;=230, A=17x
1073 cm™"; Figure S3). Isolated holo-PcoA contained 4.3 (0.40)
equiv of copper and exhibited phenol oxidase activity with
substrate 2,6-dimethoxyphenol (DMP) at pH7 (Figure S4;
550 mm DMP per mm PcoA per min), a feature of most multi-
copper oxidases. Unexpectedly, this enzyme exhibited maximal
activity in the absence of added Cu®*,,, whereas related multi-
copper oxidases require this ion in excess to induce maximal
phenol oxidase activity.®?

Reaction of holo-PcoA with air-stable Cu'Cu"-PcoC under cat-
alytic conditions (1:50) in air-saturated MOPS buffer (pH 7) led
to quantitative generation of product Cu"-PcoC (represented
as 0Cu", where 0 is the empty Cu' site; Figure 1); this is consis-
tent with oxidation of bound Cu'. The catalysis was suppressed
dramatically in deoxygenated buffer (Figure S5), consistent
with O, acting as the oxidant. The product protein oCu" has
little affinity™® for co-product Cu”*,, which appeared to be
released into solution. Clean regeneration of Cu'Cu"-PcoC oc-
curred upon addition of reductant NH,OH (that is, Figure 1D
converted to Figure TA). This is a robust catalyst: there was
negligible loss of activity after four cycles of oxidation and
reduction.

The product PcoC protein oCu" suppressed cuprous oxidase
activity, consistent with a previous suggestion that PcoC inter-
acts with PcoA"® Inclusion of increasing concentrations of
oCu" in the initial reaction mixture in Figure 1 led to propor-
tional decreases in the rate of the catalytic reaction, whereas
addition of generic proteins such as lysozyme had no effect
(Figure 2). These results, when coupled with the high affinity
of PcoC for Cu' (Kp~107"m), demonstrate that PcoA catalyzes
the oxidation of Cu' bound in Cu'Cu"-PcoC. They suggest that
PcoA and PcoC cooperate to convert Cu' into the less toxic Cu"
in the O,-rich periplasm.

This system exhibits two new features: cuprous oxidase
activity with a likely biological partner and maximal phenol
oxidase activity in the absence of excess Cu’",. In seeking a
model for this behavior, it was noted that PcoA has some ho-
mology (23%) with the tolerance enzyme CueO and, impor-
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DlCu" Cu'Cu"
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Figure 1. Oxidation of Cu'Cu"-PcoC (25 um) catalyzed by holo-PcoA (0.5 pm)
in air-saturated MOPS buffer (20 mm; pH 7; NaNO;, 100 mm). Separation of
products on a Mono-S cation exchange column at A) 0, B) 2, C) 30, and

D) 60 min. Protein identities were confirmed by ESI-MS and metal analyses
as described previously.

D|Cu" Cu'|Cu“

2z

90 105 120 135
[NaCll/mm

Figure 2. Suppression of holo-PcoA cuprous oxidase activity by the product
protein Cu'-PcoC: A) Cu'Cu"-PcoC (25 pm) in air-saturated MOPS buffer

(20 mm; pH 7; NaNO;, 100 mm) before reaction; B) 30 min after addition of
holo-PcoA (0.5 um) and Cu'-PcoC (50 pm) into solution A; C) as B, but half of
the added Cu"-PcoC (25 um); D) as B, but without added Cu"-PcoC or with
added lysozyme (50 pm). Equal volumes of reaction solution were used in
each chromatographic analysis and the relative intensities of each elution
profile were not normalized. Reaction progress is thus monitored by com-
parison of the relative intensities of the Cu'Cu"-PcoC peaks.

tantly, all the anticipated ligands for types 1, 2 and 3 copper
are intact (Figure S6). The X-ray crystal structure of CueO re-
veals the molecular nature of the four copper sites associated
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with this multicopper oxidase machinery (Figure 3)." In addi-
tion, there is a fifth copper site Cu(Met),(Asp), (labeled * in
Figure 3) that would be expected to favor binding of Cu' over

Figure 3. Ribbon model of the copper tolerance enzyme CueO highlighting
three structural domains (D1: pink, D2: green, D3: gold) and different copper
centers (1: blue, 2: teal, 3: purple, additional Cu*: red). The figure was gener-
ated from the coordinates from PDB ID: 1N68.

Cu". This Cu* site is located on a Met-rich a-helix, which physi-
cally blocks substrate access to the type 1 site but which is in
electronic contact with that site through hydrogen-bonded li-
gands (as indicated by the box encompassing the type 1 and
Cu* sites in Scheme 2). While three of the four ligands for the
Cu* site are not conserved in PcoA, many potential ligands for
Cu' are available in this Met-rich region (Figure S6).

0,

+4 H*

H,0

Scheme 2. Model for cuprous oxidase activity.

Scheme 2 provides a model for the cuprous oxidase activity
of PcoA. The Met-rich Cu* site docks substrate Cu'Cu"-PcoC by
direct interaction with the Met-rich Cu' site of PcoC. Cu' is oxi-
dized and released into solution as Cu’*,, Protein product

ChemBioChem 2008, 9, 1579 - 1582
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oCu" is a competitive inhibitor, restricting access of substrate
Cu'Cu"™-PcoC to the catalytic Cu* site. Notably, intermolecular
interactions close to the empty Cu' site of apo-PcoC lead to di-
merization in the solid state.'? In addition, efficient transfer of
Cu' between PcoC proteins occurs.” Similar interactions would
appear to exist between PcoA and PcoC to facilitate effective
oxidation of Cu' bound in Cu'Cu"-PcoC.

We have recently expressed and isolated a related protein
CopK from Cupriavidus metallidurans, which binds both Cu'
and Cu" with similar affinities to PcoC." Catalytic oxidation of
air-stable Cu'Cu"-CopK under the same conditions as in
Figure 1 was, however, more than 20 times slower (Figure S7),
presumably as this protein is not optimized for interaction
with PcoA from E. coli.

Scheme 2 also provides a model for the phenol oxidase ac-
tivity: a copper atom remains in the Cu* site to act as a one-
electron oxidant to produce the initial radical product. This
correlates with the requirement of related enzymes for excess
Cu“aq in solution to induce maximal phenol oxidase activi-
ty.">™ This condition would appear to optimize occupancy of
the catalytic Cu* site in these copper tolerance enzymes.
Added copper, however, is not required for maximal phenol
oxidase activity in the resistance enzyme PcoA, plausibly be-
cause the affinity for copper in the Cu* site is higher or the
phenol substrate can access the type 1 Cu site directly with no
need for a bound Cu* ion in this system.

Addition of Ag*,, or Hg**,, to holo-PcoA led to a rapid loss
of copper from the type 1 site (decrease in absorbance at
600 nm in the solution spectrum of Figure S2 and loss of
type 1 signal in the frozen glass EPR spectrum of Figure S3)
and inhibition of the phenol oxidase activity (Figure S8). How-
ever, the cuprous oxidase activity for Cu'Cu"-PcoC was not in-
hibited by Ag*,, under the same conditions. PcoC product
protein oCu" has a high affinity for Ag' and apparently com-
petes efficiently with the PcoA sites for Ag™,, ion. In telling
contrast, the cuprous oxidase activity is poisoned by Hg’*,,
jons, consistent with the known low affinity of oCu" for Hg".*¢

These preliminary results provide sufficient molecular charac-
terization to suggest that PcoC and PcoA interact to convert
Cu' into the less toxic Cu" in the dioxygen-rich periplasm of
E. coli. The two proteins may combine with the outer mem-
brane protein PcoB (Scheme 1) to export copper from the peri-
plasm. Both PcoA and PcoB must be expressed for optimal re-
sistance.! PcoC may also provide nutrient copper to the inner
membrane protein PcoD to allow assembly of holo-PcoA in the
cytoplasm prior to export by the TAT pathway. Experiments are
in train to explore these possibilities, as well as the potential
of PcoA to act as a ferrous oxidase and as a siderophore
oxidase."”

Experimental Section

Isolation of apo-PcoA and generation of holo-PcoA: The PcoA
gene encoding mature protein without the leader sequence (first
32 residues) was amplified from plasmid pRJ1004 (ref.[2]) and
cloned into vector pET20b(+) between the Ndel and Hindlll sites.
The protein was expressed in E. coli BL21(DE3) CodonPlus(+) cells
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after induction with isopropyl-f-b-thiogalactopyranoside and puri-
fied by sequential chromatography on DE-52 anion-exchange,
Phenyl-Sepharose hydrophobic interaction, and Superdex 75 gel-fil-
tration columns. EDTA (1 mm), DTT (1 mm), and glycerol (10-20%)
were included in all chromatography buffers to facilitate purifica-
tion and to maintain protein solubility. They were removed with a
desalting column before copper loading and analysis. holo-PcoA
was prepared by overnight incubation of apo-PcoA with excess
Cu’",, (10 equiv) in the presence of glutathione in MOPS buffer
(20 mm; NaNO,;, 100 mm; pH 7), followed by removal of excess
metal ion and glutathione on a desalting column. The concentra-
tion of apo-PcoA was estimated from the absorbance at 280 nm
derived from PcoA primary sequence (€=80800m 'cm™'), and the
holo-PcoA concentration was determined by the Bradford assay
with apo-PcoA as a standard. Total copper content was determined
with bathocuproine disulfonate (bcs) reagent in the presence of
denaturant guanidine (6 m).©!

Enzyme activity assay—phenol oxidase activity: The assay mix-
ture consisted of holo-PcoA (0.25 um) and dmp (2 mm) in air-
saturated MOPS buffer (20 mm; NaNO;, 100 mMm; pH 7). Oxidation
of dmp was followed spectrophotometrically at 469 nm (e=
14800M~"'cm™).

Cuprous oxidase activity with Cu'Cu"-PcoC: The assay mixture
consisted of holo-PcoA (0.5 um) and Cu'Cu"-PcoC (25 um) in air-sa-
turated MOPS buffer (20 mm, pH 7; NaNO;, 100 mm). Oxidation of
Cu'Cu"-PcoC was followed by separation of the protein products
on a Mono-S HR5/5 cation-exchange column (0.5%5 cm). Protein
identities were confirmed by ESI-MS and metal analyses as de-
scribed previously.”®

For the control reaction under anaerobic conditions, the same
assay mixture was prepared in a glove box (O, level <10 ppm)
with deoxygenated MOPS buffer. The reaction was quenched with
excess Hg?" before each analysis with the Mono-S column. Identi-
cal experiments were performed in air-saturated MOPS buffer to
ensure that there was no artifact associated with Hg?*.
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A Caged Phosphopeptide-Based Approach for Photochemical Activation of

Kinases in Living Cells

Takashi Kawakami,' Huan Cheng, Shuhei Hashiro,' Yasushi Nomura, Shinya Tsukiji, Toshiaki Furuta,’ and

Teruyuki Nagamune*®

Kinase-mediated phosphorylation of proteins and lipids plays a
central role in the regulation of intracellular signaling and cell
functions in all eukaryotes."! Many kinases are maintained in
an inactive state in quiescent cells and activated in response
to cell stimulation, triggering the downstream pathways by
phosphorylating their substrates. It is important that specific
cellular decisions, such as cell-cycle checkpoints, differentiation,
and cell migration, depend upon the precise temporal control
and relative spatial distribution of activated proteins within
cells. Analogous spatiotemporally defined, that is, cell- and
stage-specific, activation of signaling pathways occurs during
early development. Thus, the ability to artificially activate a
kinase of interest at a desired time and/or location in cells as
well as tissues or whole animals would provide important tools
for investigating biological systems and ultimately for engi-
neering living subjects.”” Light-activatable, “caged” proteins are
ideal for this purpose, as the activation can be triggered by a
beam of light with high temporal and spatial resolution.”
Along this line, several groups have previously reported pho-
tocaged derivatives of protein kinases® and kinase-regulated
proteins,” and a few of them have found practical application
in cells. Although protein caging is a straightforward approach
to impart light sensitivity to proteins of interest, the strategy is
limited by the difficulties associated with the preparation of
semisynthetic caged proteins in vitro.

Herein we describe a new peptide-ligand-based method for
photoactivation of kinases in living cells. Many intracellular kin-
ases, which include Src family tyrosine kinases and phosphati-
dylinositol 3-kinase (PI3K), possess modular domains, Src ho-
mology 2 (SH2), and 3 (SH3) domains, that bind short peptide
motifs containing consensus sequences.” The catalytic activity

[a] Prof. T. Nagamune
Department of Bioengineering
Department of Chemistry and Biotechnology
School of Engineering, Center for NanoBio Integration
The University of Tokyo
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656 (Japan)
Fax: (+81)3-5841-8657
E-mail: nagamune@bioeng.t.u-tokyo.ac.jp

Prof. T. Furuta

Department of Biomolecular Science

Research Center for Materials with Integrated Properties
Toho University

2-2-1 Miyama, Funabashi 274-8510 (Japan)

T. Kawakami,* H. Cheng,* S. Hashiro, Y. Nomura, Dr. S. Tsukiji
Department of Chemistry and Biotechnology

School of Engineering, The University of Tokyo

7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656 (Japan)

These authors contributed equally to this work.

[b

[c

[+

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

0

ChemBioChem 2008, 9, 1583 - 1586

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

of these kinases is tightly regulated by the modular domain,
and the peptide-binding induces the activation of the kinase
in an allosteric manner.”? We therefore reasoned that caged an-
alogues of such modular domain-binding peptides should pro-
vide a general means to activate these kinases by light without
need of chemical modification. To test this strategy, we target-
ed PI3K for photoactivation in this work. PI3K is a lipid kinase
that catalyzes the phosphorylation of phosphatidylinositide-
4,5-bisphosphate at the D3 position of the inositol ring, pro-
ducing a lipid second messenger, phosphatidylinositide-3,4,5-
trisphosphate (PtdInsP;).®' PtdInsP; activates a number of
downstream signaling proteins and regulates diverse cellular
functions, such as cell survival, metabolism, motility, vesicle
trafficking, and neurite outgrowth. Although caged derivatives
of various second messengers are currently available,”” there is
no strategy for photochemically producing PtdinsP; inside
cells. Therefore, the ability to activate PI3K by light will be
highly valuable for spatiotemporally controlling PtdInsP;-de-
pendent biological events in (multi)cellular contexts.

Previous studies have revealed that peptides containing a
pYXXM (pY, phosphotyrosine; X, any amino acid) sequence can
activate PI3K through binding to the SH2 domains within the
p85 regulatory subunit."” Accordingly, we decided to prepare
a SH2 domain-targeting peptide of which the activating tyrosyl
phosphate moiety is protected with a photolabile group.
Chemical synthesis of caged phosphopeptides have been re-
cently described.""'? However, the peptides include classical
2-nitrobenzyl-based caging groups and thus the photosensitiv-
ity to less cell-toxic UV light (ideally over 350 nm) may not be
sufficient for many applications. We thus first synthesized a
new 6-bromo-7-hydroxycoumarin-4-ylmethyl (Bhc)-caged phos-
photyrosine building block 1 suitable for Fmoc-based solid-
phase peptide synthesis (SPPS). Bhc is a recently developed
caging agent which can be removed efficiently by both one-
photon UV and two-photon IR excitation™ and has been uti-
lized for caging several biological molecules such as glutamic
acid,"* mRNA," cyclic GMP/AMP,"*? and protein-synthesis in-
hibitor."*¥

The synthetic route to 1 is outlined in Scheme 1. In brief, the
starting precursor 6-bromo-7-methoxymethoxycoumarin-4-yl-
methanol 2 was prepared in three steps as previously repor-
ted.® Phosphitylation of 2 with 2-cyanoethyl diisopropyl-
chlorophosphoramidite and triethylamine (TEA) in dichloro-
methane (DCM) afforded the corresponding phosphoramidite
3 in quantitative yield. The tert-butyldimethylsilyl (TBDMS)
group was used for transient carboxyl protection of commer-
cially available N-a-Fmoc-L-tyrosine and the protected inter-
mediate 4 was phosphytilated with 3 in the presence of tetra-
zole in tetrahydrofuran (THF). The phosphite was immediately
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Scheme 1. Synthesis of Bhc-caged phosphotyrosine building block 1. a) 2-cyanoethyl diisopropylchlorophosphoramidite and TEA in DCM. b) tert-butyldimeth-
ylchlorosilane and N-methylmorpholine in THF. c) i: compound 3 and 1H-tetrazole; ii: tert-butyl hydroperoxide (5-6 m solution in decane) in THF.

oxidized using tert-butyl hydroperoxide to the pentavalent
species. Subsequent aqueous work-up gave the desired build-
ing block 1 in good yield. The cyanoethyl group on the phos-
phate is removed concurrently with Fmoc deprotection for
chain elongation using 20% piperidine/N,N-dimethylforma-
mide (DMF).! The methoxymethyl (MOM) group on the Bhc is
cleaved at the final full deprotection step using TFA treatment.
Using the building block 1, a Bhc-caged phosphotyrosine pep-
tide 5 was prepared by standard SPPS procedure and purified
to homogeneity by reversed-phase HPLC (RP-HPLC; Figure 1A).
5 contains a sequence derived from 736-744 amino acids of
platelet-derived growth factor receptor (PDGFR) in which the
PI3K-activating pYXXM motif is included.™

The photochemical properties of the caged peptide 5 were
evaluated. The peptide in K-MOPS solution was irradiated with
UV light at 350 nm followed by RP-HPLC analysis as a function
of time. Photolysis followed first-order kinetics and led to
almost quantitative conversion of 5 into the corresponding
phosphopeptide 6 and 6-bromo-7-hydroxycoumarin-4-ylmeth-
anol 7, which was confirmed by RP-HPLC and MALDI-TOF-MS
analysis (Figure 1C). The quantum yield for photo-uncaging
was determined to be 0.12, using the previously reported
method (Figure 1D)."¥ In addition, the overall photosensitivity,
which can be expressed as the product of the quantum yield
of photolysis (®) and the molar absorption coefficient (¢), was
calculated to be 1538 m~'cm™". The value is comparable with
that for Bhc-caged cyclic GMP/AMP"*9 We found that a 2-ni-
trophenylethyl-caged analogue of the same peptide (8, Fig-
ure 1B)"™ underwent photocleavage with an approximately
eight times lower @-¢ value of 195m~'cm™' (Figure 1D), indi-
cating the superior photosensitivity of the Bhc-caged phospho-
peptide. On the other hand, 5 was stable to hydrolysis in the
absence of light and less than 10% of the starting material
was removed at room temperature even after one week. It
should be noted that the marginal consumption of 5 in the
dark was due to hydrolysis of tyrosyl phosphate ester, produc-
ing an unphosphorylated tyrosine peptide with no SH2-
domain-binding ability. Furthermore, the two-photon uncaging
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action cross-section (d,) of 5 was measured by use of a femto-
second-pulsed, mode-locked Ti-sapphire laser. Product analysis
by RP-HPLC after two-photon photolysis of 5 showed the
same HPLC traces as those obtained after one-photon uncag-
ing (data not shown), indicating that the Bhc-cage was effi-
ciently liberated to afford 6 by IR laser pulses. The d, value de-
termined at 740 nm excitation was 0.78 GM (Goeppert-Mayer,
1GM=10"cm"s per photon), which ideally exceeds the
0.1 GM that is desirable for biological applications in live speci-
mens.* This represents a first report of two-photon-activata-
ble caged polypeptides.

To demonstrate the photoactivation of PI3K in living cells,
the green fluorescent protein (GFP)-fused Akt pleckstrin ho-
mology (PH) domain (GFP-PHAkt), a fluorescent indicator for
PtdInsP,™® was transiently expressed in NIH3T3 cells. Caged
peptide 5 was microinjected into the cells and live-cell imaging
was performed on a confocal laser scanning microscope
(CLSM). Before light irradation, GFP-PHAkt was evenly distribut-
ed throughout the cells (Figure 2). Exposure of the cells to the
light of a UV hand lamp at 365 nm for 2 min and subsequent
15 min incubation led to the accumulation of the GFP-PHAkt
at the plasma membrane, indicating in situ production of
PtdinsP;. A propidium iodide staining assay revealed that the
UV irradiation caused no toxic effects on cells. When the same
experiment was carried out after treating the cells with the
PI3K inhibitor, LY294002 (LY), no production of PtdInsP; was
observed. In addition, caged peptide 9"® containing a se-
quence specific to the SH2 domain of STAT3 (signal transduc-
ers and activators of transcription 3, Figure 1B) did not induce
the accumulation of PtdInsP; even after light irradiation. All
these results provide clear evidence that the photochemical
uncaging of Bhc-caged phosphopeptide 5 induced the activa-
tion of endogeneous PI3K, producing PtdInsP; in living cells.

In summary, we have developed new caged phosphopep-
tides that are efficiently photolyzed in response to both one-
photon UV and two-photon IR excitation. It will also be feasible
to integrate Bhc-caged peptides with recombinant proteins by
protein-ligation techniques'” to yield multiphoton-activatable

ChemBioChem 2008, 9, 1583 - 1586
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Figure 1. Synthesis and photochemical properties of Bhc-caged phosphotyrosine peptides. A) Building block 1 was incorporated into a PI3K-activating phos-
photyrosine peptide 5 using standard solid-phase peptide synthesis. Caged peptide 5 releases the corresponding phosphopeptide 6 and Bhc-methanol 7
either by single-photon UV or two-photon IR excitation. B) Other caged peptides used in this study. C) HPLC traces before (left) and after (right) UV photolysis
(350 nm, 4 min) of caged peptide 5. Conditions: 100 um in K-MOPS buffer. Detection at 220 nm. D) Time courses of photolysis of caged peptide 5 (e), 8 (m),

and 9 (e). Conditions: 8 um in K-MOPS buffer.

semisynthetic proteins. We believe that the development and
in vivo applications of multiphoton-activatable peptides/pro-
teins are the next frontier in chemical biology. More important-
ly, we have demonstrated light-controlled PI3K activation and
PtdinsP; production within living cells by using the caged
phosphopeptide. We are particularly interested in applying the
present tool to investigating the spatiotemporal role of
PtdInsP; on cell migration™ and neurite outgrowth.' Given
the availability of several SH2 and SH3 domain-targeting poly-
peptides capable of activating kinases,”*” caged analogues of
such peptide ligands should provide a general strategy for the
activation of specific signaling pathways with temporal and
spatial precision in the context of single cells, tissues, or whole
organisms.
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Figure 2. Light-mediated production of PtdInsP; in living NIH3T3 cells.
NIH3T3 cells transiently expressing GFP-PHAkt were microinjected with
caged peptide 5 or 9. False-color images were acquired before and 15 min
after UV irradiation (365 nm, 2 min) using a CLSM. In PI3K inhibition experi-
ments, cells were treated with LY before microinjection.
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COMMUNICATIONS

A Chemical Library Approach to Organic-Modified Peptide Ligands for PDZ
Domain Proteins: A Synthetic, Thermodynamic and Structural Investigation

D. Gomika Udugamasooriya,” Sudhir C. Sharma,”” and Mark R. Spaller*® "

PDZ domains are members of the protein interaction domain
family, " semi-autonomous modules embedded within larger
signaling proteins that impart a degree of exclusivity to the
binding properties of their hosts. As mediators of mammalian
protein—protein interactions that number in the hundreds, PDZ
domains are party to a correspondingly large array of cellular
processes, most notably those that regulate or support neuro-
nal activities.” Specific, bioavailable molecular probes are
needed to foster biological inquiries into their functions; to-
wards this end, we report our recent progress in the discovery
and development of PDZ domain inhibitors.

Here the focus is on the protein postsynaptic density 95
(PSD-95), which bears three PDZ domains. Abundant in neu-
rons, PSD-95 serves as a nexus for transient interactions that
affect core synaptic events, such as transmission and plastici-
ty.®¥ Inhibitors that selectively uncouple these PDZ domain-
promoted associations will greatly assist in determining their
exact roles. Further, disrupting these interactions of PSD-95
could constitute novel therapeutic avenues for treatment of
stroke and ischemic brain damage®™ and other excitotoxic dis-
orders.”

We now expand upon prior work in which linear peptide li-
gands for the third PDZ domain (PDZ3) of PSD-95 were devel-
oped.” Data from that investigation, in conjunction with an X-
ray crystal structure we solved of PDZ3 bound to the hexapep-
tide KKETWV (PDB ID: 1TP5), indicate that the binding site oc-
cupied by the side chain of the penultimate C-terminal residue
(Figure 1, position P_;) can accommodate a variety of organic
substructures. We hypothesized that suitable elaboration of a
side chain within that site—and perhaps even just beyond its
perimeter—might enhance existing interactions and possibly
accrue new ones.

A ligand design strategy was devised, built upon a parallel
chemical synthesis platform, in which a diverse collection of
organic acids was used to acylate individually an amino side
chain at P_, of a peptide ligand for PDZ3 (Scheme 1). This ap-
proach was inspired by a library-based peptide modification
protocol, in which consensus sequences have been iteratively
transformed into high-affinity ligands.®! As originally reported,
however, the methodology does not allow for display and
screening of the unmodified peptide C terminus (a strict re-
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Targeted surface .

extending beyond ¢
canonical 4
binding site

Figure 1. Structure-based design rationale for organic-modified libraries for
PSD-95 PDZ3, based on the complex between PDZ3 and KKETWV. Positions
P, and P_, denote conserved primary binding determinants. P_,, occupied
by Trp, will be replaced by Lys acylated with organic acids. The blue surface
represents a region of diameter 12 A that encircles the Trp indole.

quirement for most PDZ domain binding events), and a signifi-
cantly redeveloped scheme was implemented for our studies.

Two chemical libraries were prepared, templated upon a dif-
ferent hexapeptide—YKQTSV—that we had previously demon-
strated to exhibit slightly higher affinity than KKETWV for
PDZ3.” The acyl acceptor at P_, was either lysine (Library ) or
diaminopropionic acid (Dap; Library Il), replacing the original
residue at that position (Scheme 1). Sets of 92 (LibraryI) and
186 (Library Il) organic acids were used, which were selected to
reflect a range of functionality and carbogenic character (alkyl
and aryl). Between the variable length of the donor arms and
the organic structural diversity presented, the expectation was
that modified ligands displaying improvements in affinity,
target specificity, and in vivo (proteolytic) stability might be
discovered. For this pilot inquiry, the focus was first to evaluate
leads strictly on the basis of the criterion of binding strength.

An ELISA-type assay was developed to screen the two libra-
ries, in which the direct binding of a GST-PDZ3 fusion protein
was detected by use of a standard dual antibody system (see
the Supporting Information). The top-scoring sequences
(Scheme 2) were individually synthesized on preparative scale
without N-terminal extensions, and isothermal titration calo-
rimetry (ITC) was used to measure their solution binding pa-
rameters with PDZ3 (Table 1).

All six of the modified ligands exhibit improved affinity over
the unmodified parent peptide YKQTKV, with dissociation con-
stants in the low- to submicromolar range. The upper end is
marked by an almost 20-fold enhancement for 6, with the ad-
dition of an aryl bromide to Dap. Of note is that the next tight-
est binder, 1, bears a chlorinated aryl sulfide, with the aromatic
ring of almost equal bond count distance from the backbone.

. WWILEY
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BIO

1) In single batch mode: starting with preloaded Fmoc-Val Wang resin,
perform standard Fmoc solid-phase synthesis of protected hexapeptide
YKQTXV (where X = Lys or Dap)

2) N-terminal extension with two equivalents of Ahx,

followed by biotinylation OfBu

CONH(Tr) | NH(Dde)
] " 0 0 Eﬁ; g 0 Yl w
N Il A AT N I L
HN (v R4 WYY :
g F 0 ’ (ool G o aam
g 4' "NH(Boc) OtBu >
3) Orthogonal Dde removal

(2% hydrazine in DMF)

favorable release of water, this is not necessarily in
accord with the observation that the change in free
energy is attributable solely to enthalpy (AAH=
1.8 kcalmol™). This suggests the formation of dis-
crete, specific molecular interactions with the protein
surface, attributable to the added organic acid
moiety.

The metamorphosis of YKQTKV into 1 successfully
evades the annoying phenomenon of enthalpy-en-
tropy compensation,”” in which structural modifica-

4) Array resin into Qs-rrell filter plates: Lbrary I n=4 (P, =Lys) tion of a ligand yields energetic gains made in bind-
add organic acids (R"CO,H) to separate wells; Library Il: n=1 (P, = Dap) . _
couple with PyBop, HOBE. NMM (12 h) i ing enthal_py t.hat.are offset by a co.mparable unfa?vor

5) TFA cleavage/deprotection R* able loss in binding entropy (or vice versa). While 1

does experience a small decrease in entropy, it sub-
8 . . tracts little from the large 4H value, which is almost
HN’\)\H” N\'/VV" N._-COzH fully transferred to AG.
NH EINS) /\ To probe the nature of the interaction between
o]

6) Cold ether precipitation; plate centrifugation;
solution removal; dissolve in agueous buffer
7) Array library into streptavidin-coated
microplate; ELISA screen & hit selection
lead sequences for individual synthesis
& solution binding validation (ITC)

Scheme 1. Synthesis and screening of C-terminal-displayed organic-modified libraries for

PSD-95 PDZ3.
OH o R
CONH
= My o o g
N N N oo
H,N N I.r : N7 I/ ~ 2
O ( H O - H O -
A TNH ~"“OH <
% s %y T OMe % =
1(n=4) 2 (n=4)OMe 3(n=4)
Br
Br /\/(jf
'-,_LI/‘('?S\/ E/\Cl %
4(n=4) 5(n=4) 6(n=1)

Scheme 2. Organic-modified peptides for PSD-95 PDZ3 based on selected
sequences from screening Libraries | (ligands 1-5) and Il (ligand 6).

These two ligands, deriving from different libraries, may thus
represent convergence towards a discrete region of the pro-
tein surface in which favorable binding interactions can occur.
Similarly, the slightly lowered affinity pair of compounds 2 and
3 may also reflect a salutary outcome for aromatic positioning
in a more distal location.

On further examination of ligand 1, the Ky of 0.55 um equa-
tes to a full order of magnitude improvement in affinity over
that of YKQTKV. While the addition of the chlorinated aromatic
ring might implicate a hydrophobic effect with an energetically
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ligand 1 and PDZ3, we turned to protein NMR and
conducted HSQC chemical shift perturbation experi-
ments.'” Separate titrations of "N isotopically la-
beled PDZ3 with 1 and with unmodified YKQTKV re-
vealed that while the binding of both generated
chemical shifts from residues within the established
P_, site, ligand 1 also evoked additional responses
from regions just beyond the demonstrated binding
pocket (Figure 2). This was accompanied by similar

Table 1. Thermodynamic binding parameters of organic-modified pep-
tide ligands and PDZ3 of PSD-95.”

Ligand  Kq [um] AG [kcalmol™  AH [kcalmol™"] TAS [kcalmol™']
YKQTKV 6.3 (£1.1) —7.1(£0.1) —4.1 (£0.7) 3.0 (£0.1)

1 0.55 (+£0.1) —8.6 (£0.1) —5.9 (£0.1) 2.7 (£0.1)

2 1.5 (£0.1) —7.9 (£0.1) —4.4 (£0.1) 3.5 (£0.1)

3 1.4 (£0.1) —8.0 (£0.1) —4.5(£0.7) 3.5 (+0.1)

4 2.2 (+£0.6) —7.7 (£0.2) —3.6 (£0.1) 4.1 (£0.1)

5 2.0 (£0.2) —7.8 (£0.1) —4.1(£0.1) 3.7 (£0.1)

6 0.33 (£0.1) —8.9 (£0.1) —5.3 (£0.7) 3.6 (£0.1)

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

[a] Values are each the arithmetic mean of at least two independent ex-
periments (error shown beside each value reflects the range).

unique shifts further removed from the P_, site. In both cases,
such shifts may connote direct residue interactions, as well as
those that are propagated through conformational motions. In
either event, this provides preliminary support to our conjec-
ture that such organic-modified ligands can access protein-
binding modes that a native peptide cannot.

In summary, our design strategy as executed has led to
potent compounds directed towards a PDZ domain of prime
neurobiological importance. The success achieved here lays
the foundation for future expansions of this work; in addition
to 1) increasing the number of organic acids used, these in-
clude 2) placement of acylation sites at P_; and beyond, thus
allowing for iterative additions for multiple organic modifica-
tions on a single backbone, 3) the use of other amino side
chain donor residues of variable length (such as ornithine), to

ChemBioChem 2008, 9, 1587 — 1589
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es found only
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Figure 2. Model of the side chain of 1 (red) supplanting that of Trp in the
KKETWV-PDZ3 structure. Positioning of the side chain of 1 is not energetical-
ly minimized, and is intended only to portray the potential extent of occu-
pancy. Differential HSQC chemical shifts upon binding that are unique to 1
are mapped onto residues of the PDZ3 structure (green).

explore the molecular recognition space of the protein surface
further, and, of particular significance, 4) application to other
PDZ domains. Considering the scarcity of small binding ligands
for these proteins, this last point is especially attractive, since
many PDZ domains adhere to a common modular binding for-
mula that can be rapidly exploited by the extensible approach
presented here.

Detailed procedures for conducting the synthetic, assay, and
HSQC experiments are provided in the Supporting Information.
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Structural, Functional and Calorimetric Investigation of
MosA, a Dihydrodipicolinate Synthase from Sinorhizobium
meliloti L5-30, does not Support Involvement in Rhizopine

Biosynthesis

Christopher P. Phenix,™ < Kurt Nienaber,”™ Pui Hang Tam,®® 9 Louis T. J. Delbaere,” and

David R. J. Palmer * "]

MosA is an enzyme from Sinorhizobium meliloti L5-30, a benefi-
cial soil bacterium that forms a symbiotic relationship with legu-
minous plants. MosA was proposed to catalyze the conversion
of scyllo-inosamine to 3-O-methyl-scyllo-inosamine (compounds
known as rhizopines), despite the MosA sequence showing a
strong resemblance to dihydrodipicolinate synthase (DHDPS) se-
quences rather than to methyltransferases. Our laboratory has al-
ready shown that MosA is an efficient catalyst of the DHDPS re-
action. Here we report the structure of MosA, solved to 1.95 A res-
olution, which resembles previously reported DHDPS structures.
In this structure Lys161 forms a Schiff base adduct with pyruvate,
consistent with the DHDPS mechanism. We have synthesized
both known rhizopines and investigated their ability to interact
with MosA in the presence and absence of methyl donors. No

Introduction

Rhizobia and sinorhizobia are beneficial soil bacteria that form
symbiotic relationships with leguminous plants. Through a
complex process, the bacteria induce the plants to grow root
nodules in which the bacteria then reside using plant nutrients
while fixing nitrogen for the plants. Once in the root nodules,
the sinorhizobia then differentiate into bacteroids, and the
genes associated with nitrogen fixation are expressed. This
symbiotic relationship is still not clearly understood, and there
is considerable interest in the molecular basis of symbiosis™
and its impact on plant evolution.”

Certain strains of sinorhizobia, Sinorhizobium meliloti L5-30
in particular, synthesize a class of aminocyclitol compounds
called rhizopines. Rhizopines are believed to provide a biased
rhizosphere, in which bacteria able to catabolize them are
given a selective advantage over those which cannot.”’! This
could increase the efficacy of commercial agricultural products
called nitrogen inoculants, and thus rhizopines have received
attention by those interested in their agricultural and micro-
biological properties.”’ To date, only two rhizopines have been
identified: scyllo-inosamine (1) and 3-O-methyl-scyllo-inosamine
(2)_[5]

MosA is a protein found in S. meliloti L5-30 and has been
implicated in the biosynthesis of the rhizopine 2 from 1, as in-
dicated in Scheme 1.5 MosA was assigned the function of an
O-methyltransferase based on indirect evidence, specifically

ChemBioChem 2008, 9, 1591 - 1602
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MosA-catalyzed methyltransferase activity is observed in the pres-
ence of scyllo-inosamine and S-adenosylmethionine (SAM). 2-Ox-
obutyrate can form a Schiff base with MosA, acting as a compet-
itive inhibitor of MosA-catalyzed dihydrodipicolinate synthesis. It
can be trapped on the enzyme by reaction with sodium borohy-
dride, but does not act as a methyl donor. The presence of rhizo-
pines does not affect the kinetics of dihydrodipicolinate synthesis.
Isothermal titration calorimetry (ITC) shows no apparent interac-
tion of MosA with rhizopines and SAM. Similar experiments with
pyruvate as titrant demonstrate that the reversible Schiff base
formation is largely entropically driven. This is the first use of ITC
to study Schiff base formation between an enzyme and its sub-
strate.

the detection of both 1 and 2 in root nodules infected by bac-
teria containing the mosA gene, while only 1 was detected in
the absence of this gene. This assignment has been independ-
ently discussed in the literature”® because MosA shares 45%
sequence identity to Escherichia coli dihydrodipicolinate syn-
thase (DHDPS), an enzyme responsible for the branch point
reaction in the biosynthesis of L-lysine and meso-diaminopime-
late.”"” DHDPS catalyzes the condensation of pyruvate with
L-aspartate-B-semialdehyde (ASA) to form dihydrodipicolinate
(Scheme 1), and the enzyme has been well-studied, particularly
in a recent series of structure-function studies by Gerrard and
coworkers on the DHDPS from E. coli’™'” These studies indi-
cate that DHDPS follows a ping-pong mechanism, in which
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Scheme 1. A) The methyltransferase reaction in rhizopine biosynthesis previ-
ously ascribed to MosA. B) The dihydrodipicolinate synthase reaction known
to be catalyzed by MosA.

pyruvate Schiff-base formation precedes binding of ASA, and
that L-lysine is an allosteric, hyperbolic inhibitor." Sequence
alignments indicate that all active-site residues known from
studies of DHDPS are conserved in MosA. In fact, our lab has
demonstrated that MosA is a DHDPS, with Michaelis constants
(0.27 and 0.13 mm for pyruvate and ASA, respectively) similar
to other DHDPS enzymes."® This finding does not rule out the
possibility that MosA is also a methyltransferase, “moonlight-
ing” with a second function. To date, in at least six publica-
tions® %129 MosA is described as an apparent O-methyltrans-
ferase. However, no methyl donor has been proposed for the
methyl transfer reaction, which bares no resemblance to the
Schiff-base-dependent aldolase mechanism catalyzed by
DHDPS. As pointed out by Babbitt and Gerlt,” there is no prec-
edent for a methyl transfer mechanism involving a protonated
Schiff base functioning as an electron sink, although such a
mechanism can be drawn with 2-oxobutyrate (Scheme 2). S-
Adenosylmethionine (SAM) is the only known cosubstrate for
O-methyl transfer.

Here we report the crystal structure of MosA forming a cova-
lent adduct with pyruvate. We have synthesized 1 and 2 and

Lys161 2-oxobutyrate NE
o +
k % NH
NHs H,c” O co,
H,O 2y 2
CHj
pyruvate 1
H,0
g M
. LR’JH
'TIH 0
C
/C\ PAYEN -
H,C7  COy s HCy CO;
CHj
2 (
HO,
e
H3N OH

Scheme 2. A postulated, albeit unprecedented, mechanism for 2-oxobuty-
rate acting as a methyl donor.
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used HPLC and isothermal titration calorimetry to look for in
vitro MosA-catalyzed methyl transfer, or any apparent interac-
tion of MosA with rhizopines or methyl donors, including the
effects of rhizopines on the MosA-catalyzed DHDPS reaction.
We also have used isothermal titration calorimetry (ITC) to
assess the thermodynamics of Schiff base formation by pyru-
vate and its four-carbon homologue, 2-oxobutyrate.

Results and Discussion
Rhizopine synthesis

Synthetic methods have been developed for the preparation
of aminocyclitols as these compounds are crucial components
of many antibiotics®"*? and potential lead compounds for gly-
cosidase inhibitors,”® but when we began our work the prepa-
ration of 1 had not been reported for 40 years. Early syntheses
of 1 suffer from poor yields and the need to separate stereo-
isomers of the aminocyclitol.*** More recently, a procedure
has been published,?” but excessive steps and the require-
ment of flash column chromatography for most steps limit its
convenience. The lack of a convenient synthesis is somewhat
surprising given that 1 is also a precursor of streptomycin.©?®”
The synthesis of 2 has been reported starting from myo-inosi-
tol in an overall yield of less than 10%.5%

Generating the scyllo-inosamine 1 from inexpensive myo-
inositol is mainly a matter of isolating the axial 2-position for
reaction. We pursued three distinct strategies toward this goal:
1) selective silylation of the 2-hydroxyl group of the 1,3,5-mon-
oorthoformate derivative with tert-butyldimethylsilyl chloride
in 2,6-lutidine, followed by benzylation of the 4/6-positions
and removal of the silyl group; 2) generating the 1,4,5,6-tetra-
O-benzyl-myo-inositol, followed by selective benzylation of the
equatorial 3-hydroxyl group via the dibutylstannylene; and
3) perbenzylation of myo-inositol followed by selective cleav-
age of the 2-O-benzyl group with SnCl,. In our hands, the third
of these strategies, shown in Scheme 3, was most successful.

Starting from the widely used (and commercially available)
monoorthoformate of myo-inositol 3, benzylation with NaH in
DMF leads to the tribenzyl-orthoformate 4. Subsequent remov-
al of the orthoformate with Dowex® 50WX8-100 (H*) ion-ex-
change resin in methanol and a few drops of dichloromethane
provided the tribenzyl inositol; simply filtering off the resin
and evaporating the solvent yields inositol derivatives suffi-
ciently pure for further reactions. Benzylation of the tribenzyl
inositol in DMF with NaH and BnBr provided the symmetrical
hexabenzyl inositol 5 which easily crystallizes from methanol
after routine work up. Direct perbenzylation of myo-inositol
(that is, without first forming the orthoformate) was ineffective
in our hands. Regioselective deprotection of the axial benzyl
group to give pentabenzyl 6 is achieved by SnCl, in dry di-
chloromethane.®" This results in a mixture of deprotected ino-
sitols, although the symmetrical pentabenzyl 6 is obtained in
58% yield. Since unreacted 5 can be recovered from the reac-
tion mixture, subsequent isolation and treatment with SnCl, re-
sults in greater overall efficiency. Routine mesylation in pyri-
dine and Sy2 azidolysis in DMF gives the protected azide 7

ChemBioChem 2008, 9, 1591 - 1602
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Scheme 3. Reagents and conditions: a) NaH, BnBr, DMF, 92%; b) 1) Dowex
(H") MeOH, 2) NaH, BnBr, DMF, 94 %; c) SnCl, CH,Cl,, 58%; d) 1)mesyl chlo-
ride, pyridine, 2) NaN;, DMF, 80°C, 63%; e) 1) tBoc,0, H,, 10% Pd/C,

2) Dowex (H™), 74%. Bn=benzyl; DMF = N,N-dimethylformamide; tBoc=-
tert-butoxycarbonyl.

possessing the desired scyllo stereochemistry with no trace of
the myo-isomer. Simultaneous reduction of the azide and rou-
tine hydrogenolysis proved difficult initially, apparently due to
poisoning of the Pd catalyst by the amino group. Fortunately,
this problem was solved by the in situ protection of the amine
with t-Boc,0, allowing efficient cleavage of the benzyl ether.*?
Once the hydrogenolysis was complete, stirring overnight in
the presence of Dowex (H") resin followed by loading the sus-
pension into a small column and elution with 0.1 m HCI provid-
ed the amine 1 as the HCl salt. In all, 1 was obtained in 25%
yield starting from myo-inositol with flash column chromatog-
raphy required for only two steps.

A strength of the route described above is that it lends itself
to modular changes. In this case, 2 was prepared as outlined
in Scheme 4 by introduction of the methyl group prior to ben-
zylation. The orthoformate 3 was reacted with 1.1 equiv of
CH;l and NaH and allowed to stir for 12 h, after which reaction
with 2.2 equivalents of NaH and benzyl bromide gave 8 in
75% yield. Hydrolysis with Dowex (H") and perbenzylation
gave the methyl ether 9 and upon treatment with SnCl, yield-

. —, e, OBn
0] (6] (6]
0 a) \d\O 0) BnO OBn
L\ on —= VN g —> (0]
OH OBn BnO" \[ “OMe
OH oMe () o
n
3 8 9

Scheme 4. Reagents and conditions: a) 1) NaH, CH;l, DMF, 2) NaH, BnBr,
75%; b) 1) Dowex (H"), MeOH, 2) NaH, BnBr, DMF, 95 %; c) SnCl,, CH,Cl,,
589%; d) 1) mesyl chloride, pyridine, 2) NaN;, DMF, 80°C, 62%; e) 1) tBoc,0,
H,, 10% Pd/C, 2) Dowex (H*), 79%.
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ed alcohol 10. Mesylation and azidolysis gave racemic 11. Sub-
sequent simultaneous deprotection and azide reduction pro-
duced the racemic amine 2 in overall 20% yield with silica gel
chromatography only required for three steps. This route is
similar in its approach to that of Kreif et al.*” but proceeds in
more than double their reported yield.

Protein crystallography

The MosA structure was solved using AMoRe from the CCP4
suite of programs®’ with DHDPS from E.coli (1IDHP)® as a
starting model. Refinement was carried out with REFMAC5 and
model building with Coot, both from the CCP4 suite. Even
though L-lysine was present in the crystallization solution, no
free lysine was evident in the structure. We do not interpret
the absence of L-lysine from the structure as an indication that
the enzyme lacks a lysine-binding site; indeed, we have ob-
served that it inhibits the MosA-catalyzed DHDPS reaction.!'®
The resulting 1.95 A data had a merging R value of 0.10 with
unit cell values consistent with previous unpublished data.
Final R, Was 0.20 with R, of 0.26. Final model checking was
carried out with PROCHECK®* showing 91% in most favored
regions, 7.8% in favored regions, 0.4% in generously allowed
regions, and 0.8% in disallowed regions due to Tyr106, which
is twisted into the adjacent subunit as has been previously de-
scribed,” and Asp265, which is found in an external loop of
the C-terminal domain. Further refinement statistics can be
found in Table 1. The asymmetric unit of MosA crystals con-
tains a homodimer; a crystallographic twofold axis generates
the molecular tetramer.

Gel filtration chromatography indicated that MosA was tetra-
meric in solution at concentrations used for the analyses. The
refined structure showed that the enzyme crystallized as a
tetramer, as shown in Figure 1, consistent with DHDPS from
other bacteria. The tetrameric structure has been shown to be
an important aspect of reactivity with engineered dimeric
forms showing low activity, although it is not yet clear why
this is s0.*® Each monomer displays the canonical (B/a)g
(“TIM") barrel fold, with only a few additional features. Compar-
ison of the structures of monomers of MosA and E. coli DHDPS
using DaliLite® indicated a root-mean-square deviation of
1.0 A, using both an unliganded structure, pdb-designated
1DHP and a lysine-bound structure, 1YXD."

The active site of DHDPS from E. coli contains a set of highly
conserved residues believed to be required for catalysis. Re-
sults from X-ray crystallography and site-directed mutagenesis
experiments'® "> are consistent with Lys161 acting as the
nucleophile that forms a Schiff base with pyruvate. Tyr133,
Thr44, and Tyr107’ of the E. coli enzyme appear to form a cata-
lytic triad that may act as a proton shuttle (in which Tyr107’ is
from an adjacent subunit). Arg138 is positioned at the mouth
of the active site, and appears to be involved in binding of the
second substrate, ASA, in the ping-pong mechanism. The
active site of DHDPS is found at the C-terminal “face” of the
barrel, typical of TIM barrel enzymes.

The active site of MosA contains all the features of other
DHDPS enzymes, some of which are indicated in Figure 2.
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refer to highest resolution shell.

Data collection

resolution range [A]
no. reflections measured
no. unique reflections

Refinement statistics
resolution range [A]

Table 1. Final data collection and refinement statistics for MosA using
REFMAC5 from the CCP4 suite of programs.?”” Numbers in parentheses

space group €222,
unit cell dimensions

alAl 68.9
b [A] 1387
c[A] 123.2
no. molecules in asymm. unit 2

19.75-1.95 (2.00-1.95)
254154
41799 (4563)

Reym 0.10 (0.26)
completeness [%] 93.4 (74.4)
redundancy 3.3 (2.5)

mean I/o(l) 8.48 (3.94)

10.50-1.95 (2.00-1.95)

Ruwork (37 312 reflections) 0.198 (0.32)
Riree (2073 reflections) 0.264 (0.44)
Reys: (39385 reflections) 0.201

no. non-H protein atoms 4408

no. water molecules 322

mean B factors [A?]

main-chain atoms 19.6
side-chain atoms 224

water molecules 24.2

SO,>” atoms 31.7

r.m.s. deviations from ideal geometry

bond distances [A] 0.018

bond angles [°] 2.65
dihedral angles [°] 18.6
improper angles [] 0.20
Ramachandran statistics

most favored [%] 91.0 (431 a.a.)
favored [%] 7.8 (39 a.a)
additional allowed [%] 04 (2 aa)
disallowed [%] 0.8 (4 a.a.)

29 A? for the non-hydrogen atoms.

Roym =Z| {lt) —Ia |/ | la] » where (l,) is the average intensity over symme-
try-related reflections and I,y is the observed intensity. R ,.=2||F,|—
|F.||/Z|F,|, where F, and F_ are the observed and calculated structure
factors. For Rq.. the sum is done on the test set reflections (5% of total
reflections), for R, on the remaining reflections, and for R, on all re-
flections included in the resolution range. Note. 40% of reflections in the
outer shell had I/o(l) > 3. Of the 4 amino acids in disallowed Ramachan-
dran space, two are the Tyr106 residues that stretch into the other mono-
mer active site; the analogoues Tyr residue is found in a strained confor-
mation in other DHDPS structures (see text). The other two are Asp265
residues that are located on an external loop, with average B factors of

Note that there is only a small difference in numbering be-
tween the E. coli DHDPS and MosA. Lys161 of MosA is found at
the C-terminal end of B-strand 6 of the barrel, forming an
imine or enamine adduct with pyruvate, the first substrate in
the ping-pong mechanism of the DHDPS reaction. As indicated
in Figure 2B, the density seen is clearly consistent with a pyru-
vate adduct. Adjacent to this residue, located at the end of
strand 5, is Tyr132. The hydroxyl group of this residue appears
poised to act as an acid/base catalyst in the Schiff base forma-
tion reaction between Lys161 and pyruvate, with the phenolic
oxygen just 3.35 A from the imine carbon atom. A small helical

1594 www.chembiochem.org
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B*

A*

Figure 1. Tetramer of MosA. The asymmetric unit found in the crystal struc-
ture contains a dimer. Image generated with PyMol (Palo Alto, CA).

extension from strand 2 of MosA contains a threonine-threo-
nine dyad, Thr43 and Thr44. The side-chain oxygen of Thr43 is
4.36 A from the side-chain oxygen of Tyr132, and is proposed
to form the proton relay through hydrogen bonding to the
phenolic oxygen of Tyr106’, just 2.82 A away. The Tyr106’ side
chain reaches into the active site of MosA from a loop extend-
ing from strand 4 of the adjacent subunit. Arg137 is found at
the mouth of the active site, on a helical projection from
strand 5. Gly186 at the C terminus of strand 7, has been pro-
posed to provide a favorable dipole for the binding and reac-
tion of the hydrate of ASA. At the end of strand 8, le203 ap-
pears to delimit the volume adjacent to the lysine-pyruvate
adduct, which may contribute to the selectivity of the enzyme
toward pyruvate. The close correspondence of the MosA active
site to that of E. coli DHDPS is shown in Figure 2 C. The mecha-
nism for the MosA-catalyzed DHDPS reaction can therefore be
proposed to proceed as in Scheme 5, in simile with the DHDPS
mechanism put forth by Gerrard and coworkers."

2-Oxobutyrate interacts with MosA

We have already demonstrated that MosA can function as a
DHDPS in vitro and in vivo."® With the two rhizopines in hand,
we were able to investigate the two postulated mechanisms of
methyl transfer: with SAM or 2-oxobutyrate as a methyl donor.
Of these, the SAM mechanism seemed more plausible, since
there is ample precedent of such reactions, despite the lack of
any apparent SAM-binding motif in MosA. However, interaction
of 2-oxobutyrate with MosA was also reasonable, since most
pyruvate-utilizing enzymes will also utilize 2-oxobutyrate. We
have found MosA to behave very much like the E. coli DHDPS
with respect to catalysis and inhibition by lysine,"® but there is
some conflict in the literature regarding the effect of 2-oxobu-
tyrate on DHDPS. A review article from 1996 states categorical-
ly that the E. coli enzyme is not inhibited by pyruvate ana-

ChemBioChem 2008, 9, 1591 - 1602



www.chembiochem.org



Investigating the Function of MosA

A)
Strand 7
Gly186
Strand 8
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Figure 2. The active site of MosA. A) The monomer, with active-site residues labelled. The adduct of Lys161 is
highlighted using cyan for the carbon atoms. Image generated with VMD (Urbana, IL) followed by POV-Ray (Victo-
ria, Australia). B) Stereoview difference map (“omit map”, F,—F. contoured to 30) indicating the electron density
due to pyruvate modification of Lys161. Image generated with PyMol. C) Stereoview superposition of the active-
site residues of MosA with DHDPS from E. coli. Carbon atoms of MosA are indicated in green; DHDPS carbon
atoms in mauve. Structural alignment was performed with DaliLite.*® Image generated with PyMol.
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logues such as 2-oxobutyrate,””
but in 1997 Karsten®® reported
competitive inhibition of E. coli
DHDPS by 2-oxobutyrate, with
K;=0.83 mwm.

We find 2-oxobutyrate to be
a competitive inhibitor of MosA
with respect to pyruvate. The
inhibition constant, K,=09+
0.3 mm, was evaluated by Dixon
plot, which clearly fit the model
for competitive inhibition,*” as
shown in Figure 3. Furthermore,
the presumed Schiff-base inter-
mediate formed by 2-oxobuty-
rate could be trapped by treat-
ment with sodium borohydride.
We previously showed that
treatment of MosA with sodium
borohydride in the presence of
pyruvate resulted in an inactivat-
ed enzyme which was increased
in  molecular weight by an
amount corresponding to the re-
duced pyruvate adduct, whereas
treatment with sodium borohy-
dride alone did not affect acti-
vity."®  Similarly, treatment of
MosA in the presence of 2-oxo-
butyrate resulted in an inactivat-
ed enzyme whose activity could
not be restored upon dialysis.
Treatment of MosA with NaBH,
followed by HPLC-MS resulted in
a peak corresponding to a mass
of 33342 [M+H]", the mass ex-
pected for MosA without any
modifications, demonstrating
that the reagent itself does not
affect the mass of the protein.
Treatment of MosA with NaBH,
in the presence of 2-oxobutyrate
resulted in a peak corresponding
to a mass of 33427 [M+H]*. The
difference in the masses is 85,
corresponding to the mass dif-
ference expected for a reduced
Schiff base adduct of MosA with
2-oxobutyrate. Despite acting as
a pyruvate analogue in the
active site of MosA, we observed
no evidence that 2-oxobutyrate
could react with aspartate semi-
aldehyde to form a methyldihy-
drodipicolinate; this suggests
that the steric demand of the
additional carbon atom does not
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Scheme 5. Proposed mechanism of the MosA-catalyzed DHDPS reaction, adapted from Dobson et al."”

permit the aldolase reaction. This was also observed for E. coli
DHDPS.*”

HPLC was used to assess methyl transfer from 2-oxobutyrate
to 1. Although pyruvate is a product of the postulated reaction
of Scheme 2, a coupled assay with lactate dehydrogenase and
NADH is not possible because 2-oxobutyrate is also a substrate
of lactate dehydrogenase. Derivatization of the rhizopines with
9-fluorenylmethyloxycarbonyl chloride (FMOC-CI) following a
procedure reported for glucosamine™" resulted in adducts that

700
600 o
500
400

300

1/v/ min mm™

200
100

7 ; 1 ) 3 4 5

-100

[2-oxobutyrate] / mm

Figure 3. Dixon plot indicating competitive inhibition by 2-oxobutyrate with
respect to pyruvate of the MosA-catalyzed DHDPS reaction. Reactions per-
formed in 100 mm imidazole, 10 mm K,HPO,, pH 7.7, at 37 °C. Pyruvate con-
centrations: 0.125 (0), 0.25 (@), 0.5 (m), 1.0 (0), and 1.5 mm (A).
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could be separated by reversed-
phase HPLC. Reaction mixtures
of MosA, 2-oxobutyrate and 1
were prepared in phosphate
T buffer at pH 7.0, since these con-
ditions minimized the hydrolysis
of FMOC-CI, but MosA retained
(DHDPS) activity. However, for-
mation of the FMOC derivative
. of 2 could not be detected
. coy under these conditions.
NH,

—_—

Lo
S

O

NH, ‘HO< Ny106
T43

Investigation of SAM as a
T methyl donor

As stated above, O-methyltrans-

_.-H0 ferases typically rely on SAM as a
\‘HO/’HO\Y106, methyl donor. We monitored a
\T43 reaction mixture of 1 and SAM

in the presence of MosA. To do
so, an HPLC assay was devel-

8
W

+ CO2 oped to observe the disappear-
NHz ance of SAM and the appear-
R137 NH, ance of the product S-adenosyl-

homocysteine (SAH). Commer-
cially available SAM comes only
70% pure, and unfortunately,
one of the major contaminants is SAH. Consequently, any
HPLC assays that measured the decrease in amounts in SAM
and increased amounts of SAH must take this into account. Re-
action mixtures containing MosA, SAM and 1 were incubated
at 37°C for 3 h, after which protein was removed by ultrafiltra-
tion and aliquots injected into the HPLC. SAM and SAH were
detected at 260 nm using retention times that were deter-
mined by the commercial standards. Methyltransferase activity
was qualitatively diagnosed by comparing the ratios of the
areas of SAM to SAH. However, no change in the ratio of peak
areas could be detected; in the presence and absence of
MosA, the ratio of SAM to SAH was 27:1. The same assay was
used to detect methyl transfer from SAM to catechuic acid cat-
alyzed by catechol O-methyltransferase (COMT), as shown in
Figure 4. After incubation of COMT with catechuic acid and
SAM, the appearance of SAH could clearly be detected, as indi-
cated by a SAM/SAH ratio of 10:1, validating the method.

Rhizopines do not inhibit DHDPS activity

If MosA is involved in rhizopine synthesis, then the protein
must interact with the putative substrates in some way. The
first attempt to observe such an interaction was an investiga-
tion of rhizopines 1 and 2 on the MosA-catalyzed DHDPS reac-
tion. If the rhizopines bind at the same active site used for the
aldolase reaction then some effect on the rate would be
expected. No such effects were observed after pre-incubation
of MosA with up to 10 mm rhizopines, in contrast to the meas-
urable effects of 2-oxobutyrate described above.
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Figure 4. Reverse-phase HPLC chromatograms of methyl transfer assays. Re-
tention times: SAH, 9.2 min; SAM, 15.7 min; A) commercially available SAM
(2.5 mm) in imidazole buffer (100 mm imidazole, 10 mm K,HPO,, pH 7.6). B) 1
(2.5 mm), SAM (2.5 mm) and MosA (0.23 um) incubated for 3 h at 37°C in
imidazole buffer (100 mm imidazole, 10 mm K,HPO,, pH 7.6). C) Methyl trans-
fer from SAM to catechuic acid catalyzed by COMT in phosphate buffer

(200 mm NaH,PO,, 5 mm MgCl,, pH 7.4), 100 units COMT, 3 mm SAM and

2 mm catechuic acid 2.5 h, 37°C.

Isothermal titration calorimetry (ITC)

ITC using a microcalorimeter directly measures the heat re-
leased or absorbed by the stepwise titration of one reactant
into a sample cell containing the other, and can therefore be
used to measure covalent and noncovalent molecular interac-
tions. In principle, one can determine in a single experiment
the affinity (K,), enthalpy (AH) and stoichiometry (n) of a bind-
ing event, subsequently allowing the calculation of Gibbs free
energy (AG) and entropy (AS) of association. ITC has contribut-
ed to a greater understanding of binding affinity especially in
protein—protein and protein-small molecule interactions.”?
Due to its versatility in studying various systems of low and
high affinity, ITC is expected to play a vital role in rational drug
design and the study of protein-protein interactions.”¥ Fur-
thermore, since ITC is uniquely able to quantify enthalpic and
entropic contributions, it is a useful bridge between computa-
tional and experimental techniques.“”

We titrated MosA with a known substrate, pyruvate, and it's
analogue, 2-oxobutyrate, as well as SAM, 1, and 2. Schiff-base
formation between enzyme and substrate is very likely a rever-
sible, low-affinity system. Criteria for appropriate analysis of
low-affinity systems have been set out by Turnbull and Dara-
nas.*! If the stoichiometry of binding is known, the concentra-
tions of the two binding components are known with accura-
cy, there is a sufficient signal-to-noise ratio, and a large
enough portion of the binding isotherm is used, then reliable
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data can be extracted. For pyruvate, an injection interval of
200 seconds was sufficient to allow equilibrium to be re-estab-
lished. The resulting hyberbolic isotherm is shown in Figure 5.
The K, extracted for pyruvate’s interaction with MosA was
0.4 mwm; the kinetically-determined K, with respect to pyruvate
reported for MosA"® and for DHDPS from E. coli!' are between
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Figure 5. ITC titrations of pyruvate into buffered MosA solutions. Top graph
shows the raw data for 19 injections (5 pL) of pyruvate (50 mm) into an imi-
dazole buffered MosA solution (0.07 mm based on monomer molar mass) at
15°C. The bottom graph shows data points as energy (as kJmol™ titrant) as
a function of molar ratio with the solid line representing the fit to the 1:1
binding model from Bindworks 1.0 (Calorimetry Sciences Corp., Lindon
Utah).

0.2 and 0.3 mm. This similarity lends support to the assertion
of Turnbull and Daranas that low-affinity systems can be stud-
ied effectively by ITC when the appropriate criteria are met.
The thermodynamic values obtained for Schiff base forma-
tion between MosA and pyruvate, summarized in Table 2, indi-
cate that the process is entropically driven. This can be ac-
counted for by the burial of the negatively charged pyruvate
into the active site of MosA, which will release water from
both the surface of pyruvate and the MosA active site with in-
creased entropy. Furthermore, since the reaction itself involves
MosA and pyruvate forming the MosA-pyruvate Schiff base
and water, no large decrease in rotational and translational en-
tropy is expected. The enthalpy term of this reaction is nega-
tive, likely because of the formation of the imine along with fa-
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Table 2. Thermodynamic data determined by ITC.”!

Ligand T Ky AH AG TAS

ra  [mwm] kmol™l  [kmol '] [kJmol™']
pyruvate 25 04+0.1 —-38+£06 —198+05 16=£1
pyruvate 15 05+01 —-37£01 —-19.1+£05 16+£1

2-oxobutyrate 25 2+1 —3+2 —15+£2 12+3

[a] Experiments performed in imidazole buffer (100 mm, pH 7.7). Values
are an average of at least two independent trials &+ standard deviation.

vorable interactions in the active site of MosA. The observed
enthalpy change is small, and therefore subject to greater in-
fluence of experimental uncertainty, such as protein concentra-
tion, although our results were consistent. Similar thermody-
namic values were obtained by ITC for rho protein, an RNA-
binding transcription terminator factor, covalently binding an
inhibitor through a Schiff base formed between a binding-site
lysine and an aldehyde group.”® We repeated our experiments
at two different temperatures, 25 and 15°C, and the results are
within experimental error of one another; this suggests that
no large heat capacity change is associated with this interac-
tion. This is consistent with the lack of an apparent conforma-
tional change upon pyruvate binding. We sought to compare
our thermodynamic values with similar enzymes, such as aldo-
lases or other Schiff-base-forming enzymes, but could find no
values with which to compare. The previously mentioned ex-
periments with rho protein and a man-made inhibitor are the
only precedent. This is the first reported example of an
enzyme-—covalent reaction intermediate which has been ther-
modynamically characterized by ITC.

Titration with 2-oxobutyrate in place of pyruvate gave very
similar results, although the increase in entropy is smaller, con-
sistent with the proposal that this molecule behaves as a pyru-
vate analogue. The value of the dissociation constant is similar
to the observed K; value.

In contrast, we saw no difference between titration of rhizo-
pine into a solution of MosA and a titration of rhizopine into
buffer alone. This was also true for a titration of 1 into a 2-oxo-
butyrate-saturated solution of MosA. This indicates that there
is no significant binding event occurring between MosA and
rhizopines. Titration of MosA with SAM also indicated no pro-
tein-ligand binding.

Conclusions

The high-resolution structure reported here supports all other
evidence that MosA is a DHDPS. The lysine-pyruvate adduct
observed at the active site of the enzyme is consistent with
the assignment of Lys161 as the key residue in the Schiff-base
mechanism. Other key residues identified in the DHDPS from
E. coli are also present in MosA, including the proposed catalyt-
ic triad Tyr132, Thr43, and Tyr106’, and Arg137 at the mouth of
the active site. The quaternary structure, known to be impor-
tant for activity of the E. coli enzyme, is maintained in MosA. In
the presence of pyruvate, a crystal of the enzyme liganded by
L-lysine could not be attained. It is noteworthy that no DHDPS
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structure containing both substrate and allosteric inhibitor has
been obtained despite our efforts and those of other groups,
perhaps indicating that this complex is inherently unwilling to
crystallize. MosA is competitively inhibited by 2-oxobutyrate
and can be inactivated by reduction of the active-site imine
formed. Isothermal titration calorimetry shows that the cova-
lent binding of pyruvate and of 2-oxobutyrate to MosA pro-
ceed with a significant increase in entropy and a small de-
crease in enthalpy in both cases.

We found no in vitro evidence for the interaction of MosA
with rhizopines 1 or 2. We saw no methyl transfer from 2-oxo-
butyrate or from SAM, and the rate of the MosA-catalyzed
DHDPS reaction was not affected by rhizopines. ITC could not
detect MosA-rhizopine binding. This result does not suggest
that the rhizopine concept itself is flawed, and compounds 1
and 2 may yet be exploited agriculturally in the promotion of
beneficial plant-microbe interactions.

Experimental Section

Organic synthesis: Chemical reagents for organic synthesis, chro-
matography, biochemistry and molecular biology, including fine
chemicals, buffers, salts, and media, were obtained from Sigma-Al-
drich or VWR CanLab (Mississauga, ON), and were categorized as
Molecular Biology Grade or were the highest grade available. Pall
Life Science Nanosep centrifugal devices were purchased from
VWR Canlab. Aspartate-p-semialdehyde was synthesized following
the method of Morris.”” Syntheses that required anhydrous condi-
tions were performed under an inert atmosphere of dried argon or
nitrogen. Glassware was dried overnight in an oven set at 120°C
and assembled under a stream of inert gas. Dichloromethane was
freshly distilled from calcium hydride. Thin-layer chromatography
was performed on precoated silica gel plates (Merck Kieselgel
60F,5,, 0.25 mm thickness) and visualized with phosphomolybdic
acid reagent, iodine vapors, ninhydrin (1.5% w/v solution in tert-
butanol) or ultraviolet light at 254 nm. Flash chromatography was
performed with Merck silica gel 60 (230-400 mesh). NMR spectra
were obtained on a Bruker 500 MHz spectrometer. Chemical shift
was reported in ppm downfield from tetramethylsilane, with the
solvent signal as reference. Infrared spectra were obtained on a
Bioread FTS-40 Fourier transform interferometer using a diffuse re-
flectance cell (DRIFT); diagnostically important signals are reported
in v (cm™"). Mass spectrometric characterization of organic com-
pounds was performed on an APl Qstar XL pulsar hybrid LC/MS/
MS. Melting points were measured on a Gallencamp melting point
apparatus and were not corrected. NMR, mass spectrometry and
elemental analysis facilities are a part of the Saskatchewan Struc-
tural Sciences Centre. Protein mass spectrometry was performed at
the Saskatoon Cancer Centre.

2,4,6-Tri-O-benzyl-1,3,5-O-methylidyne-myo-inositol (4).*® To a solu-
tion of 3 (1.0 g, 5.2 mmol) in dry DMF (40 mL) at room temperature
and under argon, sodium hydride (1.25 g of 60% dispersion in oil,
31.2 mmol; CAUTION! evolution of hydrogen gas) was added. The
reaction mixture was stirred for 10 min and then benzyl bromide
(3.7 mL, 31 mmol) was added dropwise followed by continuous
stirring for an additional 14 h. The reaction was quenched with
water (1 mL) and then partitioned between dichloromethane
(200 mL) and water (100 mL). The organic phase was dried (MgSO,)
and evaporated in vacuo leaving an oil that was crystallized (ethyl
acetate/hexane 10:1) to give 4 (2.2g, 48 mmol, 92% yield).
"H NMR (500 MHz, CDCly): 6=4.04 (m, 1H), 4.30 (m, 2H), 435 (m,
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2H), 443 (m, 1H), 4.55 (m, 6H), 5.52 (d, 0.9 Hz, TH), 7.31-7.34 (m,
15H).

1,2,3,4,5,6-Hexa-O-benzyl-myo-inositol ~ (5).5"  Dichloromethane
(1 mL) was added to dissolve the benzyl derivative 4 (0.76 g,
1.7 mmol) at room temperature. The solution was diluted with
methanol (15 mL) and Dowex 50W-X8-100 (H* form, 3.5g) was
added. The suspension was stirred for 14 h after which TLC con-
firmed completion of the reaction. The resin was removed by filter-
ing the suspension, and the resulting filtrate was evaporated to
yield a white solid. The solid was dissolved in dichloromethane
and evaporated three times to ensure sufficient removal of the
methanol. Without further purification, the crude product was dis-
solved in dry DMF (20 mL) and sodium hydride (0.28 g of 60% dis-
persion in oil, 7 mmol; CAUTION! evolution of hydrogen gas) was
added. The reaction was stirred for five minutes, after which benzyl
bromide (0.9 mL, 7 mmol) was added dropwise; the resulting solu-
tion was stirred continuously for 14 h. The reaction was quenched
with methanol (1 mL) and the solvents removed in vacuo to yield
an oil that was dissolved in dichloromethane (50 mL) and extracted
with water (50 mL). The organic layer was then dried (MgSO,) and
evaporated to yield the crude 5 that was easily purified by crystalli-
zation from boiling methanol (1.12g, 1.6 mmol, 94% yield).
'H NMR (500 MHz, CDCl,): =3.38 (dd, J=2.16, 9.83 Hz, 2H), 3.50
(t, J=9.25Hz, 1H), 4.06 (m, 1H), 4.11 (t, J=9.54 Hz, 2H), 4.59-4.69
(m, 4H), 4.84-4.95 (m, 8H), 7.28-7.31 (m, 30H).

1,3,4,5,6-Penta-O-benzyl-myo-inositol (6). To a solution of 5 (0.10 g,
0.13 mmol) in dry dichloromethane under argon gas, SnCl,
(0.13mL of a 1™ solution in dichloromethane, 0.13 mmol) was
added and the reaction stirred for one hour at room temperature.
The reaction was diluted with dichloromethane (2 mL) then
quenched with cold water (1 mL). A white precipitate formed that
dissolved upon successive washes with brine (3x 1 mL). The organ-
ic layer was dried (MgSO,) and evaporated to yield a crude oil that
was purified by flash chromatography (silica gel, EtOAc/toluene
1:7, v/v) to give pure 6 (0.048 g, 0.076 mmol, 58 % yield) as a white
solid. mp 124-125°C; 'H NMR (500 MHz, CDCly): 6=3.41 (dd, J=
2.7, 9.7 Hz, 2H), 3.47 (t, J=9.4 Hz, 1H), 4.01 (t, J=9.5 Hz, 2H), 4.28
(t, J=2.6 Hz, 1H), 4.75 (s, 4H), 4.85-4.93 (m, 6H), 7.28-7.37 (m,
25H).

1,3,4,5,6-Penta-O-benzyl-2-azido-2-deoxy-scyllo-inositol ~ (7).2""  The
pentabenzyl inositol 6 (2.6 g, 4.0 mmol) was dissolved in anhy-
drous pyridine (25 mL). The solution was cooled to 0°C, and mesyl
chloride (1.5 mL, 20 mmol) was added dropwise while stirring. The
reaction was allowed to gradually reach room temperature and
was stirred for 16 h. The solvents were removed in vacuo to yield a
yellow residue that was taken up in CH,Cl, (50 mL), washed with
HCI (1 m, 3x50 mL), NaHCO; (1M, 2x30 mL), brine (2x30 mL) and
dried (MgSO,). Without further purification, the crude mesyl inosi-
tol was dissolved in dimethylformamide (22 mL) under argon.
Sodium azide (1.25 g, 19.3 mmol) was added in one portion and
the reaction kept at a temperature of 80°C with continuous stir-
ring for 20 h. The mixture was allowed to cool and was then ex-
tracted between CH,Cl, (100 mL) and water (100 mL). The organic
layer was washed with NaHCO; (1 m, 1x50 mL), water (1x50 mL),
brine (1x50 mL), dried (MgSO,) and evaporated to yield a crude
solid. Purification was achieved through flash chromatography
(silica gel, ethyl acetate/hexane 1:3 (v/v)) yielding azide 7 (1.6 g,
2.5 mmol, 63% yield). mp 95-96°C; '"H NMR (500 MHz, CDCl,): 6 =
344 (t, J=9.3Hz, 2H), 3.56-3.69 (m, 4H)), 4.94-4.99 (m, 10H),
7.33-7.46 (m, 25H); *C NMR (127.5 MHz, CDCl,): 6 =67.45, 76.41,
76.44, 76.48, 81.56, 83.03, 83.74, 128.20, 128.25, 128.32, 128.42,
128.70, 128.92, 128.96, 138.27, 138.72, 138.74; IR v\;=2109 cm™".
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scyllo-Inosamine (1). The azide 7 (0.070 g, 0.10 mmol) was dissolved
in dichloromethane (1 mL) and diluted with methanol (10 mL). Di-
tert-butyl dicarbonate (0.24 g, 1.1 mmol) and palladium on activat-
ed charcoal (10% w/w, 0.14 g) were added. The flask was fitted
with a rubber septum and its content was subjected to three
rounds of evacuation with a water aspirator followed by flushing
with hydrogen gas from a balloon fitted onto a stopcock. The mix-
ture was allowed to react for two days recharging the balloon with
fresh hydrogen each day. After this time, the mixture was filtered
through a pad of celite, and the solvent was removed in vacuo to
yield a white solid. The precipitate was dissolved in water (2 mL)
and stirred with Dowex 50WX8-100 (H* form, 0.3 g) for 16 h. The
mixture was then poured into a 20 mL burette plugged with glass
wool forming a column of Dowex. After the Dowex settled into
the column the reaction water was allowed to elute and the
column washed with another portion of water (10 mL). The amine
was eluted with HCl (15 mL, 0.1 M) and isolated as the HCI salt
(0.017 g, 0.074 mmol, 74% yield) upon removal of the solvent.
'H NMR (500 MHz, D,0): §=3.02 (t, J=10.6 Hz, 1H), 3.27 (m, 1H),
3.34 (t, J=9.2 Hz, 2H), 3.46 (t, J=9.9 Hz, 2H); "*C (127.5 MHz, D,0)
0=56.25, 70.33, 73.57, 74.69; HREIMS: m/z calcd for C,H,sNOs
180.0872 [M+H]™, found 180.0873.

(£)-2,6-Di-O-benzyl-4-O-methyl-1,3,5-O-methylidyne-myo-inositol  (8).
To a solution of 3 (2.0 g, 10 mmol) in dry DMF (60 mL) at room
temperature and under argon was added sodium hydride (0.42 g
of a 60% dispersion in oil, 10.5 mmol; CAUTION! evolution of hy-
drogen gas). The reaction mixture was stirred for 10 min and then
iodomethane (0.65 mL, 11 mmol) was added followed by continu-
ous stirring for an additional 14 h. A yellowish clear solution result-
ed, into which another portion of sodium hydride was added
(0.84 g of a 60% dispersion in oil, 21 mmol; CAUTION! evolution of
hydrogen gas) and allowed to react for 10 min. Benzyl bromide
(2.5 mL, 21 mmol) was added dropwise, and the reaction was
stirred for another 14 h. Water (1 mL) was used to quench the reac-
tion, and the solution was then evaporated to dryness in vacuo at
65 °C, leaving a yellow precipitate which was dissolved in dichloro-
methane (20 mL), washed with water (20 mL), brine (20 mL) and
dried (MgSO,). The organic phase was evaporated to give a yellow
oil that was purified by flash chromatography (silica gel, EtOAc/tol-
uene 1:6, v/v) yielding 17 (2.9 g, 7.5 mmol, 75% yield) as a colour-
less oil. 'HNMR (500 MHz, CDCl;): =3.41 (s, 3H), 3.99 (m, 1H),
418 (m, 1H), 4.25-4.26 (m, 1H), 4.33-4.34 (m, 1H), 438 (m, 1H),
446 (m, TH), 452 (d, J=12.0 Hz, TH), 464 (d, J=12.0 Hz, 1H), 4.71
(s, 2H), 557 (d, J=09Hz, 1H), 7.30-7.44 (m, 10H); *CNMR
(127.5 MHz, CDCly): 6=57.78, 67.94, 68.21, 70.74, 70.96, 72.05,
72.09,74.32, 76.43, 103.65, 127.92, 128.25, 128.35, 128.40, 128.72,
128.91, 138.14, 138.31; HREIMS: m/z calcd for C,,H,,0s 385.1646
[M4+H™]; found 385.1642; elemental analysis: calcd (%) for
C,,H,40¢: C 68.74, H 6.29; found: C 67.63, H 6.09.

(£)-1,2,3,5,6-Penta-O-benzyl-4-O-methyl-myo-inositol  (9). Dichloro-
methane (25 plL) was used to dissolve 8 (0.10 g, 0.26 mmol) at
room temperature. The solution was diluted with methanol (3 mL)
and Dowex 50W-X8-100 (H" form, 0.5 g) was added. The suspen-
sion was stirred for 14 h after which TLC confirmed completion of
the reaction. The resin was removed by filtration and the resulting
solution evaporated to yield a colourless oil. The oil was dissolved
in dichloromethane and evaporated three times to ensure removal
of the methanol. Without further purification, the crude oil was dis-
solved in dry DMF (1 mL) and sodium hydride (49 mg of a 60% dis-
persion in oil, 0.11 mmol; CAUTION! evolution of hydrogen gas)
was added. The reaction was stirred for five minutes after which
benzyl bromide (0.2 mL, 2 mmol) was added dropwise followed by
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continuous stirring for 14 h. The DMF was removed in vacuo to
yield an orange oil that was purified by flash chromatography
(silica gel, 100% toluene to EtOAc/toluene 1:6, v/v) to yield 9 as a
white solid (0.165 g, 0.25 mmol, 95% yield). mp 72-74°C; 'H NMR
(500 MHz, CDCl,): 6=3.33 (dd, J=9.85 Hz, 2.11 Hz, 1H), 3.40 (dd,
J=2.08, 9.83 Hz, 1H,), 3.45 (t, J=9.19 Hz, TH), 3.74 (s, 3H), 3.86 (t,
9.49 Hz, 1H), 4.07 (m, 1H), 411 (t, J=9.51 Hz, 1H), 4.63-4.73 (m,
5H), 4.88-4.98 (m, 5H), 7.33-7.46 (m, 25H); *CNMR (127.5 MHz,
CDCly): 6=61.80, 72.56, 73.16, 73.21, 74.48, 74.88, 76.28, 76.31,
81.29, 81.35, 84.11, 84.34, 127.75, 127.89, 127.94, 127.96, 128.00,
128.03, 128.23, 128.38, 128.51, 128.57, 128.75, 128.78, 128.82,
128.86, 138.86, 139.03, 139.37, 139.42; HREIMS: m/z calcd for
C,H4404 667.3030 [M+Nal*; found 667.3031; elemental analysis:
calcd (%) for C,3H,,0; : C, 78.23, H 6.88; found: C 78.05; H 6.87.

(£)-1,3,5,6-Tetra-O-benzyl-4-O-methyl-myo-inositol (10). An identical
procedure was followed as described above for compound 6. A so-
lution of 9 (0.10 g, 0.16 mmol) gave pure 10 (0.051 g, 0.09 mmol,
58% yield) as a colourless oil. "H NMR (500 MHz, CDCl,) 6 =2.45 (s,
1H), 3.30 (dd, J=2.60, 7.03 Hz, 1H), 3.36-3.40 (m, 2H), 3.69-3.74
(m, 4H), 3.97 (t, J=9.54 Hz, 1H), 4.03 (m, 1H), 4.71-4.80 (m, 4H),
4.87-4.92 (m, 4H), 7.33-7.40 (m, 20H); "*C NMR (127.5 MHz, CDCl,):
0=61.83, 68.11, 73.11, 73.18, 76.30, 76.33, 80.07, 80.12, 81.47,
83.47, 83.69, 127.88, 127.96, 127.99, 128.18, 128.23, 128.25, 128.27,
128.38, 128.40, 128.75, 128.76, 128.87, 138.36, 138.52, 139.16,
139.19; HREIMS: m/z calcd for CysH340¢: 555.2747 [M+H]™; found:
555.2754; elemental analysis: calcd for C;sH;304: C 75.79, H 6.91;
found: C 75.63; H 6.90.

(£)-2,4,5,6-Tetra-O-benzyl-3-O-methyl-1-azido-1-deoxy-scyllo-inositol
(11). A stirring solution of 10 (0.061 g, 0.11 mmol) in pyridine
(1 mL) was lowered partially into an ice bath. Methanesulfonyl
chloride (~0.2 mL) was added dropwise and the reaction allowed
to gradually reach room temperature. After stirring for 20 h the so-
lution was poured into ice water (1 mL), partitioned and the organ-
ic layer further extracted with water (2x1 mL), brine (2x1 mL) and
dried (Na,SO,). Upon evaporation a yellowish oil remained that
was redissolved in CH,Cl, and evaporated once more. Without fur-
ther purification, the oil was dissolved in DMF (1 mL) and treated
with NaN; (0.055 g, 0.8 mmol) and heated at 90°C for 16 h. The
DMF was removed in vacuo to yield a solid that was dissolved in
ethyl acetate (2 mL) and washed with water (1 mL), brine (1 mL)
and dried (MgSO,). Upon evaporation, a yellowish oil remained
that was purified by flash chromatography (silica gel, EtOAc/
hexane 1:5, v/v) to give pure 20 as a gummy solid (0.040 g,
0.07 mmol, 62% vyield). 'H NMR (500 MHz, CDCl,): 6 =3.26-3.27 (m,
2H), 3.32 (t, J=9.3 Hz, 2H), 3.53 (t, J/=9.0 Hz, TH), 3.43-3.45 (m,
TH), 3.69 (s, 3H), 485 (m, 8H), 7.32-7.47 (m, 20H); "*CNMR
(127.5 MHz, CDCly): 6=61.56, 61.73, 75.95, 76.00, 76.04, 81.13,
81.01, 82.68, 83.16, 127.78, 127.88, 129.99, 128.16, 128.31, 128.45,
128.51, 128.53, 128.56, 137.83, 137.90, 138.36; IR: v\3=2107 cm™';
elemental analysis: calcd (%) for CssH;;N;Os: C 72,52, H 6.43, N
7.25; found: C 72.48, H 6.49, N 7.05.

(£)-3-O-Methyl-scyllo-inosamine (2). An identical procedure was fol-
lowed as described above for compound 1. Azide 11 (0.082 g,
0.14 mmol) produced 2 as the hydrochloride salt (0.026 g,
0.11 mmol, 78% yield). '"H NMR (500 MHz, D,0): 6=3.01 (t, J=
10.6 Hz, 1H), 3.11 (t, J=8.8 Hz, TH), 3.32 (m, 2H), 3.38 (m, TH), 3.52
(m, 4H); *CNMR (127.5 MHz, D,0): 0 =56.16, 60.80, 69.82, 70.17,
72.85, 74.59, 84.52. HREIMS: m/z calcd for C,H,sNOs: 194.1023
[M+H]"; found 194.1028.

Enzyme assays: Purification of recombinant MosA has been de-
scribed previously."® Centrifugation was performed using either a
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Beckman-Coulter microfuge 18 and 22R centrifuge or a Beckman
J2-HS refrigerated centrifuge with a JLA-10.5 or JA-25.5 rotor. Cul-
tures were grown in an Innova 4230 incubator shaker and were
lysed with a Virosonic 600 ultrasonic cell disrupter. A BioCAD
Sprint Perfusion Chromatography system was routinely used for
large scale protein purifications. Protein concentrations were deter-
mined using the Bio-Rad Bradford assay kit following manufactur-
ers instructions, with BSA as a standard for calibration. UV-visible
spectrophotometry was performed on a Beckman DU-640 spectro-
photometer with a circulating-bath-controlled temperature block.
Assays were performed in a 1 mL cuvette containing imidazole
buffer (100 mm, pH 7.7), K;HPO, (10 mm), MosA (52 nm, based on
monomer weight of 33341 gmol™") while maintaining a tempera-
ture of 37°C. Reaction progress was monitored spectrophotometri-
cally at 270 nm (following the formation of dipicolinate with ¢,,,=
4000M~'cm™), as described by Borthwick et al.* All data repre-
sent the average of at least two experiments. Kinetic constants
were determined as described previously."®

Inhibition assays were performed as in the kinetic assays described
above with the exception that 2-oxobutyrate was added and the
solution incubated at 37 °C for 2 min prior to the initiation of the
reaction with pyruvate. Four different concentrations of 2-oxobuty-
rate were used (4, 1.5, 1.0, and 0.25 mm) while varying pyruvate
concentrations (0.125, 0.25, 0.5, 1, and 1.5 mMm) and keeping ASA
concentrations constant (0.23 mm). Rhizopine inhibition experi-
ments were performed similarly, with different concentrations of
scyllo-inosamine (0.5, 2, 4, and 10 mm) while keeping constant con-
centrations of pyruvate (0.5 mm).

Imine trapping experiments: Three microcentrifuge tubes con-
taining 160 uL of imidazole buffer (100 mm imidazole, 10 mm
KH,PO, pH 7.2) and MosA (40 pL of 2.6 mg/mL, 3.11 nmol) were
prepared and kept on ice. A solution of pyruvate (800 mm), and a
solution of 2-oxobutyrate (800 mm) were prepared in the same
buffer. One sample labelled as the control had 2.35 uL of imidazole
buffer added to it. The other two samples had 2.35 L of the pyru-
vate solution (1.88 umol) or 2.35 uL of the 2-oxobutyrate (1.88
umol) solution added to them. After incubation of all three for
15 min at room temperature, freshly dissolved NaBH, (2.25 pL,
500 mm, 1.13 pmol) in cold water was introduced and the reaction
allowed to sit for 1 h on ice. After this time water (100 uL) was
added and the entire solution concentrated and desalted in a Pall
centrifugal concentrator. Water (100 pL) was used to dissolve the
protein from the membrane and 30 pL of this was injected into a
Waters 2796 Alliance Bio HPLC fitted with a C4 Symmetry 300
column (2.1x 100 um, 3.5 pm partical size) with UV detection at
280 nm. Mobile phases were solvent A (water with TFA, 0.1% v/v)
and solvent B (acetonitrile with TFA, 0.1% v/v) set to the following
timetable : Ty in 95% A, 5% B to Ti5min 30% A, 70% B (gradient),
T1501 min tO Tosmin 95% A, 5% B (direct). The flow rate was set at
0.5 mLmin™" with a column temperature of 40°C. The HPLC was
fitted with a flow splitter that allowed injection of eluent into a
LCT Micromass mass spectrometer.

Inactivation of the enzyme was assessed in samples treated as
above except that prior to concentration of the protein, the solu-
tion was dialysed overnight into imidazole buffer (100 mm imida-
zole, 10 mm KH,PO, pH 7.2). The protein activity was then assayed
as described above.

Analysis of reaction mixtures by HPLC: All separations were per-
formed with an Agilent 1100 system. To investigate 2-oxobutyrate
as a methyl donor, reaction mixtures were prepared containing 1
(5 mm), 2-oxobutyrate (5 mm), MosA (0.5 um) in phosphate buffer
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(0.1m, pH 7.0) to a final volume of 1 mL. Reactions were incubated
at 37°C with 250 uL samples removed for analysis after 1, 2 and
3 h. Prior to derivatization, protein was removed by a Pall Life Sci-
ence centrifugal concentrator following manufacturer’s instruc-
tions. A 100 pL sample of the filtrate was mixed with 9-fluorenyl-
methyl chloroformate (100 uL, 5 mm solution in acetonitrile) and
allowed to react for 15 min at room temperature. A 10 pL aliquot
of the reaction mixture was injected into an HPLC fitted with a
Zorbax C8 reverse phase column (250 mm x 4.6 mm LD., 5 um
particle size) pre-equilibrated with 70% deionized H,0 and 30%
acetonitrile. A solvent gradient to 100% acetonitrile over 12 min
eluted the derivatized rhizopines. The mobile-phase flow rate was
1.0 mLmin~', with the column temperature set at 25°C and UV
detector at 254 nm.

To investigate SAM as a methyl donor, reaction mixtures were pre-
pared with SAM (2.5 mm), 1 (2.5 mm), MosA (0.23 um) to a final
volume of 1 mL in imidazole buffer (100 mm imidazole, 10 mm
KH,PO,, pH 7.6). A control reaction included all above reagents
except MosA. Both reactions were incubated at 37°C with 250 uL
samples removed for analysis after 1, 2 and 3 h. Prior to analysis,
protein was removed by a Pall Life Science centrifugal
concentrator following manufacturer’s instructions. A
10 pL injection of the reaction mixture was injected into
an HPLC fitted with a Zorbax C18 reversed-phase
column (250 mm x4.6 mm i.d., 5 um particle size) pre-
equilibrated with 25% MeOH and 75% buffer (8 mm
CH,(CH,)¢SO,Na, 40 mm NH,H,PO,, pH3.0) at a flow rate of
1.0 mLmin~', column temperature of 25°C and UV detector set at
260 nm.

To demonstrate the detection of methyl transfer using catechol O-
methyltransferase (COMT), reactions were performed in phosphate
buffer (200 mm NaH,PO,, 5 mm MgCl,, pH 7.4), COMT (100 units—
one unit is the amount of enzyme that can catalyze the methyla-
tion of 1 nmol of 3,4-dihydroxybenzoic acid per hour at 37°Q),
SAM (3 mm), and 3,4-dihydroxybenzoic acid (2 mm). A reaction
assay containing everything above except enzyme was used as a
control. Both reactions were kept at 37 °C for 2.5 h after which pro-
tein was removed by a Pall Life Science centrifugal concentrator
following manufacturer’s instructions. A 10 uL sample was injected
into the HPLC as described above.

Protein crystallography: Conditions for crystallization have been
described previously.®” Crystals were screened over a variety of
conditions with many conditions producing crystals. Crystals used
in diffraction were grown using a well solution of ammonium sul-
fate (2 m), Tris buffer (100 mm), and polyethyleneglycol 400
(PEG400, 2% v/v). The well solution was then mixed with the pro-
tein solution in a 1:1 ratio and crystals grew overnight. Crystals
were then harvested and soaked in a cryoprotectant solution con-
sisting of ammonium sulfate (2 m), Tris buffer (100 mm), PEG400
(2% v/v), glycerol (10%), pyruvate (100 mm), and L-lysine
(100 mm). Crystals were soaked for 10 min and then flash cooled
in liquid nitrogen. X-ray data were collected at the Canadian Light
Source beamline 08ID-1 for MosA crystals soaked with pyruvate
and L-lysine. Two data sets were collected in a nitrogen stream at
105 K using a MAR225 CCD detector. For both data sets, 360
images were collected with 0.5° oscillation per image around the
omega axis. A wavelength of 1.3 A was used. The crystals diffracted
to 22 A and 1.95A, but the data for the former did not index
properly. The 1.95 A data were indexed using XDS and then inte-
grated using Mosflm.®" These data were finally scaled using Scala
from the CCP4 suite of programs.*® Final coordinates of MosA

ChemBioChem 2008, 9, 1591 - 1602

Q=V-AH- |1+

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

have been deposited with accession number 2VC6 in the RSCB
Protein Databank (http://www.rcsb.org/pdb/).

Isothermal titration microcalorimetry: ITC measurements were
performed on a CSC ITC-4200 (Calorimetry Sciences Corp., Lindon
Utah) calorimeter. Purified MosA was dialyzed exhaustively against
assay buffer (100 mm imidazole, 10 mmK,HPO, pH 7.7) at 5°C. A
portion of the dialysate was saved for preparation of the ligand
solutions. Protein concentrations were determined immediately
before use as described above, and the enzyme assayed to ensure
that it was fully active. All solutions were degassed under vacuum
for a period of at least 10 min immediately prior to their use. A
typical experiment involved 20 injections of 5 uL ligand solution
(50 mm) into a sample cell containing 1.30 mL of protein solution
(ca. 0.1 mm) after a stable baseline had been achieved. The sample
cells were continuously stirred at 300 rpm with 3.5 min intervals
between injections. Dilution heats were determined by the area of
each injection peak after saturation and subtracted from each
injection. ITC data was analyzed by Bindworks 1.0 with the inde-
pendent and cooperative binding models included in the software.
The independent model in which the analytical solution for the
total heat is [Eq. (1)]:

+M]-n-K=/(T+[M]-n-K=[L]-K)2+ 4K - L]}
2K

M

where V is the total volume, AH is the enthalpy of association, K is
the binding constant, n is the number of binding sites, [M] is the
concentration of the macromolecule, and [L] is the concentration
of the ligand. A binding stoichiometry of 1.0 was input into soft-
ware prior to the curve fitting for titrations with pyruvate and with
2-oxobutryate.
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Using Recombinogenic Cassettes
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The reassembly and heterologous expression of complete gene
clusters in shuttle vectors has enabled investigations of several
large biosynthetic pathways in recent years. With a gene cluster
in a mobile construct, the interrogation of gene functions from
both culturable and nonculturable organisms is greatly accelerat-
ed and large pathway engineering efforts can be executed to
produce “new” natural products. However, the genetic manipula-
tion of complete natural product biosynthetic gene clusters is
often complicated by their sheer size (10-200 kbp), which makes
standard restriction/ligation-based methods impracticable. To cir-
cumvent these problems, alternative recombinogenic methods,
which depend on engineered homology-based recombination
have recently arisen as a powerful alternative. Here, we describe
a new general technique that can be used to reconstruct large
biosynthetic pathways from overlapping cosmids by retrofitting

Introduction

More often than not, natural product biosynthetic pathways
are far from concise. They frequently entail dozens and some-
times over a hundred individual biosynthetic steps."? In bacte-
ria and some fungi, the corresponding genes that comprise
such pathways are generally clustered into 10-200 kbp loci, a
convenient property that has allowed rapid cloning and se-
quencing of many complete natural product gene clusters in
microorganisms.”* However, the majority of natural-product-
producing microorganisms are intransigent to standard gene
manipulation techniques, and some are not cultivatable out-
side their ecological context.”® For these reasons, the study
and modification of whole pathways has greatly benefited
from the ability to manipulate them in vectors, such as cos-
mids, fosmids, and bacterial artificial chromosomes (BACs)."®
The practical difficulty of assembling and modifying large
gene clusters by using restriction/ligation enzyme-based tools
arises from the problem of identifying multiple unique restric-
tion sites in large stretches of DNA, and also from the entropic
challenge of circularizing large vectors. Additionally, many
gene clusters are derived from microorganisms with GC-rich
genomes, a factor that can complicate PCR-based cloning and
expression.”’ Recently, the characterization of the phage A ho-
mologous recombination system has enabled an alternative
means of restriction/ligation-free gene manipulation."®" It
was discovered that in engineered E.coli that contain the
Reda (exo), Redf (bet), and Redy (gam) proteins of the
phage A, allelic exchange can take place if a given DNA frag-
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each cosmid with a “recombinogenic cassette” that contains a
shared homologous element and orthogonal antibiotic markers.
We employed this technique to reconstruct the anthramycin bio-
synthetic gene cluster of the thermotolerant actinomycete Strep-
tomyces refuineus, from two >30kbp cosmids into a single
cosmid and integrate it into the genome of Streptomyces livid-
ans. Anthramycin production in the heterologous Streptomyces
host confirmed the integrity of the reconstructed pathway and
validated the proposed boundaries of the gene cluster. Notably,
anthramycin production by recombinant S.lividans was seen
only during growth at high temperature—a property also shown
by the natural host. This work provides tools to engineer the
anthramycin biosynthetic pathway and to explore the connection
between anthramycin production and growth at elevated tem-
peratures.

ment is flanked at both ends by extensions of more than 35
nucleotides that are homologous to a target DNA region.'>™
This observation was quickly applied by microbial geneticists
for recombinogenic targeting of bacterial genomes as well as
for manipulating small and large vectors, including cosmids™”
and BACs.™ In the area of natural products biosynthetic ge-
netics, this system, which is alternatively referred to the “A-red
PCR-targeting system” or “Red/ET cloning system” has proven
to be a revolutionary method for rapid gene replacement and/
or fusion in cosmids and BACs. These methods use PCR to am-
plify a selectable marker with flanking >35 nucleotide exten-
sions followed by transformation of the linear PCR product
into the appropriately modified E. coli strain that contains a
target cosmid.'®

The application of the A-phage recombinogenic system for
the functional reconstruction of large natural product biosyn-

[a] Y. Hu, V. V. Phelan, Prof. B. O. Bachmann
Chemistry Department, Vanderbilt University
7921 Stevenson Center, Nashville, TN 37235 (USA)
Fax: (+1)615-341-1234
E-mail: brian.bachmann@vanderbilt.edu

[b] C. M. Farnet, E. Zazopoulos
c/o Thallion Pharmaceuticals Inc.
7150 Alexander-Fleming, Montreal
Quebec H4S 2C8 (Canada)

Supporting information for this article is available on the WWW under

http://www.chembiochem.org or from the author.
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thetic gene clusters from fragments on separate vectors
was pioneered for myxobacterial metabolites. Heterologous
expression of the myxothiazole (57 kbp) and myxochromid
(43 kbp) gene clusters, which were isolated from genetically re-
fractory myxobacterial hosts has permitted significant new in-
sights into the biosynthesis of these natural products. Very re-
cently, these techniques have been extended to the actinobac-
terial metabolite phenalinolactone.'” In this study we describe
a concurrently developed variation of these techniques: a gen-
eral method for recombining cosmids with overlapping se-
quence by retrofitting each cosmid with a “recombinogenic
cassette” that contains orthogonal selectable markers and a
shared homologous element. This method does not require
PCR of cosmid DNA or enzymatic ligation, it does not intro-
duce additional DNA into the gene cluster, and it requires only
the identification of a single unique restriction enzyme in the
overlap region of one of the donor cosmids.

As a case study to demonstrate the utility of the method,
we targeted the anthramycin biosynthetic gene cluster from
the thermotolerant microorganism Streptomyces refuineus,®
which we have recently demonstrated to be present on a
35 kb region on two cosmids."® By retrofitting each cosmid
with a recombinogenic cassette,
we were able to efficiently re-
construct the anthramycin gene
cluster on a single construct.
Furthermore, subsequent to the
addition of plasmid transfer and
integration elements, we were

[8,14]

024CO
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Design and introduction of recombinogenic cassettes

We observed that two of the disruption cassettes typically
used in PCR-targeted gene replacements, which are derived
from plasmids plJ773 and plJ778,"" each contain a 341 bp
region of identical sequence between the origin of transfer
(oriT) and antibiotic-resistance genes (aac(3)lV and aadA,
respectively). This property was exploited to create “recombi-
nogenic cassettes” that could, once inserted into appropriate
locations in donor cosmids, provide recombination sites to
assemble gene clusters into a single cosmid (Figure 1). Corre-
spondingly, an apramycin-resistance recombinogenic cassette
(hereafter termed UPAcc) was generated from plasmid plJ773
by PCR by using primers with added Xbal and Spel recognition
sites between the apramycin-resistance gene (aac(3)IV) and the
39 bp flanking sequences for PCR-targeted replacement. These
sites were chosen because they are not present in the anthra-
mycin biosynthetic gene cluster. In the same manner, a strep-
tomycin resistance recombinogenic cassette (termed DNaad)
was generated from plasmid plJ778 by using primers with a
Xbal and Spel recognition site between the streptomycin-
resistance marker (aadA) and the 39 bp flanking sequence for

024CA
25 S11

(5 B Bl el mmn ) i 14

able to demonstrate expression
of the anthramycin gene cluster

in the heterologous host Strepto-

l Cosmid CO
¢ ~
w ~

M| Dnaad
X aadA
l A-RED

myces lividans.

Results and Discussion

Anthramycin biosynthetic gene

Cosmid CA

—T-] >

Upacc
acc(3)IvV

cluster Cosmid FCO

X aadA

The 32.5kb anthramycin gene
cluster was previously identified
through whole-genome scan-
ning of S. refuineus and its role
in anthramycin biosynthesis has
recently been validated by a
series of site-directed mutagene-
sis and chemical complementa-
tion studies." Two cosmids,
024CA and 024CO, containing
unequal portions of the anthra-
mycin biosynthetic gene cluster
with a 7 kb overlap were ob-
tained from a genomic library in
a SuperCos1 (Stratagene) modi-
fied cosmid vector that contains

l A-RED
X/D Cosmid FCA
—_— X D

S Acc(3IV T~
’ ™

X/ “~.D

?\.—REDl

024C0O

024CA

aadA

Cosmid CAO

Figure 1. Fusion cosmid CAO was constructed from two donor cosmids by retrofitting each with a recombinogen-
ic linker Dnaad and Upacc, which were generated by PCR. The red region in these linkers indicates the advanta-

geous identical sequence found upstream of each antibiotic marker aadA (streptomycin) and acc(3)IV (apramycin).

kanamycin (neo) and ampicillin
(bla) resistance genes.
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The green region in the donor cosmids represents the 7 kbp overlap between the upstream half of the cluster
(yellow) and the downstream half (blue).
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PCR targeting replacement. Flanking sequences were selected
that targeted regions that would permit recombinant regener-
ation of the complete anthramycin gene cluster. In cosmid
024CA a 240 bp fragment within orf7 of the gene cluster was
targeted for replacement by the UPAcc recombinogenic cas-
sette to yield cosmid FCA. In cosmid 024CO, a 200 bp fragment
located 4425 bp upstream of orfl of the gene cluster was re-
placed by the DNaad recombinogenic cassette to yield cosmid
FCO (Scheme 1).

Recombination of anthramycin biosynthetic gene cluster on
a single cosmid

The linear recombinogenic cassettes UPacc and DNadd were
transformed into separate E. coli BW25113/plJ790 strains that
contain the cosmids 024CA and 024CO, respectively. As previ-
ously stated, the sequences immediately upstream of the se-
lectable markers are identical. Since there is only one Dral re-
striction site in the anthramycin gene cluster and it exists in
the overlap region of the two partial anthramycin biosynthetic
gene clusters, cosmid FCO was cut with Xbal and Dral to yield
a 159kb DNA fragment with sequences homologous to
cosmid FCA, which flanked both ends. The 15.9 kb DNA frag-
ment was gel-purified and transformed into E. coli BW25113/
plJ790, which contained cosmid FCA, and recombinants that
contained cosmid CAO, which comprised the complete anthra-
mycin biosynthetic gene cluster, were selected by isolating
streptomycin-resistant colonies (Figure 1). PCR was used to
verify the correct orientation of the inserted sequence
(Scheme S1 and Table ST in the Supporting Information). A
small amount of the upstream region of the gene cluster is
duplicated upstream of the introduced antibiotic-resistance
marker in cosmid CAO. The sequence upstream of the first
open-reading frame (orf1) was not known to us at the time of
the primer design; this necessitated the duplication of a small
amount of the gene upstream sequence. However, this dupli-
cation is a consequence of the specific design used in this case
study, not the method in general.

It should be noted that this method requires the presence
of a restriction site in the region of overlapping homology that
is not repeated elsewhere in the donor fragment that is to be
used for the final recombination step. In the 7 kbp of sequence
homology shared between cosmids FCO and FCA, we identi-
fied at least six suitable restriction sites; this indicates that this
requirement should not limit the usefulness of the approach.

Integration of the anthramycin biosynthetic gene cluster in
S. lividans TK24

To integrate cosmid CAO into the genome of S. lividans TK24,
it was necessary to retrofit this construct with an integrase
gene (int), attachment site of phage ¢31 (attP), and origin of in-
tergeneric transfer (oriT; Scheme S1). Correspondingly, the am-
picillin-resistance gene (bla) in cosmid CAO was replaced by a
Dral/Bsal fragment from plasmid plJ787 with the int gene, attP,
and the tetracycline-resistance gene as previously described
to yield cosmid CAO-2. A cassette that contained oriT and the

ChemBioChem 2008, 9, 1603 - 1608
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Scheme 1. Benzodiazepine-containing natural products from bacteria can be
grouped into two classes: the pyrrolo-benzodiazepines, including anthramy-
cin, tomaymycin, and sibiromycin, which are derived from tyrosine and tryp-
tophan, and the benzodiazepenones, such as ECO-4601, which remain un-
characterized.

apramycin-resistance gene (aac(3)!lV) was obtained from plJ773
by PCR and was used to replace the kanamycin-resistance
gene (neo) of cosmid CAO-2 to yield cosmid CAO-3. Cosmid
CAO-3 was transformed into E. coli ET12567/pUZ8002 and
transferred into S. lividans TK24 and S. coelicolor M595 by inter-
generic conjugation. Integration of cosmid CAO-3 was con-
firmed by PCR amplification of diagnostic DNA fragments from
the interface of the cosmid-aac(3)IV/oriT sequence,?*?" as well
as from different sites of the anthramycin gene cluster, which
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included the cluster-bracketing regions orfl and orfS11, and
the internal gene orf10 (Table S1).

Heterologous expression of the reconstructed anthramycin
biosynthetic gene cluster

Anthramycin production was measured by analysis of whole-
culture butanol extracts through TLC bioautography (anti-Bacil-
lus activity) and HPLC-MS in triplicate fermentations. In initial
experiments we assayed for the production of anthramycin by
CAO-3 integrants of S. lividans at 30°C but failed to observe
production under these conditions. However, when S. lividans/
COA-3 was cultivated at 47 °C, we observed levels of anthramy-
cin production that were comparable to those seen in the nat-
ural host, S. refuinius, when it was grown under similar condi-
tions (Figure 2). The optimal temperature range for anthramy-
cin production in the heterologous host was determined to be

3.0x108

= S, lividans
== S Jividans CAO-3

Intensity

0 5 10 15 20 25 30
t/ min

Figure 2. HPLC-MS chromatogram of anthramycin production (m/z 318
[M+H1") in S. lividans.

quite narrow; anthramycin was not detected during growth at
30, 37, or 52°C despite robust cell growth at all temperatures,
as indicated by culture biomass measurements (data not
shown). These observations demonstrate that expression of
the anthramycin gene cluster occurs only at elevated tempera-
ture even when transferred into a mesophilic host.

S. refuineus was isolated from an exothermically decaying
compost heap and described as a “thermophilic” actinomycete
based on its ability to grow at elevated temperatures (up to
55°C22) While S. refuineus grows robustly at 30°C, anthramy-
cin production by this organism is strictly temperature depen-
dent and occurs only at temperatures between 47-50°C. S. liv-
idans is commonly classified as a mesophilic actinomycete be-
cause it reportedly grows optimally at temperatures between
26-30°C.**#! Our observation that cultures of S. lividans grow
well at 47°C suggests that actinomycetes might be more
broadly thermotolerant than previously believed. Furthermore,
the strict dependence of anthramycin production on elevated
temperature in the heterologous S. lividans host suggests that
higher growth temperatures might be required for the func-
tional expression of the anthramycin biosynthetic pathway.
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Further work will be required to determine the factors respon-
sible for the temperature-dependent expression of this path-
way.

Conclusions

Large natural product gene clusters generally need to be reas-
sembled from multiple clones that are isolated from a genomic
library. Here, we demonstrate a recombination-based method
to reassemble gene clusters that has advantages over prior
methods. The recently reported method of Binz et al. employs
a similar, though methodologically distinct strategy. The pri-
mary difference is that the method described here retrofits
one of the donor cosmids in the overlap region with a cassette
that is removed during the joining step. We used this method
to reconstruct the anthramycin gene cluster and demonstrated
that its expression remains strictly dependent on high temper-
atures, even when transferred into a mesophilic host. This
work provides tools that should be generally useful in recon-
structing large gene clusters, and it also provides an alternative
system to engineer the anthramycin pathway and investigate
the connection between anthramycin production and growth
at elevated temperatures.

Experimental Section

DNA isolation/manipulation, cosmid preparation and gel electro-
phoresis were conducted according to standard methods.”®
Cosmid DNA was isolated and purified from E. coli strains by using
plasmid miniprep and gel extraction kits (Qiagen). Genomic DNA
from Streptomyces strains was isolated by using the Wizard™ ge-
nomic DNA purification kit (Promega). Primers were synthesized by
Operon Biotechnologies (Huntsville, AL, USA). All transformations
in E. coli were performed by electroporation by using a GenePulser
electroporator (Biorad) with a 100 V, 30 ms pulse. Intergeneric con-
jugation was performed according to Kieser et al.’” with modifica-
tions as described below. The anthramycin gene cluster was depos-
ited in GenBank under accession number EU195114.

Bacterial strains and media: Targeted gene replacement experi-
ments were performed in E. coli strain BW25113 that contained the
plasmid plJ790.'" E. coli ET12567 that contained the RP4 derivative
pUZ8002 was used for intergeneric conjugation between E. coli
and Streptomyces.”” The heterologous expression host was Strepto-
myces lividans strain TK24.%® Bacillus sp. TA (NRRL B-3167) was
used as an indicator strain to test the activity of anthramycin.

E. coli strains were maintained in LB medium® that contained the

appropriate antibiotics for selection. S. refuineus was grown in SRS
medium (0.5% N-Z Amine B, 0.2% yeast extract, 0.2% soytone,
1.0% potato starch, 0.5% mannitol, 0.015% FeSO,, 2% agar,
pH 7.0) and anthramycin production was performed in production
medium AP1 (1% corn starch, 2% peptonized milk, 0.3% yeast ex-
tract, pH 7.0).*” AS1 medium (0.1% yeast extract, 0.02% L-alanine,
0.02% L-arginine, 0.05% L-asparagine, 0.5% starch, 0.25% NaCl,
1% Na,SO,, 2% agar) and MS medium (2% mannitol, 2% soya, 2%
flour agan® were used for conjugation.

Retrofitting donor cosmids with recombination cassettes: The
apramycin-resistance gene (aac(3)IV) cassette was amplified by PCR
from plasmid plJ773 by using primers UPaacF/UPaacR (Table 1) and
transformed into E. coli BW25113/plJ790/CA. Transformants were

ChemBioChem 2008, 9, 1603 - 1608
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Table 1. PCR-targeting primers.

added to production medium AP1
(50 mL) and incubated at 47 °C for
24 h. Anthramycin was extracted

Primer Sequence®

from the production medium with
UPaccF 5-ACCGAGCCGATCGGGTAGAGCACCGCACCGTAGCGGTCGCTCTAGAGCTGACGCCGTTGGATAC-3 butanol (50 mL). Butanol fractions
UPaccR 5-CCCTGGTACGACGTGTGGCTCCCCGGGTCCGCCGTGGAGGACTAGTGGAATAGGAACTTATGAGC-3 | o o o & Lt
DNaddF 5-CACGTGCGGCCGCACGAGGGCGAGTCGGCCGCCGCGGAGGTCTAGAGCTGACGCCGTTGGATACS' | - 4 y
DNaddR 5-GCGCCACCGTCACGCTCTCCACCCGCAGCCCCGGCACCATACTAGTGCGGCATCTTATITGCCGAC-3' 9>0; concentrated in  vacuo,
ATF 5"-TCAAGATCTGATCAAGAGACAGGATGAGGATCGTTTCGCGGAATAGGAACTTATGAGC-3' and redissolved in MeOH directly
ATR 5'-GCGTCGCTTGGTCGGTCATTTCGAACCCCAGAGTCCCGCAAGTTCCCGCCAGCCTC-3! prior to analysis.

[a] Restriction sites are in bold; the homologous targeting sequence is underlined.

Assays for anthramycin: Antibac-

selected for resistance to apramycin at 30 ugmL~". The resulting
cosmid FCA, in which a 240 bp DNA fragment in the anthramycin
biosynthetic gene ORF7 was exchanged with PCR-targeted recom-
bination, was purified by gel electrophoresis. A 200 bp DNA frag-
ment that was 4425 bp upstream of the anthramycin biosynthetic
cluster on cosmid CO was exchanged in a similar fashion. In this
case, the streptomycin-resistance gene (aadA) cassette was ampli-
fied from plasmid plJ778 with primers DNaadF/DNaadR and trans-
formed into E. coli BW25113/plJ790/CO. Transformants that were
resistant to streptomycin (30 ugmL™') contained cosmid FCO,
which was subsequently purified by gel electrophoresis. The inser-
tion of recombinogenic cassettes was verified by PCR (Scheme S1
and Table S1).

Reconstruction of the complete anthramycin pathway: Cosmid
FCO was restricted with Xbal and Dral and the resulting gel-puri-
fied 15.9kb fragment was transformed into E. coli BW25113/
plJ790/024FCA by electroporation. Transformants that contained
the resulting cosmid CAO, which contained a 15.9 kb fragment
that was exchanged into cosmid FCA were selected by resistance
to streptomycin (30 pgmL™"). Cosmid CAO was purified by gel
electrophoresis and confirmed by PCR with primers TFCA-F1/
DNaddR (Table S1).

Retrofitting fusion cosmid with integrase and origin of transfer:
Insertion of origin of transfer (oriT) and integrase (int) genes into
the reconstructed cosmid was performed according to established
protocols™ with minor modifications. Plasmid plJ787 was digested
with Dral and Bsal, and the resulting 5 kb DNA fragment, which
contained the integrase cassette flanked by approximately 100 bp
of bla sequence upstream and 300 bp of bla sequence down-
stream of the integrase cassette, was gel purified and transformed
into E. coli BW25113/plJ790/CAO. Selection for ampicillin resistant
(50 ugmL™") clones resulted in strains that contained cosmid CAO-
2. The apramycin-resistance/origin of transfer gene (aac(3)IV/oriT)
cassette was amplified from plasmid plJ773 with primers ATF/ATR
(Table 1). The resulting gel-purified PCR product was transformed
into E. coli BW25113/plJ790/CAO-2, so that apramycin resistance
could replace the kanamycin gene in cosmid CAO-2 with aac(3)IV/
oriT. The resulting cosmid 024CAO-3 was purified and transformed
into E. coli ET12567/pUZ8002.

Heterologous expression of the anthramycin cluster: Cosmid
CAO-3 was transformed into Streptomyces lividans TK24 by conju-
gation with E. coli ET12567/pUZ8002/024CAO-3. Transconjugants
were selected on MS or AS-1 medium (50 ugmL™~" apramycin) and
exconjugates were verified by amplifying isolated genomic DNA
with four sets of primers on bracketing ends of the gene cluster
and in the cosmid sequence (Table S1). A Streptomyces lividans
TK24 integrant that harbored cosmid CAO-3 was cultured in AP1
seed medium (50 mL) at 47°C for 24 h. A 5% inoculum was then
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terial activity of anthramycin was
detected by thin-layer chromatog-
raphy bioautography and HPLC-
MS. Anthramycin (dissolved in MeOH) was chromatographed on
25DC-Alufolien kieselgel plates (Merck) that were eluted with
MeOH/CHCI; (1:9) and then visualized by bioautography. LB agar
(~55°C) that was inoculated with indicator strain Bacillus sp. TA
was poured on TLC plates and cultured at 37°C for 20 h to detect
anti-Bacillus activity of anthramycin. Anthramycin production was
further confirmed by HPLC-MS analysis by using a Jupiter™ mini-
bore C-18 column (2.0 mmx 15 cm; Phenomenex, Torrance, CA,
USA) with a linear water/acetonitrile gradient (H,0/CH;CN, 95:5 to
5:95) that contained NH,OAc (10 mm) at 0.2 mLmin~' flow rate.
Mass spectrometry was performed by using ThermoFinnigan TSQ
Quantum triple quadrupole mass spectrometer equipped with a
standard electrospray ionization source that was outfitted with a
deactivated fused Si capillary (100 um i.d.). The injection volume
was 10 L. Mass spectrometery was performed in the positive and
negative-ion mode, and the electrospray needle was maintained at
4200 V. The ion transfer tube was operated at 35V and 342°C
(—35V and 300°C for negative). The tube lens voltage was set to
85V (—220V for negative). Source CID (offset voltage between
skimmer and the first ion guide, Q00) was used at 15 V.
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Generation of Novel Pikromycin Antibiotic Products

Through Mutasynthesis

Shuchi Gupta,” Venkatraman Lakshmanan,® 9 Beom Seok Kim,”™ ¥ Robert Fecik,"™ and

Kevin A. Reynolds*®

The pikromycin polyketide synthase (PKS) of S.venezuelae,
which consists of one loading module and six extension modules,
is responsible for the formation of the hexaketide narbonolide, a
key intermediate in the biosynthesis of the antibiotic pikromycin.
S. venezuelae strains in which PikAl, which houses the loading
domain and first two modules of the PKS, is either absent or cat-
alytically inactive, produce no pikromycin product. When these
strains are grown in the presence of a synthetically prepared tri-

Introduction

Polyketides constitute a large and diverse group of natural
products that possess important anticancer, antibiotic, immu-
nosuppressive, and other biological activities" Many of them
are biosynthesized by modular typel polyketide synthases
(PKSs), which are giant multifunctional enzymes consisting of
several discrete modules, each responsible for one cycle of
polyketide acyl chain elongation. Each module contains three
basic domains for each biosynthetic step; an acyltransferase
(AT), an acyl carrier protein (ACP), and a ketosynthase (KS). The
extent of modification within each module of the (-ketoacyl
thioester formed depends on the presence or absence of
ketoreductase (KR), dehydratase (DH), or enoyl reductase (ER)
domains.” The pikromycin (Pik) PKS of S. venezuelae comprises
four separate polypeptides (PikAI-PikAlV) that house six such
extension modules, a loading module, and a thioesterase
domain (TE) responsible for priming and terminating the poly-
ketide biosynthetic process, respectively (Figure 1).' Full ex-
tension through this Pik PKS gives rise to a heptaketide prod-
uct, which is then cyclized to the 14-membered aglycone nar-
bonolide. Modification by the DesVII-DesVIIl glycosyltransfer-
ase and PikC (a P450 hydroxylase) gives the biologically active
pikromycin product (1a).”’ Termination of the chain-elongation
process at the heptaketide intermediate (without extension by
module 6) has been shown to give rise to the 12-membered
aglycone 10-deoxymethynolide, which is then converted by
DesVIl and PikC to methymycin.”!

It has been shown through both in vivo and in vitro experi-
ments that PKS intermediates activated as N-acetylcysteamine
(NAQ) thioesters can be loaded onto the KS domains of elon-
gation modules.*" Such loading presumably accounts for the
observation that polyketide production can be achieved by
feeding diketide and triketide intermediates to bacterial strains
in which either the priming or initial elongation steps have
been abrogated.”"" Feeding of isomers of presumptive natural
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ketide product, activated as the N-acetylcysteamine thioester, pik-
romycin yields are restored to as much as 11% of that seen in
the wild-type strain. Feeding analogues of the triketide intermedi-
ate provides pikromycin analogues bearing different alkyl sub-
stituents at C13 and C14. One of these analogues, A™'®-dehydro-
pikromycin, exhibits improved antimicrobial activity relative to
pikromycin.

intermediates in such systems has proven to be a useful tool
for determining unresolved stereochemical questions, as
shown recently for diketides involved in ansamitocin,” rifamy-
cin,"? and phoslactomycin biosynthesis.”! In all of these cases,
feeding of the diketide intermediate led to only partial restora-
tion of the final polyketide product. In the case of ansamitocin
feeding, the presumed triketide intermediate gave no restora-
tion.” These observations have led to the suggestion that
loading polyketide intermediates onto the cognate PKS mod-
ules is inefficient.”

There are a few in vivo examples in which feeding ana-
logues of polyketide intermediates leads to the generation of
novel polyketide products. This mutasynthetic approach!>™
with type | PKSs has been used to generate new epothilones
and erythromycins.®”'*! |n the latter case, a 6-deoxyerythono-
lide B synthase (DEBS) in which module 1 was made catalytical-
ly inactive has been used successfully to produce many new
structures with unique physicochemical properties and new
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BB138/pDHS722 | PikAl >| PikAll >| PikAlll >| PikAIV >
BB138 | PikAll > PikAlll >| PikAIV >
Wild-type | PikAl >| PikAIl EH PikAI >| PikAV D>
Loading module 2 module 4 module 6

module 1 module 3 _module 5

_(kR) KR

( IAT) CHKSIATICE

/"'b;,"’-\‘ I V. Yo 7_7,?'/"' %/ -~
(OLE CE L 6.‘('?»*85

methymycin (R?= OH, R*=H)
neomethymycin (R*= H, R*=0H)

pikromycin 1a (R'= OH)
narbomycin (R'= H)

|

S

z,

Des VII, PikC

N/:
| |

10-deoxymethynolide

R

narbonolide

Figure 1. Modular organization and function of the proteins (PikAI-PikAIV) of the pikromycin PKS. 2a is proposed to load onto the active-site cysteine of KS3
of PikAll and be processed by the downstream Pik PKS to form 12- and 14-membered macrolides.

functional groups." Yields of the new natural products in
these cases were very low, presumably as a result of inefficient
loading onto the cognate module, and slower conversion of
the unnatural intermediate by the downstream PKS modules
and post-PKS modification enzymes. A number of approaches
have been taken to improve the efficiency of this process. In
the case of erythromycin biosynthesis, it has been shown that
natural product yields improve as much as tenfold if diketide
intermediates are fed to strains in which the loading domain
and module 1 of the PKS are deleted, rather than made catalyt-
ically inactive through mutation.'”

To date there have been no reports of the generation of
novel pikromycins by the same type of mutasynthetic ap-
proaches as for erythromycins. A number of observations sug-

1610
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gest potentially significant barriers to the success of such an
approach. Previous incorporation experiments with dual-la-
beled diketide and triketide intermediates in the wild-type
Streptomyces venezuelae were shown initially to lead to no
intact incorporation into a polyketide product."® Refinement
of the fermentation conditions and timing of addition of the
intermediates led to successful but extremely low incorpora-
tion levels (0.15-0.5% of the polyketide product was generat-
ed from the intact intermediate), potentially indicating poor
loading onto the cognate PKS modules. Recent in vivo and in
vitro analyses of modules 3, 5, and 6 of the pikromycin PKS
have also demonstrated that they have significant substrate
specificity'® and thus might not efficiently process unnatural
pathway intermediates.

ChemBioChem 2008, 9, 16091616
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We report here a series of mutasynthetic experiments with a
pikAl deletion mutant of S.venezuelae (BB138) (Figure 1), in
which PikAl, which houses the loading domain and first two
modules, is absent. Feeding the N-acetyl cysteamine thioester
of the triketide intermediate restores the yield of pikromycin
to approximately 11% of production levels of the wild-type
strain. Expression of a catalytically inactive PikAl in BB138 does
not alter the efficiency of this process. A series of triketide ana-
logues was synthesized and shown to be processed by the
BB138 strain, and four were shown to be processed into new
biologically active 14-membered macrolide products. The
levels of production of these new macrolides varied, but in all
cases were at least tenfold lower than seen for pikromycin pro-
duction from the natural triketide. Preliminary analysis of one
new product, A™'®-dehydropikromycin, indicated slightly im-
proved antibacterial activity. These data show for the first time
that the Pik PKS system is amenable to mutasynthesis and can
be used to generate new and potentially useful antibiotics.
However, we observed incorporation inefficiencies similar to

phenylphosphoryl azide and triethylamine followed by addi-
tion of N-acetylcysteamine afforded the protected NAC-thioest-
ers, which were treated with aqueous HF to afford the final tri-
ketide NAC thioesters 2 a-f.

The synthesis of the triketide analogues 2g-i was trouble-
some due to difficulty in removing the chiral auxiliary. Thus, for
these triketides, a different route, based on modifications of a
literature procedure,"” was used to prepare the aldehyde in-
termediate (Scheme 2). Briefly, treatment of the aldol products
3g-i with N,0-dimethylhydroxyl amine and trimethyl alumi-
num gave the corresponding Weinreb amides, which were pro-
tected to give the silyl ethers. Reduction with DIBAL-H in THF
gave the corresponding aldehydes in a much higher yield and
purity compared to the strategy employed in Scheme 1. The
aldehydes were converted to the desired triketide NAC thioest-
ers 2g-i by using the same approach described above (steps
f-i, Scheme 1).

those encountered in other type | PKSs.

Results and Discussion

Synthesis of natural triketide and its analogues

The natural triketide 2a and its
analogues 2b-f were prepared
as shown in Scheme 1. The
aldol intermediates 3a-f were
generated by stereoselective
aldol coupling reaction between
an Evans’ acyl oxazolidinone
and various commercially avail-
able aldehydes. Silylation of the
hydroxyl groups of 3a-f fol-
lowed by replacement of the
chiral auxiliary with a benzyl
group gave intermediates 4a-f.
Subsequent reduction of the
benzyl ester with DIBAL-H gave
alcohols 5a-f. (Attempts to
generate alcohols 5a-f by
direct reductive removal of the
chiral auxiliary by using various
reducing agents resulted in
poor yields and decomposition
products.) The alcohols were
oxidized by using the Dess—
Martin periodinane, and the re-
sulting crude aldehydes were
immediately treated with the re-
spective Wittig salts. The result-
ing unsaturated esters were hy-
drolyzed under mild basic con-
ditions to generate the corre-
sponding carboxylic acids 6a-f.
Treatment of the acids with di-

ChemBioChem 2008, 9, 1609- 1616

Feeding of unsaturated triketide 2a to S. venezuelae BB138
mutant

Fermentations of the BB138 in 10 mL SGGP medium® were
supplemented after 8 h of incubation with 1 mm of the unsa-
turated triketide 2a. After incubation for additional 3 days at
30°C and 220 rpm, the culture was centrifuged, and the broth

2 X A
) NJ\/ 0 NJ]\:/\R1 O OoTBS OTBS
H b), ¢ . d A
9 Do BnOJJ\:/\R* 9 HO R
3a-f 4a-f 5a-f
a:R'=CH,CH,, R?=H
0 OTBS 0 OH b: R'= CH,CH,CH,, R*=H
e)-g) A h), i - R'= 2_
99 HO)KK\;/\RW L} HNACS)J\/\;/\R‘ c: R1 CH(CH3)2Z, R*=H
g R G d:R'=C¢H,,, R?=H
e:R'=CH, R*=H
6a-f 2a-f 1 2
f. R'= CH,CH,, R*=CH,

Scheme 1. Synthesis of triketides 2a-f. Reagents and conditions: a) DBBT, DIEA, CH,Cl,, R'CHO; b) TBSOTf, 2,6
lutidine, CH,Cl,; c) nBuLi, BnOH, THF; d) DIBAL-H, CH,Cl,; e) Dess-Martin periodinane, CH,Cl,; f) Wittig salt, THF;
) K,CO;, MeOH/H,0; h) (PhO),P(O)N,, Et;N, AcHN(CH,),SH, DMF; i) 48% HF, CH,CN, H,0. DBBT = dibutylboron tri-
flate, DIEA = N,N-diisopropylethylamine.

O OH
J\;ﬁRa O OH O oTBS
2 :

o o o)
o)J\N)J\/R O)J\N
_a)» l» /O\NJJ\:/\RSL /O\NJJ\./\R‘Q’
IR I &
3g-i

O oTBS o] s
d) J\/\ As in Scheme 1 g:R= ': RC = gHZCHS
h: R, R®= CH,CH;

R R i: R = CH,, R®= CH=CH
2g-i i 3 2

OH
RO —— T NACS)J\N R

Scheme 2. Synthesis of triketides 2g-i. Reagents and conditions: a) DBBT, DIEA, CH.Cl,, R*CHO; b) AlMe;, MeO-
(Me)NH-HCI, CH,Cl,; c) TBSOTf, 2,6-lutidine, CH,Cl,; d) DIBAL-H, CH,Cl,.
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was extracted twice with ethyl acetate. The extract was con-
centrated, redissolved in a small volume of methanol, and ana-
lyzed by LC/MS. Feeding of the natural triketide 2a to BB138
resulted in the production of natural pikromycin in 10-12%
relative yield compared to wild-type S. venezuelae (Table 1). We

Table 1. Production of natural pikromycin and its analogues by feeding
substrates 2a-i to BB138 mutant.” Production yield relative to wild-type
S. venezuelae.

Substrate Feeding product Production [%]®
2a Pikromycin (1a) 10-12
2b 1b <1
2c 1c <1
2h 1d <1
2i 1e ~1

also observed the formation of the 12-membered macrolides
methymycin and neomethymycin in BB138 supplemented with
23, also at about 10-12% of that seen for the wild-type strain
under the same growth conditions. There was no significant
difference in the production level of pikromycin when the tri-
ketide concentration was increased to 2 or 5 mm (Figure 2).
However, the levels of pikromycin decreased dramatically
when lower (< 0.5 mMm) concentrations were used; this sug-
gests that, under these conditions, priming of module 3 of the
Pik PKS in BB138 was limited by the availability of 2a.

The efficiency of precursor-directed biosynthesis of erythro-
mycins by using diketides has been shown to be improved by
removal of the loading domain and module 1 of DEBS."® While
the reasons for this observation remain undetermined, it
seems likely that these preceding modules can interfere with
the transfer of the diketide onto the active-site cysteine of
module 2 of DEBS. Experiments were carried out to determine
if the modules of PikAl interfered with loading of the natural
triketide 2a onto module 3. A plasmid (pBK51) that expresses
the entire PikAl with a Cys—Ala mutation in the active site of
module 1, and pDHS722 (which expresses the natural PikAl)
were introduced into BB138 (Figure 1). Pikromycin production
was observed in BB138/pDHS722, but not in BB138/pBK51 or
BB138/pSG1 (plasmid control). These observations were consis-
tent with expression of an active PikAl from pDHS722 and an
inactive PikAl from pBK51. The levels of pikromycin production

0.8 §
0.4 -
0.5 1 2 5

[2a] /mwm

N
)

-
o)

-
N

Production of 1a / mg L™

(=]

Figure 2. Pikromycin yields from growing S. venezuelae BB138 in the pres-
ence of varying concentrations of the triketide 2a. Results are average
(£ SEM) of triplicate assays.

1612

www.chembiochem.org

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

K. Reynolds et al.

obtained by growing BB138/pBK51 and BB138/pSG1 in the
presence of a range of concentrations of the natural triketide
2a were determined (Figure 3). In both cases the same signifi-
cant drop in pikromycin production was observed when trike-

1.8 1 [0BB138/pBK51 MBB138/pSG1|
1.6 1
1.4
121

1 4
0.8 -
0.6 1
0.4 -
0.2 -

0 4

Production of 1a/mg L™

0.1 0.2 0.4 0.6 1
[2a] / mm

Figure 3. Pikromycin yields from growing S. venezuelae BB138/pBK51 and
BB138pSG1 in the presence of varying concentrations of the triketide 2a.
Results are average (+SEM) of triplicate assays.

tide concentrations were less than 0.5 mm. However, there was
no significant difference in pikromycin production for BB138/
pBK51 and BB138/pSG1 at each triketide concentration. A
feeding study with the natural diketide resulted in pikromycin
production in BB138/pBK51, thus unequivocally demonstrating
the presence of soluble PikAl with an active module 2 and in-
active module 1 (data not shown). These experiments suggest
that the PikAl protein does not affect loading of the triketide
onto module 3 of the Pik PKS, and contrast the observations
made with DEBS."” In the DEBS case, however, the experi-
ments were carried out with diketides, and the preceding
modules (loading domain and module 1) were housed on the
same polypeptide. In the case of triketide feeding for the Pik
PKS, the preceding modules are housed on a separate poly-
peptide and are therefore arguably less likely to present a sig-
nificant barrier to priming of the module.

A number of factors could account for the observation that
maximal yields of pikromycin production from feeding triketide
to BB138 were only about 10% of that seen in the wild-type
strain. One potential limiting factor is the loading of 2a onto
module 3 of the Pik PKS. Indeed, previous in vitro work with in-
dividual modules of DEBS has shown that the catalytic efficien-
cy for formation of a triketide lactone increases more than
100-fold if the priming diketide substrate is presented attached
to the cognate ACP rather than as an N-acetylcysteamine.”" In
the normal Pik PKS process, the docking domains of PikAl and
PikAll presumably facilitate efficient passage of the triketide in-
termediate from ACP3 of PikAl to the KS4 of PikAll*? The effi-
ciency of this process coupled with the poor loading of 2a on
to KS3 likely accounts for previous observations of extremely
low intact incorporation of labeled triketide into pikromycin in
the wild-type S. venezuelae."

Production of novel pikromycin analogues by mutational
biosynthesis in strain BB138

NAC thioester analogues of the natural triketide 2a were
added to fermentations of BB138 to determine which could be

ChemBioChem 2008, 9, 16091616
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processed into novel pikroymcin-related products. All triketide
analogues were fed at a final concentration of 1 mm, and the
resulting fermentation products were analyzed by LC-MS. As
detailed in Figure 4, four of these triketides (2b, 2¢, 2h, and
2i) were processed to the corresponding 14-membered ana-
logues of pikromycin. In none of the triketide experiments
were 12-membered products (analogues of methymycin, neo-
methymycin, and 10-deoxymethynolide) observed. The reason
for this observation was unclear, but might simply reflect the
fact that they were produced at levels harder to detect (the
14-membered pikromycin predominated in BB138 grown in
the presence of 2a).

Replacement of the ethyl group of the natural triketide with
propyl (2b), isopropyl (2c), or ethylene (2i) resulted in detecta-
ble levels of fully elongated polyketide products (1b, 1¢, and
1e, respectively). Replacement of the ethyl group with the cy-
clohexyl group in 2d, did not give the corresponding product,
potentially indicating an inability of the Pik PKS to process a
bulky substituent at the end of the polyketide chain. Surpris-
ingly, the triketide analogue 2e, in which the ethyl group was
shortened to a methyl was also not processed. Thus, there
appears to be an upper and lower limit to the size of the sub-
stituent used to replace the ethyl group.

Replacement of the methyl substituent at the y-position of
the triketide with an ethyl in 2h successfully led to the new
fully elongated product 1d, while replacement with a hydro-
gen in 2g did not. The same negative result was obtained
with 2 f, when the a-hydrogen in the natural triketide was re-
placed with a methyl group.

These experiments demonstrate clearly that the subunits
PikAIl-PikAIV of the Pik PKS have sufficient flexibility to process
some analogues of the natural triketide in which the structural
components introduced by the loading domain and module 1
of PikAl have been varied. In all cases the yields were extreme-
ly poor. In the case of triketides 2b, 2¢, and 2h, production of
the pikromycin analogue was < 1% of the normal pikromycin
production (and thus more than a tenfold decrease over yields
of pikromycin made by feeding the natural triketide 2a to
strain BB138, Table 1). The vinyl triketide analogue 2i was uti-
lized more efficiently than other unnatural analogues (~ 1% rel-
ative yield, calculated by using a standard curve for pikromy-
cin, Table 1). We cannot discount the possibility that the trike-

APIKAI

S. venezuale
(BB138)

synthetic
triketide-SNAC

2a; R'= CH;, R?= CH,CH,

2b; R'= CH,, R?= CH,CH,CH,
2¢; R'= CH;, R?= CH(CH,),
2h; R'= CH,CHj3, R?= CH,CH,
2i; R'= CH,, R?= CH=CH,

1a; R'= CH,, R?= CH,CH,

1b; R'= CH,, R%= CH,CH,CH,
1c; R'= CH,, R%= CH(CH;),
1d; R'= CH,CH,, R?>= CH,CH;
1e; R'= CH,, R?= CH=CH,

tide analogues are either taken up more poorly or degraded
faster than the natural triketide. Nonetheless, the compounds
are very similar in structure, and we hypothesize that the low
yields seen with all triketide analogues relative to the natural
triketide are consistent with slower loading and elongation of
these analogues due to the specificity of the Pik PKS modules.
Presumably triketide analogues that did not result in detecta-
ble production of new products were either not loaded and
processed by the Pik PKS, or did so very slowly.

In the cases of the triketides 2a-c, h, and i, analogues 7 a-e
(Figure 4) of narbomycin (pikromycin lacking the C-13 hydroxyl
substituent) were also observed in levels higher than their hy-
droxylated counterparts, as indicated by LC-MS analyses (the
low titers precluded an accurate determination of this ratio).
Compounds 7b, ¢, and e were purified, and accurate mass
analyses (Table 2) were shown to be consistent with the pro-
posed structures (Figure 4). These observations clearly demon-
strate that PikC is able to process analogues of the natural sub-
strate, but likely does so with reduced catalytic efficiency. For
none of these four triketide analogues were there detectable
levels of the 14-membered aglycone products. This observa-
tion demonstrated that DesVII-DesVII* a protein complex
that catalyzes attachment of p-desosamine, can tolerate struc-
tural variations in the C13-C14 region of the aglycone struc-
ture. The lack of aglycone products also indicates that the low
levels of pikromycin products made from these triketides is
not a result of poor hydroxylation and glycosylation, and more
likely poor processing by the Pik PKS.

Table 2. HRMS data of compounds 7b, 7¢, and 7e.

Compound Calculated [M+H] Observed [M+H]
7b 524.3587 524.3563
7c¢ 524.3587 524.3560
7e 508.3274 508.3250

Antibacterial activity of A'*'®-dehydropikromycin

A small quantity of A™'S-dehydropikromycin (1e) was isolated
and its antibacterial activity against three different bacteria
was compared to that of natural pikromycin (Table 3). In this

Compound ESI [M+H]"  tg/ min

7a 510.27 27.72

1a 526.27 20.19

7b 524.20 26.32

N 1b 540.20 23.86

| 7c 524.27 25.28

1c 540.13 23.04

7d 524.07 27.18

1d 540.20 20.97

7a; R'= CH;, R’= CH,CH; 7e 508.13 18.20
7b; R' = CH;, R?= CH,CH,CH, 1e 524.13 17.52

7¢; R'= CHj, R*= CH(CH;),
7d; R' = CH,CH;, R?= CH,CH,
7e ; R'= CH;, R%= CH=CH,

Figure 4. Left: Analogues of pikromycin (1a) and narbomycin (7 a) generated by growing S. venezuelae BB138 in the presence of analogues 2 b-i of the natu-

ral triketide 2a. Right: ESI mass and HPLC retention times for 1a-e and 7 a-e.

ChemBioChem 2008, 9, 1609- 1616
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Table 3. Antibacterial activity of 1a and vinyl analogue 1e.?! MIC,, is the
minimum concentration at which no visible growth was detected.

Test organism MICqo [um]®

1a 1e
E. coli TolC 50-60 20-30
S. aureus NorA 90-100 40-50
Bacillus subtilis 25-30 10-15

preliminary analysis a twofold improvement in the MICy, was
observed. Directed biosynthesis of erythromycin analogues
bearing an azido group at C15 has recently been reported."
In this case, a twofold improvement in activity against the
Gram-negative respiratory pathogen H. influenzae was ob-
served relative to erythromycin (this difference was not ob-
served with other bacteria). These two studies show that di-
rected-biosynthesis can be used to generate pikromycin and
erythromycin analogues bearing new C14 substituents that
either do not impact biological activity, or lead to a modest
improvement. The method also allows vinyl and ethylamino
groups to be added, thereby providing chemical handles for
additional modification steps.

In conclusion, the data show for the first time that the Pik
PKS system is amenable to directed biosynthesis and that
analogues of the natural triketide intermediate can be used to
generate new and potentially useful antibiotics.

Experimental Section

All reactions were carried out with dry solvents under anhydrous
conditions (under nitrogen), unless otherwise noted. All solvents
and reagents were purchased from Aldrich. Normal-phase flash
column chromatography was carried out on Davisil® silica gel
(100-200 mesh, Fisher). Preparative thin-layer chromatography
(PTLC) separations were carried out on 1 or 2 mm Merck silica gel
plates (60F-254). "H NMR spectra were recorded on Tecmag Libra-
modified NM-500 MHz or Bruker AC-F 300 MHz spectrometers and
calibrated by using residual undeuterated solvent as an internal
reference. *C NMR spectra were recorded on Bruker AMX-400 MHz
or Bruker AC-F 300 MHz NMR spectrometers. High-resolution mass
spectra were recorded on a Micromass LCT Electrospray mass spec-
trometer at the Mass Spectrometry & Proteomics Facility (Ohio
State University).

HPLC and LC-MS analysis: HPLC was performed on a system
equipped with Waters 600 pump connected to Waters 2487 Dual
Absorbance. Products were analyzed by using a 5 pm Discovery HS
C18 reversed-phase column (4.6 x250 mm, Supelco) with an elu-
tion gradient from 20 to 80% acetonitrile in ammonium acetate
buffer (10 mm) at flow rate of 1 mLmin~". LC/MS analysis was per-
formed by using the same gradient solvent system as described
for HPLC analysis at a flow rate of 0.3 mLmin~' on a Surveyor
HPLC system (Thermofinnigan) connected to diode ray detector
equipped with a 2.1 um Discovery HS C18 reversed-phase column
(4.6 x250 mm, Supelco). Mass spectra were collected on an LCQ
quadrupole ion trap (Thermofinnigan) mass spectrometer
equipped with an electrospray ion source operating in positive
mode.
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Strains: The construction of PikAl deletion mutant (BB138) used
for the feeding studies has been described previously.*” The plas-
mid SG1 was constructed from pDHS702"® by digestion with
BamHI and Bg1ll and religation by using a Roche Ligation kit. For
the construction of pBK51, a BamHI-Bg1ll fragment of the pikA/
complementation plasmid pDHS722%% was subcloned, and the de-
sired mutation was introduced by using a QuickChange kit and the
primers 5-GTGGACACGGCCGCTAGCTCGTCGCTG-3" and 5'-GTCCAC-
CAGCGACGAGCTAGCGGCCGT. The resulting mutated fragment was
then subcloned back into pDHS722 to give pBK51 according the
methodologies previously described.” S. venezuelae transformants
were selected on R2YE agar plates by overlaying with thiostrepton
(1 mL, 500 pgmL™"). SGGP liquid medium was used for propaga-
tion of all the mutants of Streptomyces.

Feeding experiments: A loop full of spores of BB138 was inoculat-
ed in SGGP medium (10 mL) in a 50 mL flask and grown for 16 h at
30°C and 220 rpm. This seed culture (100 pL) was then used to in-
oculate fresh SGGP medium (10 mL) in a 50 mL flask. The culture
was grown for 8 h at 30°C and 220 rpm, after which triketide
SNACs (1 mm) were added to it, and the culture was grown for an
additional 3 days. At the end of the fermentation period the myce-
lia were removed by centrifugation, the pH of the supernatant was
adjusted to 9.5 (1N NaOH)), and the supernatant was extracted
with ethyl acetate (2x20 mL). The organic extract was concentrat-
ed by rotary evaporation, redissolved in methanol, and analyzed
by HPLC and LC/MS. The feeding of compounds 2a-i was per-
formed in triplicate.

Quantification of pikromycin analogues: Pikromycin was purified
from S. venezuelae (wild-type) by HPLC on a C-18 column. Specific
amounts of pikromycin were injected into the chromatograph, and
its UV absorption was determined. A standard plot of concentra-
tion versus area under the peak (UV absorption) was obtained and
used to quantify the production levels of other pikromycin ana-
logues.

Determination of MIC,,: Minimum inhibitory concentrations were
determined in triplicate according to the broth microdilution
method.”® E. coli TolC, S. aureus NorA, and Bacillus subtilis (stock
solutions in glycerol) were grown overnight at 37°C in LB, tryptic
broth, and nutrient broth media respectively. The cells were diluted
to ~0.001 ODgy with the respective media. The assay was per-
formed in a 96-well plate. Stock solutions of compounds 1a and
1e in ethanol introduced into a 96-well plate were diluted with
medium to produce the desired concentration. The plate was incu-
bated for 6 h at 37°C for E. coli TolC and S. aureus NorA, and over-
night for Bacillus subtilis. MICy, values are reported as the minimum
concentration at which there was no visible growth. The ODg,, was
used as a measure of cell growth.

Chemical synthesis

General procedure for aldol coupling: Diisopropylethylamine
(25.8 mmol) and dibutylboron triflate (1.0m in CH.Cl,, 25.8 mmol)
were added to a stirred solution of Evans’ acyl-oxazolidinone
(25.8 mmol) in CH,Cl, (0.3 m) at 0°C. The resulting reaction mixture
was stirred at 0°C for 30 min and then cooled to —78°C. Propio-
naldehyde (17.2 mmol) in CH,Cl, (0.5m) was added, and the mix-
ture was stirred at —78°C for 1 h and then allowed to warm to
0°C. After the mixture had been stirred for 2 h at this temperature,
the reaction was quenched by addition of phosphate buffer pH 7
(20 mL). The reaction mixture was poured into a flask containing
MeOH (85 mL) at 0°C, treated with precooled 30% H,O, (107 mL),
and stirred at 0°C for 1 h. MeOH was removed by rotary evapora-
tion, saturated aqueous NaHCO,; was added, and the resultant
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aqueous layer was extracted with CH,Cl, (3x100 mL) and purified
by flash silica gel chromatography to afford aldols 3.

General procedure for protection of aldol 3: 2,6-Lutidine (14.9 mmol)
was added to a solution of aldols 3 (4.9 mmol) in CH,Cl, (0.2 M) at
0°C. After the mixture had been stirred for 5 min at that tempera-
ture, tert-butyldimethylsilyltrifluoromethane sulfonate (7.5 mmol)
was added dropwise, and the reaction mixture was stirred at 0°C
for 20 min, after which time no starting material was detected by
TLC. Saturated aqueous NH,Cl was then added. The organic phase
was separated, and the aqueous layer was extracted with CH,Cl,
(3%30 mL). The combined organic extracts were dried over anhy-
drous Na,SO,, concentrated, and purified by flash silica gel chroma-
tography.

General procedure for benzylation: nBuli (1.6M in hexanes,
6.4 mmol) was added to a solution of benzyl alcohol (10.4 mmol)
in THF (0.5m) at 0°C. The resulting solution was stirred at 0°C for
30 min, and a solution of the protected aldols 3 (4.9 mmol) in THF
(0.8 M) was added. The reaction mixture was stirred at this temper-
ature for 5 h and then quenched by addition of saturated aqueous
NH,CI. The organic phase was separated, and the aqueous layer
was extracted with diethyl ether (3x20 mL). The combined organic
extracts were washed with water, dried over anhydrous Na,SO,,
concentrated, and purified by flash silica gel chromatography to
afford the benzyl esters 4.

General procedure for DIBAL-H reduction: DIBAL-H (1w in hexanes,
8.9 mmol) was added to a solution of 4 (4.1 mmol) in CH,Cl, (0.6 m)
at —78°C. The mixture was stirred at —78°C for 30 min and then
warmed up to 0°C. After the mixture had been stirred at 0°C for
30 min, the reaction was quenched with MeOH (0.2 mL), and the
mixture was diluted with CH,Cl, (14 mL). A saturated aqueous solu-
tion of Rochelle salt (14 mL) was added, and the mixture was
stirred at room temperature until there were two clear layers. The
organic layer was separated, and the aqueous layer was extracted
with diethyl ether (320 mL). The combined organic extracts were
washed with brine, dried over anhydrous Na,SO, concentrated,
and purified by flash silica gel chromatography to afford alcohols
5.

General procedure for Wittig olefination: Dess-Martin periodinane
(3.1 mmol) was added to a solution of 5 (2.6 mmol) in CH,Cl,
(0.2m) at 0°C. The resulting mixture was stirred at room tempera-
ture for 30 min, after which time it was subjected to silica gel
column chromatography. The column was eluted with 10% EtOAc
in hexane to obtain the corresponding aldehyde as colorless oil,
which was used directly in the next step. Methyl (triphenylphos-
phoranylidene) acetate was added to a solution of aldehyde
(2.6 mmol) in THF (0.06 m). The mixture was heated under reflux
for 24 h, after which time no starting material was detected by
TLC. The reaction mixture was applied to a silica gel column, and
the unsaturated esters were eluted with 1% EtOAc in hexane.

General procedure for hydrolysis of unsaturated esters: Potassium
carbonate (3.5 mmol) was added to a solution of the unsaturated
esters (0.69 mmol) in methanol (0.08 M) and water (0.25 m). The re-
action mixture was heated under reflux for 3 h, after which metha-
nol was removed by rotary evaporation, and the aqueous layer
was acidified to pH 2 with concentrated HCI. The mixture was satu-
rated with solid NaCl and extracted with diethyl ether (3x15 mL).
The combined organic extracts were washed with saturated aque-
ous NaHCO,, dried over anhydrous Na,SO,, concentrated, and puri-
fied by flash silica gel chromatography to afford the unsaturated
acid 6.
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General procedure for the preparation of protected NAC: Thioesters:
Triethylamine (1.1 mmol) and diphenylphosphorylazide (0.8 mmol)
were added to a solution of 6 (0.5 mmol) in DMF (0.2m) at 0°C.
The reaction mixture was stirred at 0°C for 2 h. N-acetylcysteamine
(0.6 mmol) was added, and the mixture was stirred at room tem-
perature for 2 h after which water (2.6 mL) was added. The organic
layer was separated, and the aqueous layer was extracted with
EtOAc (3x2.6 mL). The combined organic extracts were dried over
anhydrous Na,SO,, concentrated, and purified by flash silica gel
chromatography.

General procedure for the deprotection and preparation of final NAC
thioesters: Hydrofluoric acid (48 % wt in H,0) was added to a solu-
tion of the protected NAC thioester (0.4 mmol) in acetonitrile
(0.1m) and water (0.6 m). After being stirred for 2 h at room tem-
perature the reaction mixture was cooled to 0°C and the pH was
adjusted to 7.5 with saturated aqueous NaHCO;. Acetonitrile was
removed by rotary evaporation, and the resultant aqueous layer
was extracted with EtOAc (3x10 mL). The combined organic ex-
tracts were dried over anhydrous Na,SO, concentrated, and puri-
fied by flash silica gel chromatography to afford the final Triketide
NAC thioesters 2 a-f.

General procedure for Weinreb amides: AlMe; (2.0Mm in heptane,
0.9 mmol) was added to a suspension of N,O-dimethylhydroxyl-
amine hydrochloride (0.9 mmol) in THF (1.9 m) at 0°C. The solution
was stirred at room temperature for 30 min and then cooled to
—15°C. A solution of 3g-i (0.3 mmol) in THF (0.7wm) was added,
and the mixture was allowed to warm to 0°C. After stirring at 0°C
for 2.5 h, CH,Cl, (0.1 m) and HCI (0.5N, 0.06 M) were added to the
mixture, and it was stirred at 0°C for an additional 1 h. The organic
layer was separated, and the aqueous layer was extracted with
CH,Cl, (3x5mL). The combined organic extracts were washed
with saturated aqueous NaHCO,, dried over anhydrous Na,SO,,
concentrated, and purified by flash silica gel chromatography.

General procedure for protection of Weinreb amides: 2,6-Lutidine
(15.3 mmol) was added to a solution of alcohol (5.1 mmol) in
CH,Cl, (0.2m) at 0°C. After stirring for 5 min at that temperature,
tert-butyldimethylsilyltrifluoromethane sulfonate (7.7 mmol) was
added dropwise to the reaction mixture, and it was stirred at 0°C
for 20 min, after which time no starting material was detected by
TLC. Saturated aqueous NH,Cl was added. The organic phase was
separated, and the aqueous layer was extracted with CH,Cl, (3%
30 mL). The combined organic extracts were dried over anhydrous
Na,SO,, concentrated, and purified by flash silica gel chromatogra-

phy.

General procedure for DIBAL-H reduction of Weinreb amides: To a so-
lution of the protected Weinreb amide (3.3 mmol) in THF (0.08 m)
at —78°C was added DIBAL-H (1 m in hexanes, 6.6 mmol). The mix-
ture was stirred at —78°C for 1 h, after which the reaction was
quenched by the addition of acetone (0.3 mL). The solution was
immediately poured into a vigorously stirring mixture of hexane
(64 mL) and tartaric acid (0.5m, 64 mL) at 0°C. The mixture was
stirred at 0°C for 30 min. The organic phase was separated, and
the aqueous layer was extracted with dichloromethane (3%
100 mL). The combined organic extracts were washed with water
and brine, dried over anhydrous Na,SO,, concentrated, and purified
by flash silica gel chromatography.

Analytical data for final triketide NAC thioesters 2 a-i

Compound 2a: R=0.18 (5% MeOH/CH,CL,); 'HNMR (500 MHz,
CDCl,): 6=6.94 (dd, J=7.5, 155 Hz, 1H), 6.18 (dd, J=1.0, 16.0 Hz,
1H), 5.87 (brs, 1H), 3.53 (m, 1H), 3.48 (q, J=6.0 Hz, 2H), 3.11 (t, J=
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6.0 Hz, 2H), 2.45 (m, 1H), 1.98 (s, 3H), 1.63-1.53 (m, 1H), 1.46-1.38
(m, 1H), 1.12 (d, J=7.0 Hz, 3H), 0.99 (t, J=8.0 Hz, 3H); "*C NMR
(100 MHz, CDCl,): §=190.5, 170.5, 148.6, 128.4, 76.0, 42.4, 39.9,
28.6, 27.6, 23.4, 140, 10.5; HRMS calcd for C;,H,NO,S+Na:
282.1140; found 282.1118 [M+Na].

Compound 2b: R;=0.19 (5% MeOH/CH,CL,); 'HNMR (500 MHz,
CDCly): 6=6.93 (dd, J=7.5, 15.5Hz, 1H), 6.15 (m, 2H), 3.60 (brs,
1H), 3.44 (q, J=6.0 Hz, 2H), 3.08 (t, J=6.5 Hz, 2H), 2.41 (m, 1H),
2.06 (s, 1H), 1.95 (s, 3H), 1.41 (m, 4H), 1.08 (d, J=6.5 Hz, 3H), 0.92
(t, J=6.5Hz, 3H); BCNMR (100 MHz, CDCl): 6=190.5, 170.6,
148.7, 128.4, 74.3, 42.8, 39.9, 36.8, 28.6, 23.4, 19.4, 14.2, 14.0; HRMS
calcd for C;3H,3NO,S + Na: 296.1296; found 296.1278 [M+Na].

Compound 2c: R;=0.22 (5% MeOH/CH,Cl,); 'HNMR (500 MHz,
CDCl;): 6=6.90 (dd, J=8.0, 15.5Hz, TH), 6.16 (d, J=16.0 Hz, 1H),
6.01 (brs, 1H), 3.46 (q, J=6.0Hz, 2H), 3.28 (m, TH), 3.09 (t, J=
6.5 Hz, 2H), 2.52 (m, 1H), 1.97 (s, 3H), 1.70 (m, 2H), 1.11 (d, J=
6.0 Hz, 3H), 0.93 (d, J=7.0 Hz, 6H); *C NMR (100 MHz, CDCl,): 6 =
194.2, 170.2, 143.6, 135.5, 39.8, 39.4, 28.6, 27.9, 23.3, 15.1, 128,
10.2; HRMS calcd for C;5H,3NO;S+ Na: 296.1296; found 296.1296
[M+Na].

Compound 2d: R=0.15 (5% MeOH/CH,CL,); 'HNMR (500 MHz,
CDCly): 6=6.94 (dd, J=8.5, 16.5 Hz, 1H), 6.16 (d, J=16.0 Hz, 1H),
5.92 (brs, 1H), 3.46 (g, J=6.0 Hz, 2H), 3.32 (m, 1H), 3.11 (t, J=
6.5 Hz, 2H), 2.57 (m, 1H), 1.98 (s, 3H), 1.88 (m, 1H), 1.10 (d, J=
7.5Hz, 3H), 0.93-1.79 (m, 1H); *CNMR (100 MHz, CDCl;): 0=
190.6, 170.4, 149.6, 128.1, 78.6, 41.1, 40.0, 39.3, 29.9, 28.6, 27.9,
26.5, 26.4, 26.1, 23.5, 13.3; HRMS calcd for C,;H,,NO,S+Na:
336.1609; found 336.1605 [M+Na].

Compound 2e: R=021 (5% MeOH/CH,Cl,); 'HNMR (500 MHz,
CDCly): 6=6.78 (dd, J=8.0, 16.0 Hz, 1H), 6.19 (dd, J=1.0, 15.5 Hz,
1H), 5.87 (brs, 1H), 3.83 (m, 1H), 3.48 (q, /=6.0 Hz, 2H), 3.12 (t, J=
6.5 Hz, 2H), 2.42 (m, 1H), 1.44 (d, J=5.0 Hz, 1H), 1.20 (d, J=6.5 Hz,
3H), 1.12 (d, J=6.5Hz, 3H); *CNMR (100 MHz, CDCl,): 6=190.3,
189.9, 147.6, 128.6, 70.6, 43.7, 39.8, 28.4, 23.3, 20.6, 14.3; HRMS
calcd for C;;H,yNO;S + Na: 268.0983; found 268.0989 [M+Nal.

Compound 2f: R=0.12 (5% MeOH/CH,Cl,); '"HNMR (500 MHz,
CDCly): 6=6.64 (d, J=10Hz, 1H), 5.89 (brs, 1H), 3.45 (m, 3H), 3.08
(t, J=6.5Hz, 2H), 2.67 (m, 1H), 1.98 (s, 3H), 1.92 (s, 3H), 1.56 (m,
1H), 1.38 (m, 1H), 1.09 (m, J=6.5Hz, 3H), 0.98 (t, J=7.5Hz, 3H);
3C NMR (100 MHz, CDCl,): 6=194.2, 170.2, 143.6, 135.5, 76.5, 39.8,
394, 28., 27.9, 23.3, 15.1, 12.8, 10.2; HRMS calcd for C;3H,3NO;S+
Na: 296.1296; found 296.1296 [M-+Nal.

Compound 2g: R=0.08 (5% MeOH/CH,CL,); 'HNMR (500 MHz,
CDCly): 6=6.97 (m, 1H), 6.22 (d, J=15.5Hz, 1H), 591 (brs, TH),
3.73 (m, 1H), 348 (q, J=6.0 Hz, 2H), 3.11 (t, J=6.0 Hz), 2.43 (m,
1H), 234 (m, 1H), 1.98 (s, 3H), 1.55 (m, 2H), 0.98 (t, J=7.5 Hz);
3C NMR (100 MHz, CDCl,): 6=190.1, 170.2, 142.6, 130.5, 71.9, 39.8,
39.6, 30.1, 284, 232, 9.8; HRMS calcd for C;;H,;;NO;S+ Na:
268.0983; found 268.0989 [M+Nal.

Compound 2h: R=0.16 (5% MeOH/CH,Cl,); '"H NMR (500 MHz,
CDCly): 6=6.75 (dd, J=9.5, 15.0 Hz, 1H), 6.16 (d, J=15.5Hz, TH),
6.0 (brs, TH), 3.51 (m, 1H), 3.46 (g, J=6.0Hz, 2H), 3.10 (t, J=
6.5 Hz, 2H), 2.16 (m, 1H), 1.97 (s, 3H), 1.76 (m, 2H), 1.55 (m, 1H),
1.36 (m, 2H), 097 (t, /=8.0Hz 3H), 0.87 (t, /=7.5Hz, 3H);
3C NMR (100 MHz, CDCl,): 6=190.2, 170.4, 146.9, 129.9, 75.3, 51.0,
39.8, 28.5, 27.7, 23.3, 22.6, 12.0, 10.3; HRMS calcd for Cy5H,sNO5S +
Na: 296.1296; found 296.1299 [M+Na].

Compound 2i: R=0.10 (5% MeOH/CH,Cl,); '"HNMR (300 MHz,
CDCly): 6=6.94 (dd, J=15, 7.5 Hz, 1H), 6.16 (dd, J=18, 1.2 Hz, TH),
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5.95 (brs, 1H), 5.83 (ddd, /=18, 9, 4.5 Hz, 1H), 5.17-5.32 (m, 2H),
413 (dt, J=9, 1.2 Hz, 1H) 3.46 (q, /=15, 6 Hz, 2H), 3.09 (t, /=6 Hz,
2H), 2.54 (dsext, J=6, 1.2Hz, 1H), 1.96 (s, 3H), 1.79 (brd, J=
18.9 Hz, 1H), 1.09 (d, J=6.3 Hz, 3H); *C NMR (75 MHz, CDCl,): 6 =
190.1, 1704, 147.4, 137.9, 128.4, 116.6, 75.6, 42.2, 39.7, 28.4, 23.2,
14.2; HRMS caled for Cy,H,sNO,S+ Na: 280.0978; found 280.0990
[M+Na].
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Synthesis of a Stabilized Version of the Imidazolone DNA

Lesion

Heiko Mueller, Mathias Hopfinger, and Thomas Carell*®

Imidazolone (dlz) is an abundant, highly mutagenic, and rather
unstable DNA lesion that can cause dG—dC transversion muta-
tions. dlz is generated in DNA by a variety of oxidative processes
such as type | photooxidation. Herein we report the synthesis of a
carbocyclic nucleoside analogue of diz and of DNA containing
this stabilized lesion analogue. The carbocyclic modification pro-

Introduction

tects this lesion analogue from anomerization. As the repair of
the lesion analogue by DNA glycosylases is not possible, this ana-
logue should allow cocrystallization studies together with wild-
type repair enzymes. Characterization of the lesion analogue was
performed by using spectroscopic methods and enzymatic diges-
tion experiments of the oligonucleotides.

0 0o

S el gyt 2 f
Oxidation processes induce the formation of more N N//I\NHZ )\ /]\
than 50 known DNA lesions, which are partially R R
highly mutagenic Many of these lesions are de- dG de"* d&’
rived from the oxidation of the guanine base be- uoz.
cause it has the lowest oxidation potential of all four NH NH
canonical bases.”? Imidazolone (dlz) is one of the g N :
major reaction products formed during one-electron )N|\ NH, MO HN/Q‘(\N
oxidation of dG in either DNA or of the nucleoside HN™ "COOH R0
itself.“? diz is, for example, very efficiently formed R az dlz
when DNA is irradiated with UV-A light in the pres-
ence of riboflavin as a photosensitizer and oxygen I »
(type | photooxidation).*>9 Under these conditions, [nucieoside]
8-oxo0-7,8-dihydro-2’-deoxyguanosine (dOG) is only a H Q ol '—,|_|OO Q
minor reaction product (Scheme 1).”! The diz lesion O:\/le\)kNH Bhotooidston (s i o <N N
itself is rather unstable and today it is well estab- N N/)\NH2 \N/I\NHZ
lished that diz hydrolyzes to give the oxazolone (dZ) R 4oG R
lesion. Although the exact structure of dZ is still a 5-00H-dOG
matter of debate, the most likely open-ring structure Scheme 1. One electron oxidation of dG initially forms the guanine radical cation, which

is depicted in Scheme 1.#<¢

Another major pathway towards formation of the
diz lesion starts with the dOG lesion, which has an
oxidation potential even lower than that of dG.7®
The singlet oxygen treatment of dOG nucleoside
was found to lead predominantly to diz and dZ (Scheme 1).
diz is likely to be formed in cells because its hydrolysis product
was quantified in liver tissue of diabetic rats."” The half-life of
diz in double-stranded DNA in neutral media and at 37°C is
only slightly greater than 20 h™ which is, however, long
enough for the lesion to be replicated by polymerases. The
half-life for the diz nucleoside is even shorter with only 2.5 h."®
It was established that the lesion codes like a dC in accordance
with theoretical and melting point studies.®'? In E. coli diz in-
duces mainly dG—dC transversion mutations (88%)."® The
data about the repair of diz is rather limited."” Its hydrolysis
product dZ, however, was found to be a substrate for the bac-
terial DNA repair glycosylase MutM/FPG.""

[91
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can be deprotonated. The neutral radical reacts with O, . Subsequent degradation leads
to the imidazolon lesion (dlz) and its hydrolysis product oxazolone (dZ) as the major

products. Singlet oxygen oxidation of dOG nucleoside (type Il photooxidation) gives rise
to several DNA lesions, predominantly diz and dZ. R=DNA or 2-deoxy-f-p-ribofuranosyl.

In order to get more insight into the lesion recognition pro-
cess," we report herein, within the framework of our research
program to decipher DNA repair and mutagenesis pathways,
the synthesis of a carbocyclic imidazolone lesion analogue
(cdiz)'"” that will allow the crystallization of repair enzymes in
complex with DNA containing this compound. We recently in-
troduced the concept of replacing the 2'-deoxyribose moiety
of DNA lesions by a cyclopentane skeleton. The lack of a glyco-

[a]l H. Mueller, M. Hopfinger, Prof. Dr. T. Carell
Department of Chemistry and Biochemistry
Ludwig-Maximilians-University
Butenandtstrasse 5-13, 81377 Munich (Germany)
Fax: (+49)89-218077756
E-mail: thomas.carell@cup.uni-muenchen.de
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sidic bond stabilizes lesions against anomerization by eliminat-
ing the mechanistic pathway for this reaction."® This is impor-
tant for lesions such as diz which are known to anomerize
under certain conditions." It is even more important that car-
bocyclic modified lesions cannot be repaired by DNA glycosy-
lases, again due to the lack of the glycosidic bond. For the diz
lesion however, this alone does not stabilize the lesion to an
extend that would allow its incorporation into DNA by solid-
phase DNA synthesis.*™ We therefore developed a new strat-
egy which involves the incorporation of a carbocyclic guano-
sine (cdG) precursor into DNA which allowed us to create cdlz
in a subsequent oxidation reaction directly in DNA (Scheme 2).

o}

NH NH,
N— 2NH, Ny
Ly N N7

H
ﬁ Oxidation ﬁ
o) ® > 0

cdG cdlz

(@]

Scheme 2. Carbocyclic guanosine (cdG) can be used as a precursor for the
synthesis of carbocyclic imidazolone (cdlz) in DNA.

Results and Discussion

The most promising synthesis of cdlz was thought to involve
the oxidation of the carbocyclic analogue of guanosine (cdG).
To this end we initially prepared the acetyl-protected cdG de-
rivative 1 according to a procedure recently published by
us."® This building block was fully deprotected to give 2 by
using a mixture of ethanol and concentrated aqueous ammo-
nia (99 % yield after 18 h at 35°C) as depicted in Scheme 3.

For the oxidation we treated 2, according to a procedure
published by Meunier et al., with a mixture of MNTMPyP 5 and
KHSO; in triethylammonium acetate buffer.”” HPLC analysis of

o
N
NH
4
HO <N lNéi\
OH 1
0
N
NH
d
omro <
N¢J\NHAC
O\?/O\V/A\CN
N(iPr),

Scheme 3. a) conc. ag. ammonia, ethanol, 18 h, 35°C, 99%; b) 1.2 equiv dimethoxytrityl-
chloride, pyridine, molecular sieve, 2.5 h, RT; 1.5 equiv cyanoethyldiisopropylchlorophos-
phoramidite, diisopropylethylamine, THF, 2 h, RT; c) triethylammonium acetate, pH 6.5,

KHSOs;, MNTMPYP (cat.) 5, T min, RT.
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the reaction mixture proved that the reaction was completed
within one minute. The oxidation was stopped by addition of
HEPES buffer to avoid overoxidation. Almost quantitative con-
version to a new product was observed, as depicted in the
HPLC profiles shown in Figure 1A and B. The obtained product
was purified by reversed-phase HPLC by using a gradient of
0.1 m triethylammonium acetate pH 7.0 in water (buffer A) and
0.1 ™ triethylammonium acetate pH 7.0 in 80% acetonitrile
(buffer B) of 0—15% buffer B over 45 min. The fraction eluting
at 13 min was collected and analyzed by UV spectroscopy and
ESI mass spectrometry. The compound indeed featured the
molecular weight of m/z 225.0995 expected for compound 4
(calculated for [M—H]": m/z 225.0993). In addition we found
that the fragmentation pattern (Figure 1D) of the compound is
in accordance with the literature data for diz In order to
compare its stability with the natural lesion, we followed the
hydrolysis of this lesion analogue in neutral aqueous phos-
phate buffer at 37 °C. Under these conditions, we found a half-
life for this lesion of 304.1 min, which is in perfect accordance
with literature data for dlz hydrolysis under similar conditions
(147 min) and demonstrates that the carbocyclic modification
does not influence the hydrolysis process.® Furthermore, no
anomerization product has been observed during this process.
The only observed hydrolysis product of 4 had a molecular
weight of m/z 243.1098, which is in perfect agreement with
the molecular weight of the expected hydrolysis product of 4,
a carbocyclic oxazolone cdZ (calculated for [M—H]™: m/z
243.1099)

In order to prepare the cdlz lesion inside DNA we next incor-
porated ¢dG into two different oligonucleotides. We prepared
the phosphoramidite building block 3 and synthesized the
19-mer and hexamer oligonucleotides ODN 1 and ODN 2
(Table 1), respectively. Besides the cdG base, these strands
were designed to contain no other guanine residues to avoid
oxidation at these alternative sites. The sequence of ODN2
contained two adjacent c¢dG bases because it is
known that this further reduces the oxidation poten-
tial.”! The automated DNA synthesis was performed
on controlled pore glass (cpg) support under stan-
dard conditions for the coupling of 3. Benzylthiote-
trazole (BTT) was utilized as the coupling reagent.
The oligonucleotides were purified on a Dionex DNA
Pac-PA 100 9% 250 semipreparative column by using
a buffer system of 20 mm TRIS/HCI in water (buf-
fer A) and 1m NaCl (buffer B) with a gradient of
either 25-50% B in 45 min (ODN1) or 0-50% B in
45 min (ODN2).

Despite the efficient oxidation of cdG to cdlz on
the nucleoside level, preparation of cdlz inside DNA
with KHSO; and MnTMPyP 5 turned out to be prob-
lematic. We observed significant degradation of the
oligonucleotides. These difficulties forced us to
search for alternative oxidizing reagents and we
turned our attention finally to photooxidation.“"*!
Both oligonucleotides ODN1 and ODN2 were irradi-
ated with UV-A light in the presence of riboflavin.
The best results were obtained with an irradiation

ChemBioChem 2008, 9, 1617 -1622
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Figure 1. A) HPLC profile of purified cdG 2 and B) of the crude reaction mixture after oxidation of 2 with KHSOs in the presence of 5. Nearly full conversion of
the starting material was observed The inset shows the UV spectrum of the peak eluting at 13 min, the characteristic absorption is similar with the absorption
of diz;*® C) negative-mode ESI-MS spectrum of 4, FA =formic acid; D) MS/MS spectrum of the [M—H]~ peak at 35 eV, M=cdlz; E) HPLC profile of the product
mixture after incubation of 4 in aqueous phosphate buffer at pH 7 gives rise to only one new peak at a retention time of 7 min with a molecular weight of
m/z 243.1098; F) exponential fit demonstrating the decrease of the peak areas of 4 after 0, 1, 2, 5, 7, and 8 h of hydrolysis.

Table 1. Synthesized, modified ODNs.

ODN Sequence® Mo Migund®  Yield™
ODN1 5-d(TTT[cGITCATTCTTTTCTTTC) 5689.8 5689.0 -
ODN2 5-d(TT[cGcG]TA) 1818.4 1818.1 -
ODN3 5-d(TTT[clzZ]TCATTCTTTTCTTTC) 5650.7 5649.4 18
ODN4 5-d(TT[clz]cGTA)/ 1779.3 1779.4 16/8
ODN4' 5'-d(TTcGlclz]TA)

[a] Nucleotides in brackets indicate the carbocyclic analogues [b] MALDI-
TOF analysis; [c] in% after 5 min of irradiation time, ¢ of cdlz at 260 nm
estimated as 5 mm~'cm~".2%

ChemBioChem 2008, 9, 1617 - 1622
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time of 5min with a 365 nm cut-off filter in a T mm quartz
cuvette with 2.6 uL of a solution containing 0.6 mm of corre-
sponding oligonucleotides in 9 mm cacodylate buffer at
pH 7.0. Irradiation was performed at room temperature. The
obtained crude reaction mixtures (see Figure 2A and C for the
HPLC profiles) were subjected to HPLC separation, which al-
lowed us to isolate the cdlz-containing 8888oligonucleotides
ODNS3 and ODN4, ODN4' in a respectable yield of 15-20%. The
HPLC fractions containing these product oligonucleotides were
collected and dialyzed for 60 min against water prior to
MALDI-TOF analysis (Figure 2). All cdlz-containing oligonucleo-
tides had to be kept cold in order to avoid further degradation
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The obtained digested material was subjected to
HPLC-MS analysis (Figure 3).

The HPLC chromatogram (Figure 3A) shows two
peaks, which were assigned to the nucleosides dT
and dA, respectively. The shoulder just in front of
the dT peak is caused by cdG. As a result of the rela-
tively low extinction coefficient of cdlz and hydrolyt-
ic decay of the lesion nucleoside we expected only a
very small signal for this nucleoside. In fact such a

oo

10 20 30 40

peak was detected at around 10 min. The corre-
sponding negative mode ESI-MS spectrum of this

| —

50

30 40 50
£/ min ) ¢/ min ) peak is shown in Figure 3B (top). The obtained
value of m/z 225.0994 for [M—H]™ is in full agree-
100 9 1779.4 ment with the calculated molecular weight of cdlz
C) 1001 D) 107 (m/z 225.0993, [M—H]"). Furthermore, the MS/MS
ODN2 ODN4’T spectrum of the signal in question with a m/z
T T < 225.0994 showed a fragmentation pattern identical
3 with data obtained from 4 and in accordance with
C
2 ODN4' Z = the literature data.””
€ € o
3 ODN4 s
< < .
™~ Conclusions
10 15 20 25 o200 30 In conclusion, we were able to synthesize the carbo-
t/mn ——» t/ min —»

Figure 2. Photooxidation of ODN1 and ODN2. Irradiation time was 5 min for each strand.
A) and C) show the HPLC profiles of the reaction mixtures after irradiation; B) and
D) show the HPLC profile of the purified strands and the corresponding MALDI-TOF spec-

tra as insets. Data for the purified ODN4 is not shown.

of the lesion. Although the yield of the photooxida- A) 10
tion is only moderate, the reaction is astonishingly

selective. No other oligonucleotides except the ex- T
pected cdlz-containing product oligonucleotides 2
could be detected under the conditions reported €
herein. In the case of ODN2, it was difficult to differ- ;§

entiate between the two possible products 5-d(TTG-
[clz]TA) and 5'-d(TT[clz]GTA) (Table 1) although sepa-

cyclic imidazolone nucleoside (cdlz), which is a stabi-
lized version of the oxidatively generated DNA
lesion imidazolone (dlz). In addition, we prepared
this building block inside DNA single strands. The
mass spectrum clearly identifies the presence of the

ration of ODN4 and ODN4' is possible. We could not
determine which position was oxidized because the
replacement of the deoxyribose unit by the cyclo-
pentane skeleton makes the compound stable
against typical Maxam-Gilbert conditions.?"” We
assume however, that the product which is produced
with higher yields is the 5’-d(TT[clz]GTA) oligonucleo-
tide, because it is known that two adjacent dG are
predominantly oxidized at their 5" end. Mass spectrometric se-
quencing may be a potential solution to clarify this question.

In order to prove the presence of cdlz in the irradiated
ODNs, we digested the irradiated ODNs enzymatically. To this
end, the photooxidation was scaled up by a factor of 5 to pre-
pare enough material. The obtained DNA was treated with nu-
clease P1 (Penicillium citrinum), Antarctic shrimp phosphatase,
and calf spleen phosphodiesterase Il. The mixture was finally
incubated for 2 h at 30°C. The buffer was then set to pH 5.7.
The relatively low temperature together with the slightly acidic
buffer is needed to minimize hydrolytic degradation of cdlz.
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B) 100, [M-HI  [M+FA-H]
cdiz ar | 225.0004  271.1050
= ¥
x10 TE
dA E’J.M..Hu.ln. T A
220 240 260 280
10 mlz —»
cdG 102, 182.0
cdlz \ °\
\ Ti_ 111.0 155.0
10 20 ' el | |
t/ mn —> 30 120 140 160 180 200
mlz —»

Figure 3. A) HPLC profile of the digested ODN4/4’ showing the UV trace (above) and the
ion count at m/z 224.5-225.5 (below); B) ESI-MS (above) and MS/MS (below) of the peak
eluting at 9.5 min, parent ion for the MS/MS spectrum is [M—H]~ m/z 225.0994, M=
cdlz, FA=formic acid. Data of the digested ODN3 are not shown.

new lesion analogue after enzymatic digestion of the oxidized
oligonucleotides. The molecular weight of the oxidized oligo-
nucleotides is also correct; this supports the presence of the
cdlz lesion. Together with the fact that we obtained clean
HPLC chromatograms, we conclude that the photooxidation
method allows us to prepare DNA containing the cdlz lesion
analogue in excellent quality and high quantity. Replacement
of the 2’-deoxyribose moiety by the cyclopentane unit stabiliz-
es this lesion analogue against cleavage by BER enzymes be-
cause of the lack of a glycosidic bond, but this modification
does not prevent degradation of the heterocycle for example,

ChemBioChem 2008, 9, 1617 -1622
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to give the oxazolone (dZ) hydrolysis product. The lesion ana-
logue hydrolyzes within approximately the same time as the
natural lesion. Consequently, the oligonucleotides obtained
have to be handled with great care (neutral pH, reduced tem-
perature). Under these conditions the hydrolysis is slow
enough so that the cdlz-containing DNA can be stored and
handled. The ability to prepare the cdlz lesion analogue in
DNA is a major step forward because it now allows cocrystalli-
zation studies of cdlz-containing DNA with wild-type repair en-
zymes such as FPG/MutM without being repaired.

Experimental Section

Materials and methods: All solvents and reagents were obtained
in commercially available qualities puriss., p.a., or purum. Phos-
phoramidites are from Glen Research or Samchully Pharm, cpg
support and benzylthiotetrazole (BTT) was from Glen Research. Dry
solvents were purchased from Fluka or Acros and were used as
received. Acetonitrile for DNA synthesis was from Roth in Rotidry
grade with a water content of 10 ppm. Acetonitrile for HPLC and
HPLC-MS was purchased from VWR in HPLC grade. Melting points
were obtained with a Reichert-Jung type 65 15 01 on a Leica
Galen Il microscope and were not corrected. IR spectra were ob-
tained on a Perkin-Elmer Spektrum BX connected with a Smiths
Detection DuraSamp/IR Il. '"H NMR spectra were obtained on a
Varian Mercury-200 and Varian INOVA-400. The chemical shifts
were referred to DMSO in [DgDMSO. If necessary, peak assignment
was carried out with the help of COSY, HMBC, or HSQC experi-
ments. *C NMR spectra were obtained on a Varian INOVA-400 and
Bruker AMX 600. ESI spectra were obtained on a Thermo Finnigan
LT-FT ICR spectrometer. MALDI-TOF spectra were obtained on a
Bruker Autoflex Il spectrometer with a matrix consisting of a 1:1
mixture of saturated 3-hydroxypicolinic acid (HPA) in water and a
solution of 50 mg HPA, 10 mg ammonium hydrogen citrate, and
10 pL of [15]crown-5 in 1 mL water. HPLC analysis was performed
on a Waters 2695 with a Waters 2996 Photo Diode Array detector.
HPLC separation of DNA was achieved on either a Waters 1525
with a Waters 2487 UV detector or a Merck-Hitachi L7150 with a
Merck-Hitachi L7420 UV/Vis detector.

2-Amino-9-(3-hydroxy-4-hydroxymethyl-cyclopentyl)-1,9-dihy-

dro-purin-6-one (cdG) (2): 1 (50 mg, 0.16 mmol) was dissolved in a
mixture of conc. ammonia (3 mL) and ethanol (1 mL). After shaking
for 18 h at 35°C, the solvent was removed on a Savant Speed Vac.
The slightly yellow product 2 (42 mg, 0.16 mmol, 99%) was used
without further purification. m.p. 229-230°C; 'H NMR (400 MHz,
[DDMSO0): 6 =1.53-1.61 (m, 1H; C6'-H,), 1.90-1.92 (m, 2H; C2"-H,,
C4'-H), 2.04-2.12 (m, TH; C2'-H,), 2.23-2.30 (m, 1H; C6’-H,), 3.38-
3.43 (m, 1H; C5'-H,), 3.47-3.51 (m, 1H; C5'-H,), 4.02-4.06 (m, TH;
C3"-H), 4.75-4.84 (m, 1H; C1"-H), 6.39 (brs, 2H; NH,), 7.77 ppm (s,
1H; C8-H); “CNMR (100 MHz, [DJDMSO): 0=34.75 (C6'), 41.36
(C2') 50.00 (C4'), 52.75 (C1'), 63.48 (C5'), 72.20 (C3), 136.04 (C8),
117.44, 151.78, 154.01, 157.55 ppm (C2, C4, C5, C6); IR (film): 7=
3305.83 5, 3163.59 vs, 2920.43 m, 1653.29 vs, 1605.10 vs, 1572.89 s,
1533.39 s, 1478.25 m, 1405.87 s, 1378.96 s, 1170.87 w, 1042.86 w,
916.15 vw, 776.71 w, 719.10 w, 696.40 w, 670.97 w; HRMS (ESI™;
[M+H]"): caled for [C;;H;sNsO; +H]": 266.1248, found 266.1241.

Mn"-5,10,15,20-tetra(4-pyridyl)-21H,23H-porphineacetate-tetra-

kis(methoacetate) (MnTMPyP; 5): Mn"-5,10,15,20-tetra(4-pyridyl)-
21H,23H-porphinechloride-tetrakis (methochloride) (45 mg,
0.05 mmol) was dissolved in water (10 mL) and flushed three times
through a column filled with Dowex 1x 8 ion-exchange resin previ-
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ously loaded with acetate. Small amounts of the resulting solution
were diluted with distilled water and checked for remaining chlo-
ride by addition of silver nitrate solution (0.1 m). If no precipitation
of silver chloride could be observed, the dark-brown solution was
lyophyllized and taken up in water. Content of 5 was estimated to
be approximately 7.7 mgmL™"."*?

2-Amino-5-(3-hydroxy-4-hydroxymethyl-cyclopentylamino)imid-

azol-4-one (cdlz) (4): A solution of 2 (50 uL, 5 mm) was added to
triethylammonium acetate buffer (25 uL, 100 mm, pH6.5) and
water (25 pL). Subsequently, 5 (0.13 uL, 7.7 mgmL™") and a solution
of potassium monopersulfate triple salt (25 pL, 30.7 mgmL™") was
subjected to the solution. The resulting mixture was vortexed for
exactly one minute at RT. The reaction was stopped by addition of
HEPES buffer (50 pL, 100 mm, pH 8.0). Purification of the oxidized
nucleoside was accomplished by direct injection of the solution on
an analytical HPLC with a buffer system of 0.1 m triethylammonium
acetate pH 7.0 in water (buffer A) and 0.1 m triethylammonium ace-
tate pH 7.0 in 80% acetonitrile (buffer B) and a gradient of 0-15%
buffer B in 45 min on a Macherey-Nagel Nucleodur 100-3 column.
The pure product 2 eluted at 13 min. For NMR spectroscopy, the
reaction was scaled up by a factor of 1:160. 'H NMR (400 MHz,
[DgIDMSO): 6=1.32 (ddd, 2/(C6-H,C6"-H,)=12.9 Hz, TH; C6"-H,),
1.77-1.84 (m, 3H; C2"-H, C2-H,, C4-H), 2.11 (ddd, J(C6'-H,,C6-
H,) =129 Hz, 1H; C6'-H,), 3.27-3.30 (m, 1H; C5'-H,), 3.37-3.40 (m,
1H; C5-Hp), 3.88-391 (m, 1H; C3-H), 422 (m, TH; C1-H),
6.80 ppm (d, 1H; C1’-NH), N2-H, C3-NH, 3'-OH, 5'-OH not detected;
CNMR (100 MHz, [Dg]IDMSO): 6 =34.09 (C6'), 40.87 (C2), 49.99
(C4), 52.97 (C1'), 63.58 (C5'), 72.48 (C3'), 166.91 (C5), 177.30,
185.85 ppm (C1, C3); HRMS (ESI"; [M—HI"): caled for
[CoH1oN,OsM—H] " : 225.0993, found 225.0995.

Hydrolysis of cdlz: 2 was prepared and purified as previously de-
scribed. Purified 2 was lyophyllized, dissolved in phosphate buffer
(500 pL, 10 mmMm, pH 7), and incubated at 37 °C. After 50, 120, 300,
420, and 480 min, a sample of 50 uL was injected on an analytical
HPLC coloumn with the same gradient and buffer system as for
the purification of 2. The area of the peak eluting at 13 min was
calculated and plotted against the incubation time. The half-life
was derived from first order exponential fit by using the software
Microcal Origin.

Oligonucleotide synthesis: DNA synthesis was performed on an
Amersham Akta oligopilot 10 under standard conditions on con-
trolled pore glass (cpg) support at a 1 umol scale. The concentra-
tion of the amidite solutions was 0.1 M. Benzylthiotetrazole (BTT)
was used as coupling reagent (0.25m) and the coupling time for
standard amidites was set to 3 min. Coupling time for 3 was
10 min. Syntheses were performed “DMT-off". Deprotection of the
ODNSs was achieved by incubation with a 1:1 mixture of conc. am-
monium hydroxide and methylamine (40% in water) for 18 h at RT.
The solution was evaporated to dryness by using a Savant Speed
Vac®, and the crude product was resuspended in water. Purification
was accomplished with a buffer system of 20 mm TRIS/HCI in
water (buffer A) and 1M NaCl (buffer B) with a gradient of eather
25-50% B in 45 min (ODN1) or 0-50% B in 45 min (ODN2) on a
Dionex DNA Pac-PA 100 9x250 semipreparative column. The frac-
tions were checked for analytical purity by HPLC with the same
gradient and buffer system but a Dionex DNA Pac-PA 100 4x250
analytical column. Collected samples were desalted on a Waters
Sep-Pak® cartridge according to the manufacturer protocol and
analyzed by MALDI-TOF spectrometry.

Oxidation of ODN1 and ODN2: Sodium cacodylate buffer (0.24 uL,
100 mm) and a saturated solution of riboflavin in water (0.4 uL)
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was added to a solution of either ODN1 or ODN2 (2 uL, 0.8 mm).
The mixture was placed in a 1 mm quartz cuvette and irradiated
for 5 min at RT. Subsequently, the sample was diluted with water
(15 ub) and subjected directly to HPLC purification by using a
Dionex DNA Pac-PA 100 4x250 analytical column with the same
gradients and buffer systems as were used for the purification for
ODN1 and ODN2, respectively. The corresponding fractions were
collected, concentrated in vacuo, and dialyzed for 20 min against
water by using a 0.2 um Nylon membrane (Whatman Puradisc). De-
salted samples were checked for purity by using the same HPLC
conditions described above for the purification. Desalting proce-
dure was repeated three times prior to MALDI-TOF analysis or
enzymatic digestion. Amounts of ODN and reagents were linearly
scaled up by a factor of five for enzymatic digestion experiments.

Enzymatic digestion of ODN3 and ODN4/ODN4": Ammonium ace-
tate buffer (5 uL, 300 mm ammonium acetate, 100 mm CaCl,, 1 mm
ZnS0O,, pH 5.7), nuclease P1 (3 units), Antarctic shrimp phosphatase
(1 unit), and calf spleen phosphordiesterase Il (0.05 units) were
added to a solution of either ODN3 or ODN4/ODN4’ (11 um, 45 uL),
respectively. The resulting mixture was incubated for 2 h at 30°C,
followed by injection of the solution (20 uL) into a LC-MS analysis
system with a buffer system of 2 mm ammonium formate pH 5.5 in
water (buffer A) and in 80% acetonitrile (buffer B) and a gradient
of 0-3% B in 12 min, 3-40% B in 48 min on an Uptisphere Inter-
chrom 150%2.1. The ESI spectrometer was set to the negative
mode with an ion spray voltage of 2.5 kV and a capillary tempera-
ture of 200°C.
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Selenoglutaredoxin as a Glutathione Peroxidase Mimic

Giulio Casi,™ Gerard Roelfes,® and Donald Hilvert*™

Glutaredoxin (Grx1) from Escherichia coli is a monomeric, 85-
amino-acid-long, disulfide-containing redox protein. A Grx1 var-
iant in which the redox-active disulfide was replaced with a sele-
nocysteine (C11U/C14S) was prepared by native chemical ligation
from three fragments as a potential mimic of the natural sele-
noenzyme glutathione peroxidase (Gpx). Selenoglutaredoxin, like
the analogous C14S Grx1 variant, shows weak peroxidase activi-
ty. The selenol provides a 30-fold advantage over the thiol, but
its activity is four orders of magnitude lower than that of bovine
Gpx. In contrast, selenoglutaredoxin is an excellent catalyst for
thiol-disulfide exchange reactions; it promotes the reduction of

Glutathione peroxidases (Gpx) efficiently catalyze the reduction
of hydrogen peroxide and organic hydroperoxides by gluta-
thione.'™ Their activity is believed to protect cells against the
oxidative damage that is involved in the etiology of a variety
of diseases, including emphysema, heart disease, and cancer.””
The well-characterized cytosolic Gpx is a large homotetrameric
protein.*>! Each subunit consists of 198 residues and adopts a
thioredoxin-like a/f fold.” Its activity depends on a selenocys-
teine residue, which is incorporated into the protein cotransla-
tionally at position 35.”! The selenol side chain is relatively ex-
posed on the surface of the protein, proximal to a binding site
for glutathione, where it makes hydrogen-bonding interactions
with a conserved tryptophan and a glutamine.*® A catalytic
mechanism that involves the interconversion of the selenol
(ESeH), selenenic acid (ESeOH) and selenenyl sulfide (ESeSR)
forms of the prosthetic group has been proposed
(Scheme 1).1"" However, alternative catalytic cycles have not
been ruled out, and the origins of the enzyme’s high efficiency
are unclear.®
It is possible to mimic the properties of Gpx by incorporat-
ing selenium into a variety of other protein scaffolds. For ex-
ample, treating the serine protease subtilisin sequentially with
phenylmethanesulfonyl fluoride
and hydrogen selenide selectively
converts Ser221 at the enzyme
active site into a selenocysteine.”
The resulting protein, selenosubtili-
sin, catalyzes the reduction of alkyl
H,0  hydroperoxides by thiols."” Kinetic
analyses,""'? site-directed muta-
genesis,"*™ "H and 7’Se NMR spec-
troscopy,"™'® and  crystallogra-
phy"” have afforded detailed in-
sight into the influence of the
active-site microenvironment on

ROOH ESeOH

ESeH

GSSG ESeSG

GSH

Scheme 1. Postulated catalytic
cycle of the Gpx-catalyzed re-
duction of hydrogen peroxide
by glutathione (GSH).
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B-hydroxyethyldisulfide by glutathione with a specific activity of
130 unitsmg™". This value is 1.8 times greater than that of C14S
Grx1 under identical conditions, and > 10" greater than the per-
oxidase activity of either enzyme. Given the facile reduction of
the glutathionyl-selenoglutaredoxin adduct by glutathione, oxida-
tion of the selenol by the alkyl hydroperoxide substrate likely
limits catalytic turnover and will have to be optimized to create
more effective Gpx mimics. These results highlight the challenge
of generating Gpx activity in a small, generic protein scaffold,
despite the presence of a well-defined glutathione binding site
and the intrinsic advantage of selenium over sulfur derivatives.

the reactivity of the selenium prosthetic group. The enzyme
has also been used for the chiral resolution of alkyl hydroper-
oxides. It shows opposite selectivity but similar efficiency to
that of horseradish peroxidase, despite a completely different
mechanism.""®

Although selenosubtilisin shows many similarities to Gpx, its
preferred donor substrates are aryl thiols rather than gluta-
thione" and it is substantially less efficient than the natural
peroxidase,!'? which operates close to the diffusion limit."”
The absence of a defined glutathione binding site and the
placement of the selenol in a binding pocket rather than on
the exposed surface of the protein might account for these dif-
ferences. To develop more effective Gpx mimics, other protein
scaffolds have been investigated, including trypsin,*® glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH),?" glutathione
S-transferase (GST),*? and antibodies.”? Nonetheless, with the
exception of GST, which adopts a thioredoxin-like fold and
contains a glutathione-binding site like Gpx, relatively modest
activities have been reported.

Here we examine one of the smallest members of the thio-
redoxin family, E. coli glutaredoxin 1 (Grx1),** as a template for
creating artificial peroxidases. This structurally well-character-
ized protein is monomeric and only 85 amino acids long. It
possesses a redox-active disulfide at a position that is analo-
gous to the selenocysteine in Gpx as well as a well-defined
binding site for glutathione.?>? We envisaged that replacing
the solvent-accessible Cys11 with selenocysteine, and the

[a] G. Casi, Prof. D. Hilvert
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buried Cys14 with serine would convert this simple
redox agent into a monomeric peroxidase with a
preference for glutathione as the donor substrate.
The small size of glutaredoxin makes it an ideal can-
didate for total chemical synthesis and, as outlined
below, we successfully prepared selenoglutaredoxin
by following a three-fragment chemical ligation
scheme. Its redox activity was also examined and
compared with that of the analogous cysteine-con-
taining protein.

Results

Selenoglutaredoxin

Recombinant C14S Grx1 has been described previ-
ously,”” and the structure of its mixed disulfide
adduct with glutathione was determined by NMR
spectroscopy.”® We prepared the analogous C11U/
C14S variant, selenoglutaredoxin, as a potential Gpx
mimic. Although selenoproteins can be produced
biosynthetically®" or by post-translational modifi-
cation,®? we adopted a (semi)synthetic strategy.®**"
Selenocysteine-mediated chemical ligation of syn-
thetic peptide fragments®2332% s an efficient method
for producing artificial selenoproteins that obviates
the need for especially reactive residues or special
molecular biological methods. B)

A three-fragment ligation strategy was selected for 1
the construction of selenoglutaredoxin that em-
ployed one conventional cysteine-based and one se-
lenocysteine-based ligation to minimize the number
of chemical transformations on the peptide contain-
ing the potentially labile selenocysteine residue. In an
initial approach the protein was disconnected be-
tween residues 10-11 and 40-41. However, the use
of intein chemistry®” to produce the Grx1(41-85)
fragment, and the solid-phase synthesis of the sele-
nocysteine-containing middle fragment, Grx1(11-40), proved
to be difficult and generally resulted in low yields. Therefore,
in an improved design, the protein was disconnected between
residues 10-11 and 21-22 (Scheme 2). Although this strategy
requires mutating glutamate 22 to cysteine, carboxymethyla-
tion of this residue with iodoacetic acid after ligation affords a
noncoded amino acid side chain that is sterically and electroni-
cally similar to the original glutamate.®”*?

The N-terminal fragment Grx1(1-10) 1, which was activated
as a thioester, was prepared by solid-phase peptide synthesis
using Fmoc chemistry. The thioester was obtained by treating
a hydroxymethyl resin with alkylaluminum thiolate.*® The
middle fragment, C11U(Mob)/C14S Grx1(11-21) 2, was synthe-
sized on a 2-chlorotrityl resin.*? Selenocysteine was introduced
in the last step as an orthogonally protected Boc-Sec(Mob)-
OPfp ester to minimize problems with racemization and [-
elimination.®¥ After mild acidic cleavage, the C-terminal car-
boxylic group of the protected peptide was directly converted
to the corresponding thioester, and TFA cleavage of the pro-
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o)
HN~ 23-85
SsH
3
o]
H,N 5 1221 SAr 5 % PhSH, GdmCI, pH 7.5
\Se

o} v gy 9
HoN 12-21 N 23-85
Se SH
O/©) 1. lodoacetic acid, DTT, GdmCI, pH 8.5
|
CH, 2. TMS-Br, TFA, thioanisole, m-cresol
3.1, 5% PhSH, GdmCI, pH 7.5
H o] H e}
110 NN 12-21 N~ 23-85
. ~
X 3
R HO,C
4aR=H
4b R= SCH,

4c R= diselenide derived from 4a

1 21 31

H,N-MQTVIFGRSG UPYSVRAKDL A(CmC)KLSNERDD FQYQYVDIRA
A
EGITKEDLQQ KAGKPVETVP QIFVDQQHIG GYTDFAAWVK ENLDA-CO,H

51 61 71 81

Scheme 2. Synthesis of selenoglutaredoxin. A) Semisynthetic route. B) Selenoglutaredoxin
sequence with single-letter amino acid abbreviations; U= selenocysteine; CmC = carboxy-
methyl cysteine.

tecting groups afforded the desired deprotected fragment 2.
The C-terminal fragment, E22C Grx1(22-85) 3, was produced
recombinantly and fused to an N-terminal decahistidine tag via
a linker that contained a TEV protease cleavage site. Treatment
of the purified fusion protein with S219P TEV protease afford-
ed fragment 3 in good yield.

Selenoglutaredoxin was assembled from the three fragments
in two ligation steps, starting from the C terminus (Scheme 2).
Fragments 2 and 3 were coupled by a standard native chemi-
cal ligation protocol.®’ The reaction was performed with ca.
1 mm of each peptide in 100 mm phosphate buffer (pH 7.5)
that contained 6 GdmCl and 5% thiophenol for 16 h. The
cysteine residue at position 22 was subsequently carboxyme-
thylated with iodoacetic acid to give C11U(Mob)/C14S/E22CmC
Grx1(11-85). Deprotection of selenocysteine, followed by sele-
nocysteine-mediated native chemical ligation®23*3 with the
Grx1(1-10) thioester 1, afforded full-length C11U/C14S/E22CmC
Grx1(1-85) as a mixed selenosulfide with thiophenol 4b and a
small amount of diselenide dimer 4c.

ChemBioChem 2008, 9, 1623 - 1631
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Selenoglutaredoxin

Prior to folding, the peptide was converted to a mixed sele-
nosulfide with glutathione. The protein was reduced with DTT
and treated with excess oxidized glutathione to give the gluta-
thione adduct in an overall 14% yield after HPLC purification.
MALDI-TOF mass spectrometry confirmed the identity of the
product. The lyophilized protein was folded as previously de-
scribed.”® Because the mixed selenosulfide disproportionates
to the diselenide and oxidized glutathione upon prolonged di-
alysis, the lyophilized protein was generally dissolved directly
in the folding buffer immediately prior to use. The resulting
samples and the previously characterized glutathione adduct
of recombinant C14S Grx1“® exhibited essentially identical CD
spectra (Figure 1). Folding yields typically ranged between 40
and 80%.

10000 —

-10000

0/ deg cm? dmol’ ——

200 220 240 260

Al nm ——>

Figure 1. CD spectra of the glutathione adducts of selenoglutaredoxin (—)
and C14S Grx1 (-----). The spectrum of refolded C14S Grx1 is superimposa-
ble on that of a sample that had never been unfolded. Measurements were
performed with 10-20 pum of the desired protein in 50 mm phosphate buffer
(pH 7.0) that contained 100 mm NaCl, 1 mm EDTA at 25°C. The spectra were
corrected for the background signal from the buffer.

Peroxidase activity

Selenoglutaredoxin and C14S Grx1 were assayed as potential
catalysts for the reduction of tert-butylhydroperoxide by gluta-
thione. Activity was monitored by a standard coupled assay in
which the GSSG that was produced in the course of the reac-
tion was catalytically reduced by NADPH with the enzyme glu-
tathione reductase.*”’ After subtraction of the spontaneous
background reaction, only modest peroxidase activity could be
attributed to the glutaredoxin variants. The selenocysteine-
containing protein has an apparent k., of 7x107*s™" which
corresponds to a ca. 140-fold acceleration over background,
whereas the cysteine-containing protein enhances the rate of
reaction only four-fold (Figure 2A). In both cases the reaction
rate is essentially independent of the glutathione concentra-
tion (K, <0.01 mm). For comparison, authentic bovine Gpx has
a k., of 15043 57" and K,,=5.340.3 mm (Figure 2B). At 1 mm
glutathione, Gpx is > 10 times more efficient than the artificial
selenoenzyme, which is in turn 30 times more efficient that
C14S Grx1.

To investigate the importance of the glutathione binding
site for peroxidase activity, bL-dihydrolipoic acid was examined

ChemBioChem 2008, 9, 1623 - 1631
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Figure 2. A) Peroxidase activity of selenoglutaredoxin (——) and C14S Grx1
(----- ). B) Peroxidase activity of natural Gpx (—). The oxidation of gluta-
thione with 100 um tert-butylhydrogen peroxide was carried out at 25°C in
50 mm phosphate buffer (pH 7.0), containing 100 mm NaCl, 1 mm EDTA,
210 um NADPH, and 5 UmL™" glutathione reductase by using either 30 um
selenoglutaredoxin, 100 pm C14S Grx1, or 1.5-6 nm Gpx as the catalyst.
Initial rates were fitted to the Michaelis-Menten equation v, /[E]=

Kol S1/ (Ko +(S]).

as an alternative reductant. Oxidation of the thiol can be moni-
tored directly by the increase in absorbance at 330 nm, which
is associated with the formation of the constrained intramolec-
ular disulfide of lipoic acid. Consistent with expectations that
intramolecular attack of the second substrate thiol would lead
to rapid decomposition of the initially formed selenosulfide/
disulfide adduct with the proteins, somewhat faster reaction
rates were observed with dihydrolipoic acid compared to glu-
tathione. The apparent k., for selenoglutaredoxin and C14S
Grx1 were 4.8x1073s" and 1.5x107*s™"; this corresponds to
about 3000 and 90-fold accelerations over the spontaneous
background reaction.

Grx activity

Because C14S Grx1, like wild-type Grx, efficiently catalyzes the
reduction of low-molecular-weight glutathionyl mixed disul-
fides,”” selenoglutaredoxin was also examined as a potential
disulfide reductase. The standard assay monitors the thiol-di-
sulfide interchange between glutathione and B-hydroxyethyldi-
sulfide (HED).***% Like the peroxidase assay that was described
in the previous section, this process is coupled to NADPH via
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glutathione reductase, leading to a NADPH-dependent disul-
fide reduction where GSH nominally plays a catalytic role
(Scheme 3). In contrast to its modest peroxidase activity, sele-
noglutaredoxin is a surprisingly good catalyst for disulfide re-
duction, and it exhibits a specific activity of 130 unitsmg™' in
the HED assay. This value is 1.8 times higher than that of
C14S Grx1, when measured under identical conditions
(71 unitsmg™"), and more than four orders of magnitude
higher than the peroxidase activity of either protein (Figure 3).
The high efficiency of the selenoglutaredoxin-catalyzed thiol-
disulfide exchange makes it unlikely that attack of GSH on the
glutathionyl adduct of selenoglutaredoxin to give the reduced
enzyme plus GSSG is the limiting step in the peroxidase cata-
lytic cycle (Scheme 1). Instead, oxidation of the selenol by the
hydroperoxide substrate must be substantially slower than in
Gpx.

HOCH,CH,S-SCH,CH,OH + GSH HOCH,CH,S-SG + HOCH,CH,SH

HOCHzCHZS'SGX ESeH Xv GS-SGXNADPH
HOCH,CH,SH ESe-SG GSH NADP*

Scheme 3. Disulfide exchange.

0.002 —

0.001

v/mMs?! ——
T

0 1 L L 1 L I
0 20 40 60 80 100 120

[cat]/nm —

Figure 3. GSH disulfide oxidoreductase activity of selenoglutaredoxin (—)
and C14S Grx1 (----- ). The reduction of the mixed disulfide that was formed
by premixing p-hydroxyethyl disulfide and glutathione was carried out at
28°C in 100 mm Tris buffer (pH 8.0) that contained 2 mm EDTA, 0.1 % BSA,
400 um NADPH, 50 nm glutathione reductase (GR), and 10-100 nm C14S
Grx1 or selenoglutaredoxin.

Reaction with glutathione reductase

Glutathione reductase, which was used in the coupled perox-
idase and Grx assays, is an NADPH-dependent flavoprotein
that regulates the oxidation state of glutathione in vivo. In
control experiments, we found that this enzyme unexpectedly
catalyzes the direct reduction of the glutathione adducts of se-
lenoglutaredoxin and C14S Grx1. At pH 7.0 and 25°C, the ap-
parent biomolecular rate constants k.,/K,, that were observed
in reactions with 100 pm NADPH were 2.9x10°m~'s™" and
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1.3x10°m7's™! for the selenosulfide and disulfide, respectively.
For comparison, k./K., for the reduction of glutathione is 1.3x
10’m~'s™", which is approximately two orders of magnitude
higher.*” The reaction of the glutathione adduct of C14S Grx1
was examined in greater detail (Figure 4). Steady-state parame-
ters ko, =150+£20s"" and K,=1.2+0.3 mm were obtained.
Comparison with the analogous values of glutathione (k.=
450+10s' and K,,=0.03940.003 mm) shows that the de-
creased activity with the mixed Grx1 disulfide is largely a con-
sequence of a substantially larger K, value for this substrate.

120 —

<]

v [GR[' /s — >

0 1 1 1 1 I

0 1 2
[C14S Grx-SG]/ mM ——>

Figure 4. Catalytic reduction of the mixed disulfide between glutathione
and C14S Grx1 (C14S Grx-SG) by glutathione reductase. Reactions were car-
ried out with 2.0 nm glutathione reductase (GR) at 25°C in 50 mm phos-
phate buffer (pH 7.0) that contained 100 mm NaCl, 1 mm EDTA, 0.1% BSA,
and 100 pm NADPH. Initial rates were fitted to the Michaelis-Menten equa-
tion.

Discussion

Glutathione peroxidases are extraordinarily efficient enzymes.
They catalyze the reduction of hydrogen peroxide and organic
hydroperoxides at close to the diffusion limit!"? As a conse-
quence, there has been considerable interest in mimicking
their antioxidant activity with selenium-containing proteins
and small molecules, with an eye toward therapeutic applica-
tions.

A variety of successful Gpx mimics have been de-
scribed.['%2552 The high peroxidase activity reported for a se-
lenium-containing variant of glutathione-S-transferase (seleno-
LuGST1-1)? is notable in this context (although a reinvestiga-
tion is potentially warranted given the lack of activity reported
for another, similarly modified GST scaffold®®). In general,
though, Gpx mimics are much less active than the natural
enzyme. This holds for selenoglutaredoxin as well. Despite the
overall similarity of the Gpx and Grx1 folds and the presence
of a well-defined glutathione-binding site in both, selenoglu-
taredoxin is a comparatively poor peroxidase. Its activity is four
orders of magnitude lower than that of bovine Gpx, underscor-
ing the remarkable efficiency of the natural enzymes. In fact,
the Grx1 protein scaffold offers only a slight advantage over a
simple 15-amino-acid-long peptide that contains a C-terminal
selenocysteine residue®™ with H,0, as an oxidant (data not
shown).
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Comparison of selenoglutaredoxin with C14S Grx1 shows
that the selenol provides a 30-fold advantage over the thiol,
but no more. Similarly, in several other systems, four to 100-
fold increases in activity have been observed upon replace-
ment of cysteines with selenocysteines in proteins.®"** In con-
trast, mutating selenocysteines to cysteine in highly evolved
selenoenzymes typically leads to 100 to 1000-fold decreases in
activity.?>%J For example, the Sec46Cys mutant of phospho-
lipid Gpx is 1000 times less active than the wild-type
enzyme.*? The 30-fold difference in activity for the glutaredox-
in variants thus likely reflects the intrinsic difference in reactivi-
ty of a selenol and a thiol. The active-site microenvironment of
natural Gpx apparently enhances this difference significantly
and, at the same time, greatly increases overall reactivity. The
> 10%fold activation of selenocysteine in Gpx compared to se-
lenoglutaredoxin or simple selenopeptides is similar in magni-
tude to the increase in reactivity that is seen for the active-site
serine in serine proteases.¥

What is special about glutathione peroxidase? Stabilization
of the selenol form of the prosthetic group via hydrogen-
bonding interactions with a conserved glutamine and trypto-
phan residues in the active site is certainly important. Mutation
of these two residues in phospholipid Gpx causes a further 102
to 10%fold decrease in activity over the Sec46Cys substitu-
tion.® Such interactions might be crucial for shifting the equi-
librium between the selenosulfide (ESeSG) and selenolate
(ESe”) forms of the enzyme in favor of the latter, which can
then be rapidly oxidized by a proximally bound peroxide to
complete the catalytic cycle (Scheme 1). The efficacy of seleno-
subtilisin compared to low-molecular-weight selenium-contain-
ing compounds has been similarly attributed to the unusually
low pK, of its active-site selenol™ An extensive hydrogen-
bonding network stabilizes the selenolate and facilitates the
attack of thiols on the selenosulfide intermediate.

In C14S Grx1, the interchange of the thiol-disulfide forms of
the enzyme is quite facile, and can be further enhanced by a
factor of approximately two by replacing Cys11 by selenocys-
teine; this is presumably because the catalytic thiol/selenol is
located proximal to a glutathione binding site. As a conse-
quence, this step is unlikely to limit the semisynthetic sele-
noenzyme'’s peroxidase activity. Instead, peroxide-mediated ox-
idation of the selenol to regenerate the selenosulfide (via a
highly reactive selenenic acid intermediate, ESeOH, Scheme 1)
appears to be unexpectedly inefficient. How natural Gpx acti-
vates hydrogen peroxide and alkyl hydroperoxides for reaction
with the selenol is unknown, but its tetrameric structure might
provide specific binding interactions with the oxidant and also
sterically prevent formation of undesired oxidized forms of the
catalyst, such as the diselenide dimer. The Grx1 scaffold, which
is small and monomeric cannot exploit such mechanisms.

The ability of selenoglutaredoxin to efficiently catalyze the
reduction of glutathionyl mixed disulfides is notable in light of
current interest in naturally occurring monothiol glutaredox-
ins.® The latter enzymes exhibit a range of important redox
activities, including disulfide reduction, disulfide isomerization,
and glutathionylation reactions involving glutathionylated
enzyme intermediates. While selenocysteine-containing ana-
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logues have not (yet) been found in nature, it is clear that sele-
nium could provide a catalytic advantage to such systems.

A related but unexpected finding from our study is the abili-
ty of glutathione reductase to accept the glutathione adducts
of selenoglutaredoxin and C14S Grx1 as substrates. Although
they are processed two orders of magnitude less efficiently
than oxidized glutathione itself, given the high k.,/K,, value for
the natural substrate, these activities are substantial. Indeed,
this activity must be taken into account when interpreting the
results of the coupled peroxidase assay, so as not to be misled.
Structural studies of glutathione reductase have shown that
the glutathione-binding site is located at the dimer inter-
face.®%¥ |nteractions with the reductase are focused primarily
on one tripeptide unit of the dimeric substrate, so that mixed
disulfides can be accommodated without problem. When the
substrate is a mixed disulfide (selenosulfide) between gluta-
thione and a relatively bulky (seleno)cysteine-containing pro-
tein like Grx1, some steric clashes inevitably ensue, which read-
ily account for the 30-times-larger K, that is observed. As seen
in the thiol-disulfide exchange assay, selenium provides a
modest (twofold) advantage over sulfur. In contrast, selenoglu-
tathione is a ten-fold poorer substrate than conventional gluta-
thione,*” and the native disulfide in Grx3 is reduced by thio-
redoxin two- to fivefold more efficiently than either of the iso-
meric selenosulfide mutants.®”

Our study highlights the challenge of generating high per-
oxidase activity in a generic protein scaffold. Selenium com-
pounds have an intrinsic advantage over the analogous sulfur
derivatives, but this advantage accounts for a relatively small
fraction of the extraordinary effects that are achieved by natu-
ral Gpx. The availability of a well-defined binding site for one
of the thiol donors is not sufficient in and of itself. Additional
factors are needed to ensure an efficient reaction of the seleni-
um prosthetic group with the oxidant. Elucidation of the struc-
ture-activity relationships in this simple system might ultimate-
ly help to improve our understanding of natural peroxidases.

Experimental Section

Materials: All chemicals were purchased from Sigma-Aldrich,
Fluka, or Acros. Oligonucleotides were custom-synthesized and
purified by Microsynth (Balgach, Switzerland). Restriction endonu-
cleases and T4 DNA ligase were purchased from New England Bio-
labs. Glutathione reductase (GR) and glutathione peroxidase from
bovine erythrocytes (Gpx) were obtained from Sigma-Aldrich.
E. coli strain BL21(DE3) cysE51%% was provided by Professor A. Bck
(Institute of Genetics and Microbiology, University of Munich,
Germany).

Plasmids: Plasmid pRK793 for the production of S219P TEV pro-
tease® was obtained from Dr. D. S. Waugh (National Cancer Insti-
tute at Frederick, Maryland, USA). Plasmid pETGrxC14S, which en-
codes E. coli C14S Grx1 was constructed by Eric Peterson” from
plasmid pAHOB1,”" which was provided by Professor A. Holmgren
(Medical Nobel Institute for Biochemistry, Department of Medical
Biochemistry and Biophysics, Karolinska Institute, Sweden). Plasmid
pMG211-Ncol-41-2-2 was provided by Adrian Hugenmatter and is
a derivative of pMG211."? It contained a modified polylinker that
was inserted into the Xbal-Spel sites of pMG211, which encoded
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an N-terminal (His),, tag that was fused in frame with the folA
gene: 5'-TCTAGAAATAAT-TTTGTTTAACTTTAAGAAGGAGATATACCA-
TGGCCCATCATCATCATCATCATCATCATCATCATATG-folA-3" (the Xbal
and Ndel restriction sites used for cloning are underlined).

General methods: RP-HPLC was performed on a Waters HPLC
system that was equipped with a UV detector. For analytical runs,
a Cg column (Macherey-Nagel; 250 mm x 4.6 mm x 300 A, 5 p) at
a flow rate of 1 mLmin~', or a Waters Atlantis (Dublin, Ireland)
dC,g-3 (3% 100 mm column) at a flow rate of 1.2 mLmin~", were
used. Peptides were eluted with linear gradients of solvents A and
B (A=0.05% TFA in acetonitrile, B=0.1% TFA in H,0). Preparative
RP-HPLC separations were performed by using linear gradients of
A and B on a Cg column (Macherey-Nagel 250 mmx21 mm X
300A, 7w or on a Cy column (Macherey-Nagel 250 mmx
21 mmx100 A, 7 ) at a flow rate of 10 mLmin™". Protein produc-
tion was carried out in E. coli strain KA13,”® which is a derivative of
KA12 that carried the DE3 phage in its chromosome;” this al-
lowed IPTG-inducible expression of genes under the control of the
T7 promoter. All nucleic acid manipulations were carried out
according to standard procedures.”” Polymerase chain reactions
(PCRs) were performed by using Tag polymerase (Qiagen). All PCR-
amplified portions of the constructed plasmids were confirmed by
DNA sequencing on an Applied Biosystems PRISM 310 Automated
DNA Sequencer by using the Terminator Ready Reaction Mix (Big-
DyeTM, PE Applied Biosystems) for chain termination chemistry.”®
DNA was prepared for sequencing by using a QIAGEN Mini-prep
kit. Protein concentrations were determined by the Coomassie plus
assay (Better Bradford Assay, Pierce).

C14S Grx1: BL21(DE3) cysE51 cells were transformed with plasmid
pPETGrxC14S, and the C14S variant of Grx1 was produced at 37°C
in LB medium that contained 150 ugmL™" ampicillin and
30 uigmL™' kanamycin (LB/Amp™%/Kan®). An overnight culture
(5 mL) was used to inoculate LB/Amp'*%/Kan®® (1.25 L). After vigo-
rous shaking for 4 h an OD of 0.8 was reached, and protein synthe-
sis was induced with IPTG (1 mwm). Cells were harvested by centrifu-
gation 6 h after induction. Cell pellets were suspended in ice-cold
cell lysis buffer (50 mL; 50 mm Tris pH 8, 1 mm EDTA, 1 mm PEFA-
Block) and then sonicated. After removal of cell debris by centrifu-
gation, a 7% streptomycin sulfate solution (5 mL) was added to
the clarified lysate over 10 min. After incubation for 20 min at 4°C,
the suspension was centrifuged and the supernatant was exten-
sively dialyzed against low-salt buffer (buffer A: 50 mm Tris, 1 mm
EDTA, pH 8). The Grx1 variant was purified by ion-exchange chro-
matography (DEAE cellulose, SIGMA, 70 mL column volume) by
eluting with a linear salt gradient from 0 to 250 mm NaCl in buffer
A. The fractions that contained the desired protein were pooled,
concentrated to ca. 25 mL (Centriprep Ultracel YM-3 with a 3 kDa
cutoff), and purified by size exclusion on a Superdex 75 HiLoad
(26/60) Prep Grade FPLC column (Amersham Pharmacia, Uppsala,
Sweden) with buffer A that contained 100 mm NaCl. The overall
yield of C14S Grx1 was ca. 100 mg/L culture. The purified protein
was oxidized to a mixed disulfide with glutathione as previously
described.”” (Analytical RP-HPLC (C, 5 to 60% A in B over 45 min):
t;=34.4 min. MALDI-TOF: m/z calcd for C,30Hg7gN119014:55: 9975.0
[M+H]*, found 9973.0 £ 1.

Na-tert-Butoxycarbonyl-Se-p-methoxybenzyl-L-selenocysteine

(Boc-Sec(Mob)-OH). p-Methoxy- benzyl-L-selenocysteine (H-Sec-
(Mob)-OH)"” was converted to the Boc derivative as previously de-
scribed.”® Briefly, tert-butyl pyrocarbonate (1.44 g, 6.6 mmol) was
added to a solution of H-Sec(Mob)-OH (1.96 g, 6.0 mmol) in TN
NaOH (7.3 mL), H,0 (2 mL) and dioxane (1.5 mL) at 4°C. After stir-
ring for 15 min the ice bath was removed, and stirring was contin-
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ued for an additional hour. The mixture was diluted with H,0O
(10 mL), washed with excess Et,0 (70 mL) and then hexane
(30 mL). EtOAc (40 mL) was added, and the pH of the aqueous
layer was adjusted to pH 2-3 with 1~ HCI. The EtOAc layer was
separated and washed with H,O (30 mL) and brine (20 mL). After
drying (MgSO,), the solvent was removed in vacuo to give Boc-Sec-
(Mob)-OH (1.51 g, 3.9 mmol, 65%) as a colorless oil. [al,=—-3° (c=
1, CHCly); '"HNMR (300 MHz, CDCly): 6=1.45 (s, 9H), 2.93 (d, J=
4.7 Hz, 2H), 3.71 (s, 2H), 3.78 (s, 3H), 460 (m, 1H), 530 (d, J=
7.5Hz, TH; NH), 6.83 (d, /=87 Hz, 2H), 7.18 ppm (d, J=8.7 Hz,
2H); ®CNMR (75 MHz, CDCl;): 6 =25.55, 27.54, 28.37, 53.27, 55.23,
66.91, 80.41, 113.90, 129.88, 130.52, 155.29, 158.27, 174.84 ppm;
HRMS (MALDI): m/z caled for C,¢H,sNNaOsSe: 412.0639 [M+Na]™,
found 412.0630.

Na-tert-Butoxycarbonyl-Se-p-methoxybenzyl-L-selenocysteine
pentafluorophenyl ester (Boc-Sec(Mob)-OPfp): Boc-Sec(Mob)-OH
was converted to a pentafluorophenyl ester as described.” Briefly,
Boc-Sec(Mob)-OH (1.8 g, 3.7 mmol) was dissolved in DMF (40 mL,
0.09M) under a N, atmosphere. The mixture was cooled to 0°C,
and pentafluorophenol (0.607 g, 3.3 mmol) was added. After com-
plete solubilization, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC; 0.633 g, 3.3 mmol) was added and the reac-
tion was warmed to room temperature and stirred overnight. The
solution was then concentrated to a fifth of its initial volume, and
extracted with EtOAc (150 mL). The organic layer was washed with
H,0 (3x90 mL), 1N HCl (2x90 mL), H,0 (1x90 mL), sat. NaHCO,
(2x90 mL), brine (1x90 mL), and finally dried (MgSO,). After con-
centration in vacuo the Boc-Sec(Mob)-OPfp solidified. A portion of
the product was purified by preparative RP-HPLC (C,g, 30 to 95% A
in B over 110 min). mp 106.6-107.2°C; [a]lp,=—30° (c=1, CHCI,);
"H NMR (300 MHz, CDCly): 6=1.47 (s, 9H), 2.99 (d, J=5.6 Hz, 2H),
3.79 (s, 3H), 3.84 (s, 2H), 4.86 (m, TH), 5.25 (d, J=7.8 Hz, 1H; NH),
6.85 (d, J=8.7 Hz, 2H), 7.21 ppm (8.7 Hz); '*C NMR (75 MHz, CDCl,):
0=24.86, 27.89, 28.35, 53.57, 55.31, 80.82, 114.00, 124.62, 129.90,
137.72 (d, J=239.2 Hz, CF), 139.63 (d, J=252.0 Hz, CF), 140.99 (d,
J=251.2 Hz, CF), 154.80, 158.57, 167.54 ppm. HRMS (ESI): m/z calcd
for Cy,H,,FsNNaOsSe: 578.0476 [M+Na]*; found 578.0480 (based
on the sixth isotopic peak on a full width at half maximum resolu-
tion of 30000).

Solid-phase peptide synthesis: Peptides were synthesized in a
stepwise fashion on an ABI 433 A peptide synthesizer. Modified
versions of the standard HBTU/HOBt activation protocols for Fmoc
chemistry (FastMoc™ protocol, Applied Biosystems)® were used.
Amino acid side chains were protected as follows: Arg(Pbf), Asp-
(OtBu), GIn(Trt), Lys(Trt), Sec(Mob), Ser(OtBu), Thr(OtBu), and Tyr-
(OtBu). After drying under high vacuum, the resin was stored at
—20°C until the peptides were cleaved. Following cleavage from
the support, peptides were precipitated with cold Et,0. After cen-
trifugation at 4000¢g for 20 min at 4°C, the Et,0 was decanted and
the trituration procedure repeated twice.

H-Grx1(1-10)-SEt 1: Peptide synthesis was performed on a PAM
resin preloaded with glycine (obtained by treating commercial
Boc-Gly-PAM resin with TFA) on a 0.25 mmol scale. The desired
thioester was generated by the procedure of Swinnen et al.”*® by
using resin (224 mg, 0.08 mmol). Protecting groups were removed
with  TFA/H,O/EtSH/PhOH/thioanisole-/triisopropylsilane (9 mL;
88.5:4:4:2:1:0.5) for 2 h. The crude thioester was purified by prepa-
rative RP-HPLC (C,g, 20 to 50% A in B over 50 min) to give com-
pound 1 (45 mg, 41% yield based on initial resin loading). Analyti-
cal RP-HPLC (C,g, 5 to 60% A in B over 45 min): t;=31.3 min. HRMS
(ESI): m/z calcd for CyoHg,N;,0455,: 1138.563 [M]*, found: 1138.564.
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C11U(Mob)/C14S H-Grx1(11-21)-SAr 2: Peptide synthesis was car-
ried out on a 0.25-mmol scale on 2-Cl-trityl resin that was preload-
ed with alanine (Fluka). Boc-Sec(Mob)-OPfp was coupled by using
the HOBt-catalyzed, base-free coupling procedure.*¥ The thioester
was prepared by the procedure of von Eggelkraut-Gottanka™** by
using resin (0.25 mmol), and subsequently deprotected with TFA/
EDT/H,O/TIPS (10 mL; 94:2.5:2.5:1) for 2 h at room temperature.
Purification by preparative RP-HPLC (C,s column, eluting with a
linear gradient of 5 to 50% A in B over 110 min) afforded com-
pound 2 (90 mg, 20% yield based on initial resin loading). Analyti-
cal RP-HPLC (C,g, eluting with a linear gradient of 5 to 60% A in B
over 25 min): t;=15.3 min. HRMS (ESI): calcd for CgoH;4,N;60,,55e:
1538.651 [M+H]", found: 1538.650 (based on the sixth isotopic
peak on a full width at half maximum resolution of 30,000).

Construction of plasmid pMG211-Grx1(22-85): The Grx1 gene
was amplified from plasmid pAHOB1"" by using primers GRX1(22-
85) (5'-GGAATTCCATATGTACGATATCCCAACGACCGAAAACCTGTATT-
TTCAGTGCAAATTGAGCAATGAACGCGATGAT) and reverse comple-
ment  (5-GGACTAGTTTATTAGGCGTCCAGATTTTCTTTCAC).  The
codon that corresponds to the E22C mutation is boldfaced, and
the TEV cleavage site is underlined. The 255 bp PCR product was
digested with Ndel-Spel, and the 239 bp fragment was ligated to
the 4565 bp Ndel-Spel fragment of pMG211-Ncol-41-2-2, to give
pPMG211-Grx-22-85 (4804 bp). The construct was verified by DNA
sequencing by using T7fw (TAATACGACTCACTATAGGG) and T7rw
(TTACCACTCCCTATCAGTGA) as sense and antisense primers, re-
spectively.

E22C Grx1(22-85) 3: Glycerol stocks of E. coli strain KA13 that had
been transformed with pMG211-Grx(22-85) were plated on LB/
Amp™° agar. A single colony that was obtained after 18 h at 37°C
was used to inoculate 1L of LB/Amp'®. The culture was grown at
30°C. When an ODg,, of 0.6 was reached (after ca. 18 h), protein
production was induced with 0.1 m IPTG to a final concentration of
0.5 mmM. Cells were incubated for an additional 20 h at 30°C and
then harvested by centrifugation. The supernatant was discarded
and the pellets were frozen at —80°C prior to purification. Cell pel-
lets (ca. 3 g) that were collected from 1L of culture were resus-
pended in buffer B (20 mL; 20 mm Tris—-HCl, 0.5m NaCl, 8 M urea,
10 mm [-mercaptoethanol, 10 mm imidazole, pH 7.9) and sonicat-
ed. Cell debris was removed by centrifugation, and the superna-
tant was incubated for 1 h at room temperature with Ni-NTA beads
that had been equilibrated with buffer B. The beads were poured
into a short column and washed with ten column volumes of
buffer C (20 mm Tris-HC1, 150 mm NaCl, 1 mm -mercaptoethanol,
pH 7.9) that contained 20 mm imidazole, followed by 10 column
volumes of the same buffer with 40 mm imidazole. The desired
protein fragment was eluted with buffer C that contained 250 mwm
imidazole. The appropriate fractions were pooled and dialyzed
against 20 mm Tris, 150 mm NaCl, 0.5 mm EDTA, 2 mm DTT, pH 8
at 4°C. Yield: 6-8mg/L culture; ESI-MS: m/z calcd for
CugsHoroN1330136S,: 10420.3 [M+H]*; found: 10421.0£6.

The sample was concentrated to ca. 1-2mgmL~" and digested
with freshly produced S219P Tev protease.”” Protease (ca. 3 mg in
1.4 mL of 25 mm phosphate buffer at pH 8, 10% glycerol, 200 mm
NaCl, 2 mm EDTA and 10 mm DTT) was added to a 3.5 MWCO dial-
ysis bag that contained the His-tagged E22C Grx1(22-85) fragment
(ca. 60 mg, 5.7 umol, 20 mL) in 20 mm Tris, 150 mm NaCl, 0.5 mm
EDTA, 1 mm DTT at pH 8.0 (2 L). After 2 h at room temperature, 50—
70% of the recombinant protein was cleaved to give E22C Grx1-
(22-85), as judged by SDS-PAGE and LC-MS. After 30 min dialysis
against 20 mm Tris—-HCl, 150 mm NaCl, pH 7.9 (2 L), the protease
and His-tagged contaminants were removed by incubating the so-
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lution with Ni-NTA beads (4 mL) that had been equilibrated with
the same buffer. The peptide that did not bind to the beads was
collected, concentrated to 3 mL by ultracentrifugation (Centriprep
Ultracel YM-3 with a 3 kDa cutoff), and purified by RP-HPLC on a C;
column by eluting with a linear gradient of 5-50% A in B over
110 min. Typically, 1-3 mg of E22C Grx1(22-85) was obtained from
1L of culture. Analytical RP-HPLC (C4 column, 5 to 60% A in B over
45 min): tg=34.2 min. ESI-MS: m/z calcd for C3,;H,06Ng;04055: 7361.1
[M+H]", found 7361.0 5.

C11U(Mob)/C14S/E22C Grx1(11-85): C11U(Mob)/C14S Grx1(12-
21)-SAr (2) (2.1 pmol, 1.1 equiv) and E22C Grx1 (22-85) (3)
(1.9 umol, 1.0 equiv) were ligated®' in degassed 100 mm phos-
phate buffer, pH 7.5 (1.9 mL) that contained 6 GdmCl and 5%
PhSH (95 pL) under N,. After 16 h, the reaction was complete as
judged by LC-MS and RP-HPLC. The peptide was precipitated by
the addition of ice cold 25% aq. TFA (1.5 mL). Thiophenol was ex-
tracted with Et,O, and the solution was allowed to stand on ice for
an additional hour to complete precipitation. The peptide was col-
lected by centrifugation and washed with ice-cold EtOH to remove
residual TFA. Analytical RP-HPLC (Cg, 5 to 60% A in B over 45 min):
tz=35.1 min. ESI-MS: m/z calcd for CsggHsg,N;0,0,5,SSe: 8732.5
[M+H]*, found 8732.0 +5.

C11U(Mob)/C14S/E22CmC Grx1(11-85): The procedure for cys-
teine alkylation was adapted from ref.[81]. Crude C11U(Mob)/
C14S/E22C Grx1 (11-85) (22 mg, 2.2 umol) was dissolved under N,
in degassed buffer (500 mm Tris, 2 mm EDTA, 6 M GdmCl, 21 mm
DTT, pH 8.5; 2.6 mL). lodoacetic acid was added (0.67 mL of a
75 mm solution, which was prepared in the dark by dissolving io-
doacetic acid (14mg, 75 pmol) in degassed ultrapure water
(1 mL)), and the mixture was allowed to stir in the dark for 1 h. The
reaction, which was judged to be complete by LC-MS, was
quenched with 25% aq AcOH (1.5 mL). The product (9 mg, 47 %
yield based on 3) was purified by preparative RP-HPLC (Cg, 5 to
50% A in B over 110 min); it eluted with a retention time of
approx 89 min. Analytical RP-HPLC (Cg, 5 to 60% A in B over
45 min): t;=34.6 min. ESI-MS: m/z calcd for C;poHsesN;0,04,355€:
8790.5 [M+H]1*, found 8791.0+5.

[C11U/C14S/E22CmC Grx1(11-85)],: Removal of the Mob protect-
ing group was achieved by a literature procedure.”” C11U(Mob)/
C14S5/E22CmC Grx1 (11-85) (10 mg, 0.98 umol) was dissolved in a
premixed solution (0.52 mL) that contained 82% TFA, thioanisole
(590 umol), and m-cresol (245 pumol) under a N, atmosphere. The
mixture was cooled to 0°C in an ice bath, and trimethylsilyl bro-
mide (TMS-Br, 90 uL, 680 umol, ca. 1 m) was added. After stirring at
0°C for ca. 30 min, an orange precipitate appeared.® After an ad-
ditional hour the solvent was evaporated, and the residual peptide
was resuspended in H,0O, extracted with Et,0, and isolated by lyo-
philization. The diselenide dimer of the deprotected C11U/C14S/
E22CmC Grx1(11-85) fragment was the main component of the
crude mixture (65%), as judged by LC-MS. ESI-MS: m/z calcd for
CreaH1170N50402445,5€,: 17 338.8 [2M+H] ", found 17340.0 8.

[C11U/C14S/E22CmC  Grx1(1-85)], (4): H-Grx1(1-10)-SEt (1;
2.2mg, 1.5 umol, 1.5 equiv) and [C1TU C14S E22CmC Grx1 (11-
85)], (0.98 umol, 1.0 equiv) were ligated under N, in degassed
100 mm phosphate buffer, pH 7.5 (0.98 mL) that contained 6m
GdmCl and 5% PhSH (49 pL). Because the starting diselenide was
still present after 15 h, additional 1 (0.5 mg, 0.34 pmol) was added
and allowed to react for 2 more hours. The product was precipitat-
ed by addition of ice-cold 25% aq. TFA (2.5 mL). Thiophenol was
extracted with Et,0. The solution was cooled on ice for 1 h to com-
plete precipitation. The target peptide was isolated by centrifuga-
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tion and washed with ice-cold EtOH to remove residual TFA. The
main product that was detected by HPLC and LC-MS (70%) was
the mixed selenosulfide between C11U/C14S5/E22CmC Grx1 (1-85)
and thiophenol (4b): ESI-MS: m/z calcd for C,5HesNq1601355:5€:
9857.8 [M+H]", found 9855.04 5. Minor amounts of the diselenide
dimer (4c; 30%) were also observed: ESI-MS: m/z calcd for
CassH1320N23,0570545€,: 19490.3 [2M+H] ", found 19493.0 £9.

Preparation of the mixed selenosulfide of C11U/C14S/E22CmC
Grx1(1-85) and glutathione: Peptides 4b and 4c (0.9 umol) were
dissolved in degassed 100 mm phosphate buffer, pH 7.5 (0.9 mL)
that contained 6 M GdmCl and 40 mm DTT. After 30 min, oxidized
glutathione (155 mg, 250 pmol) was added to oxidize the free sele-
nol. When judged to be complete by LC-MS, the reaction was
quenched with 25% aqg. AcOH (0.5 mL). The desired adduct (3 mg,
14% yield based on E22C Grx1(22-85)) was purified by preparative
RP-HPLC (Cg, 5 to 50% A in B over 110 min), and eluted with a re-
tention time of approximately 86 min. Analytical RP-HPLC (Cg, 5 to
60% A in B over 45 min): t;=32.5 min; MALDI-MS: m/z calcd for
CusoHersN11601415:5€: 100540 [M+H]*, found 10054.4+5. The
enzyme was folded by dialyzing a 1 mm solution in Tris (50 mwm;
pH 8.0), that contained EDTA (1 mm) and GdmCI (3.5m), against
Tris—=HCl (50 mm; pH 8.0), which contained EDTA (1 mm), as previ-
ously described, or by directly dissolving the lyophilized sample
in phosphate buffer (50 mm; pH 7.0) that contained NaCl (100 mm)
and EDTA (1 mm) to a concentration of 0.09 mm immediately prior
to characterization. The dilute protein solutions were subsequently
concentrated by ultrafiltration (Centriprep Ultracel YM-3 with a
3 kDa cutoff). Folding yields were determined by Bradford assay®
and by CD spectroscopy.

Circular dichroism spectroscopy: CD spectra were recorded by
using an Aviv Model 202 spectropolarimeter. Measurements were
performed with 10-20 um of the desired protein in 50 mm phos-
phate buffer (pH 7.0) that contained 100 mm NaCl, 1 mm EDTA at
25°C. Spectra were recorded ten times in 1 nm steps with a 1s
averaging time. They were corrected for the corresponding solvent
background, and normalized for protein concentration and
number of residues.

Peroxidase activity: Reduction of tert-butylhydroperoxide by glu-
tathione was measured according to the method of Wilson et al.®*
in 50 mm phosphate buffer that contained 100 mm NaCl, 1 mwm
EDTA, 210 um NADPH, and 5UmL™" of glutathione reductase, at
pH 7 and 25°C. Reaction was initiated by the addition of 100 um
tBUOOH to 0.01-21 mm glutathione in the presence of either
30 pum selenoglutaredoxin, 100 pm C14S Grx1 or 1.5-6 nm Gpx. The
disappearance of NADPH was monitored spectrophotometrically at
340 nm (Ae=6220m 'cm™). Initial rates were corrected for the
background reaction in the absence of protein. Experiments with
pL-dihydrolipoic acid as an alternative reductant were performed
analogously by directly monitoring the generation of pL-lipoic acid
at 330 nm (Ae=120m""cm™).

Glutathione disulfide oxidoreductase activity: Thiol-disulfide ex-
change was assayed according to a procedure that was adapted
from Holmgren et al.*®*" Briefly, 0.1% BSA, 0.4 mm NADPH and
50 nm GR were mixed with the glutathione adducts of C14S Grx1
or selenoglutaredoxin (10 to 100 nm) in 0.1 mm Tris buffer (pH 8.0)
that contained 2 mm EDTA at pH 8 and 28°C. After incubating this
mixture for 5 min, reactions were initiated by the addition of a mix-
ture of GSH and f-hydroxyethylene disulfide (HED), which had also
been preincubated for 5 min, to a final concentration of 1 mm and
0.7 mm, respectively. The disappearance of NADPH was monitored
spectrophotometrically at 340 nm (Ae=6220m 'cm™"). The initial
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rates were corrected for the spontaneous background reaction.
Specific activity in this system is defined as the consumption of
1 umol of NADPH per minute (=1 unit) per mg enzyme.

Glutathione reductase activity: Glutathione reductase was as-
sayed with the glutathione adducts of selenoglutaredoxin and
C14S Grx1 according to the method of Carlberg and Mannervik.®
Glutathione reductase (2 nm) was added to a solution of the pro-
tein disulfides (or selenosulfide) (50 um to 2 mm C14S Grx1 or
50 uM to 100 um selenoglutaredoxin) and 100 um NADPH in
50 mm phosphate buffer, 7100 mm NaCl, T mm EDTA, pH 7.0 and
25°C, that contained 0.1% BSA. Initial velocities were determined
by monitoring the absorbance change at 340 nm and corrected for
background.

Abbreviations: DTT, dithiothreitol; Gpx, glutathione peroxidase;
GSH, glutathione; GST, glutathione-S-transferase; GR, glutathione
reductase; HBTU, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluroni-
um hexafluorophosphate; HOBt, N-hydroxybenzotrizole; IPTG, iso-
propyl-1-thio-B-p-galactopyranoside; NADPH, p-nicotinamide ade-
nine dinucleotide phosphate; PhSH, thiophenol; Sec, selenocys-
teine; TFA, trifluoroacetic acid; TIPS, triisopropylsilane.
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A [-1,4-Galactosyltransferase from Helicobacter pylori is an
Efficient and Versatile Biocatalyst Displaying a Novel
Activity for Thioglycoside Synthesis

Darius-Jean Namdjou,” Hong-Ming Chen,” Evguenii Vinogradov,” Denis Brochu,”
Stephen G. Withers,™ and Warren W. Wakarchuk*™

Helicobacter pylori is a highly persistent and common pathogen
in humans. It is the causative agent of chronic gastritis and its
further stages. HP0826 is the [(3-1,4-galactosyltransferase involved
in the biosynthesis of the LPS O-chain backbone of H. pylori.
Though it was first cloned nearly a decade ago, there are surpris-
ingly limited data about the characteristics of HP0826, especially
given its prominent role in H. pylori pathogenicity. We here dem-
onstrate that HP0826 is a highly efficient and promiscuous bio-
catalyst. We have exploited two novel enzymatic activities for the

Introduction

Glycosyltransferases have proven to be of great importance in
oligosaccharide synthesis. High-level soluble expression of the
biocatalyst is often a prerequisite for synthetic work. Mammali-
an glycosyltransferases are limited in this respect as a sufficient
expression level is, in general, only reached in eukaryotic cells.
In contrast several bacterial enzymes have been shown to ex-
press well in E. coli"™ Gram-negative pathogenic bacteria pos-
sessing lipooligosaccharides (LOS) or lipopolysaccharides (LPS)
which mimic human carbohydrate cell surface structures are a
prime source of the relevant glycosyltransferases. Helicobacter
pylori is such a pathogen as it displays an LPS terminating in
fucosylated oligosaccharides mimicking Lewis (Le) antigens.
H. pylori is the causative agent of gastritis and its later stages
involving gastric cancer.®® The role of the LPS Le type struc-
tures in the pathogenicity of H. pylori is still a matter of lively
debate. In recent data the high variability and phase variation
of Le antigens has been shown to modulate host adaptive
immune T-helper cell response, creating an ideal balance of T-
helper cells for persistent pathogen colonization.” Phase varia-
tion of the Le antigens has also been described as a key factor
in evasion of host innate immune response.” The gene
HP0826 coding for the (-1,4-galactosyltransferase ($4GalT, E.C.
2.4.1.22) involved in biosynthesis of the O-chain backbone
type 2 N-acetyl-lactosamine (LacNAc) and Le structures has
been identified and cloned.”® A H.pylori strain in which
HP0826 has been disrupted produced an O-chain shortened to
a single terminal GIcNAc moiety and failed to induce gastritis
in mice.”” Taking all these findings together the B4GalT of
H. pylori appears to be a good candidate for high-level expres-
sion and possible usage as a biocatalyst. It is surprising that
nearly a decade after the identification of HP0826 only limited
data exists concerning the biosynthetic potential of this galac-
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quantitative synthesis of the thiodisaccharide Gal-{3-S-1,4-GIcNAc-
pNP as well as Gal-f3-1,4-Man-pNP. We further show that Neisse-
ria meningitidis 3-1,4-galactosyltransferases LgtB can be used as
an equally efficient catalyst in the latter reaction. Thiodisacchar-
ides have been extensively used in structural biology but can also
have therapeutic uses. The Gal--1,4-Man linkage is found in the
Leishmania species LPG backbone disaccharide repeats and cap,
which have been associated with vector binding in Leishmania-
sis.

tosyltransferase. Liu and co-workers used the enzyme in an ap-
proach with engineered and permeabilized E. coli cells to syn-
thesize P1 trisaccharide Gala1,4Galf31,4GIcNAc. These authors
observed a rather modest activity of up to 40 UL™' for the
transfer of UDP-Galactose (UDP-Gal) to GIcNAC." In another
application human immunoglobulin G (IgG) N-glycans were
galactosylated, but no activities were given for this reaction.!

In addition to their ease in expression, substrate promiscuity
is a further hallmark of bacterial glycosyltransferases and a sig-
nificant difference compared to the mammalian enzymes.?
Neisseria meningitidis galactosyltransferases LgtB"® and LgtC!"¥
as well as several glycosyltransferases from Campylobacter
jejuni® have been studied regarding their acceptor substrate
specificity and used for synthetic work employing a wide
range of unnatural acceptors. No such characterization of the
acceptor specificity of the H. pylori [3-1,4-galactosyltransferase
has been undertaken and so a major synthetic potential has
thus remained unexplored.

Thioglycosides have been the focus of ongoing research for
many years. Techniques for their synthesis and the most impor-
tant applications have recently been reviewed."™ Those com-
pounds in which the oxygen of the glycosidic linkage is
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replaced by sulfur have long been known to be resistant to
cleavage by glycosidases."® A major class of thiosugars are the
thiodisaccharides and thiooligosaccharides. Numerous thiogly-
cosides were shown to be competitive inhibitors of glycosidas-
es which are good ligands for crystallographic studies."” A sig-
nificant growth inhibitory effect of thiodisaccharides on cancer
cell lines has been observed, indicating their potential as anti-
cancer agents."® In addition, Sialyl Le antigen (SLe antigens)
mimetics with thio-linked precursors have been described as
templates for novel antimetastic agents." Conjugate vaccines
consisting of immunogenic carrier proteins and thio-oligosac-
charides have been shown to elicit an immune response and
have a potential application in immunotherapy.*”

The synthesis of the relevant thioglycosides has been and is
still a domain of the organic chemist.'®"-) All these methods
involve rather laborious multistep protection group chemistry.
In recent years an alternative chemoenzymatic method has
evolved employing the use of mutant glycosidases, called thio-
glycoligases.”*? Retaining glycosidases missing the catalytic
acid/base amino acid catalyze the reaction of a donor carrying
a good leaving group (for example, a dinitrophenyl glycoside)
with a strong nucleophile (for example, a thiosugar). Still, both
donor and acceptor substrate have to be synthesized chemi-
cally. In further work, so-called thioglycosynthases, double
mutant glycosidases, have been developed in which the cata-
lytic nucleophile amino acid has been removed. Glycosyl fluo-
rides can also be used as donor substrates which are easier to
synthesize than dinitrophenylglycosides. Additionally nucleo-
phile mutants are completely hydrolytically inactive whereas
the thioglycoligases show background hydrolysis of the donor
substrate.”® Glycosyltransferases have so far found only very
limited use in the synthesis of thiooligosaccharides. This is de-
spite the obvious advantage that the synthesis of a sulfur-con-
taining donor or acceptor substrate is the only chemical step
necessary for the transferase-catalyzed formation of a sulfur-
containing disaccharide. Whereas there have been reports on
the synthesis and glycosyltransferase transfer of 5-thio-contain-
ing donor”?® and acceptor substrates™ there have been only
two examples of the transferase-
catalyzed formation of a sulfur-
containing glycosidic bond. A
mutant of Cst-ll, the a-2,3-sialyl-
transferase from Campylobacter
jejuni, identified by  high-
throughput screening has been
shown to transfer N-acetyl-neu-
raminic acid to the synthetic
fluorescent acceptor substrate
bodipy-3-SH-lactose.*® Recombi-
nant bovine a1l,3-galactosyl-
transferase is the only native gly-
cosyltransferase found yet for
thioglycoside linkage formation
and has been used for the trans-
fer of Gal to octyl-p-p-3'-thio-
lactoside.®" This approach was
generally successful but was
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Scheme 1. A) HP0826 catalyzed synthesis of Gal-B-S-1,4-GIcNAc-B-pNP (5)
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hampered by the unexpected formation of a tetrasaccharide
product because of a second galactosylation of the intermedi-
ate trisaccharide. No galactosyltransferase-mediated formation
of a §-5-1,4-linkage has so far been achieved. Given the gener-
al importance of thiooligosaccharides and the ubiquity of the
Galp-1,4GIcNAc-linkage in glycoconjugates a transferase able
to fill this gap would be a useful synthetic tool.

The Galp-1,4Man linkage is common in the backbone disac-
charide repeats and the neutral caps of lipopolyphosphoglycan
(LPG) from Leishmania species. These parasites are responsible
for Leishmaniasis, a disease highly varying in severity in
humans including fatal outcome.*>*¥ LPG is the major glyco-
conjugate of the promastigote surface glycocalyx. The number
of PG repeats has been associated with conformations ena-
bling and disabling binding of the sandfly (vector) midgut for
Leishmania donovani and Leishmania major™* In addition the
Gal-containing neutral caps attached to the backbone repeats
could be shown to be directly responsible for midgut binding
by Leishmania donovani® The galactosyltransferase involved
in the biosynthesis of the Galf-1,4Man linkage has not been
identified. In order to have the relevant structures readily avail-
able for in vitro experiments a GalT capable of formation of the
GalfB-1,4Man bond would thus be highly desirable.

In this manuscript we present the high-level expression of
the HP0826-encoded f-1,4-galactosyltransferase from H. pylori
and demonstrate that this enzyme is an efficient and versatile
biocatalyst showing pronounced acceptor substrate promiscui-
ty. We exploited this activity for the chemoenzymatic synthesis
of 4-nitrophenyl (B-p-galactopyranosyl)-(1—4)-S-2-acetamido-
2,4-deoxy-4-thio-B-p-glucopyranoside  (Gal-B-S-1,4-GIcNAc-3-
pNP; 3) from UDP-Gal (1) and 4-nitrophenyl 2-acetamido-2-
deoxy-4-thio-B-b-glucopyranoside (pPNP-4S-B-GIcNAc (2),
Scheme 1). To our knowledge this is the first example of the
galactosyltransferase-mediated formation of the Gal-§-S-1,4-
GIcNAc bond. We further utilized the promiscuous acceptor
specificity of the HP0826 for the synthesis of 4-nitrophenyl (-
p-galactopyranosyl)-(1—4)-mannopyranoside  (GalB-1,4Man-f3-
pNP; 5) using 4-nitrophenyl B-b-mannopyranoside (pNP-f3-

NO,

OH OH

HP0826

NHAC

OH OH

HP0826/ ”O

LgtB

4 5

. B) HP0826 or LgtB catalyzed synthesis
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Man; 4) as acceptor substrate. We also show catalysis of the
same reaction with another bacterial galactosyltransferase
(Scheme 1). HP0826 and LgtB are up to now the only galacto-
syltransferases mediating the formation of the Galp-1,4Man
bond. NMR data for the synthesis with HP0826 show that both
unusual bonds are formed with total regio- and stereoselectiv-
ity. We have kinetically characterized HP0826 for the transfer
of Gal to pNP-f3-GIcNAc, pNP-4-5-f3-GIcNAc, and pNP-3-Man.

Results and Discussion

Soluble high-level expression and purification of HP0826

HP0826 was expressed as full-length enzyme in E. coli by using
the expression vector pHP21 derived from pCWori+.2¥ The
vector pCWori+ has been used for soluble expression of sev-
eral bacterial glycosyltransferases including LgtB."® SDS-PAGE
analysis showed that HP0826 is found in both the supernatant
and the pellet fractions, but that most of the activity is found
(Figure 1).

in the supernatant fraction We determined

Figure 1. SDS-PAGE analysis of the expression and purification of HP0826,
lane 1: cell extract supernatant; lane 2: cell extract pellet; lane 3: anion-ex-
change flow-through fraction A6; lane 4: elution fraction C11; lane 5: elution
fraction E1; lane 6: molecular weight marker (all lanes containing 5 ug of
protein). Arrow indicates the HP0826 protein.

1600 UL™" or 160 Ug™" activity in the crude extract using ac-
ceptor substrate pNP-5-GIcNAc. In comparison, a recently pub-
lished study of three different constructs of human B4GalT-1
expressed in E. coli showed a maximum activity of 27 Ug™' in
the crude extract. In these studies the related acceptor sub-
strate benzyl 2-acetamido-2-deoxy-B-p-glucopyranoside was
used.™ Results for the respective specific activities are a fur-
ther example of the superiority of the expression of bacterial
enzymes in E. coli.

Though it has been shown that synthetic work is generally
possible with a crude preparation of HP0826,"" we opted for a
partial purification of the enzyme in order to have a better de-
fined enzyme solution and a lower risk of contaminating enzy-
matic activities, especially in view of our work with unusual ac-
ceptor substrates such as pNP-4S-B-GIcNAc. We established an
easy one-step anion-exchange procedure leading to significant
enrichment of the protein (Figure 1) and an approximately
threefold increase in specific activity. No contaminating activi-
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ties were detected in enzymatic assays with negative controls
(without donor or acceptor), and the obtained purity proved
to be sufficient for all work within this publication.

Biochemical characterization of HP0826

HP0826 belongs to the carbohydrate active enzyme (CAZy)
family GT25 of inverting glycosyltransferases. It shows only
modest sequence identity to other family members, 39% with
lex2B, a glucosyltransferase from Haemophilus influenzae and
16% with LgtB, the best studied P4GalT of this family. Given
these numbers and a marked absence of data, we set out to
explore the basic biochemical characteristics of HP0826, with
the primary purpose of determining the optimum conditions
for biocatalysis. We examined the pH optimum as well as the
optimal metal cofactor, if any. We found the best activity in
HEPES/NaOH buffer pH 7.2 (Figure 2 A). This pH value is similar

>
=
N
]
[=]
J

Relative activity / %
[e)]
o
‘.

Relative activity /%

Co?* Ca?

Mn?*

Mg2* EDTA

Figure 2. A) HP0826 pH activity profile (100% activity corresponds to
290 Ug™"). B) Metal ion dependence of HP0826 activity (100% activity corre-
sponds to 290 Ug™).

to reported pH optima for other p4GalTs, for example, human
B4GalT-1."¥ There is a motif EDD associated with catalysis and
metal ion binding in the HP0826 sequence, which has been
described to be similar to the better known glycosyltransferase
motif DXD.*! We therefore expected a dependence of the
enzyme activity on divalent metal cations, most likely Mn**.
Our experimental data confirm these assumptions (Figure 2B).
Whereas all metal ions used activated the enzyme, there was
no activity in a control reaction containing EDTA (Figure 2B).
Selectivity towards metal ions appears to be low, though.
Mg®* (53%) and especially Co*™ (98%) show high residual
activities when compared to metal ion activation by Mn**.

ChemBioChem 2008, 9, 1632 - 1640
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Results for bovine GalT (40% residual activity)“® and human
B4GalT-1 (20% residual activity)*? clearly demonstrate less ac-
ceptance by these two mammalian enzymes for metal cations
other than Mn?". HEPES pH 7.2 and metal cofactor Mn** were
used in all further work with HP0826. A check of the donor
specificity of HP0826 using UDP-GalNAc (2.8 % residual activity
compared to UDP-Gal), UDP-Glc (0.2%), and UDP-GIcNAc
(0.06%) did not show any uncommon properties. Donor pro-
miscuity at similar residual activity levels has for example, also
been shown for the bovine enzyme.””

Kinetic characterization of HP0826 with acceptor pNP-f3-
GIcNACc

We have determined the kinetic constants for the transfer
from UDP-Gal to pNP-f3-GIcNAc catalyzed by HP0826 (Table 1).
We used single substrate variation for endpoint activity meas-
urements which were analyzed by CE.

As we did not deal with a highly purified protein, the values
for specific activity and therefore also catalytic efficiency have
to be regarded as preliminary results. The most valid compari-
son with published data is seen in substrate affinities (Ky).
Recent studies with the P4GalT from human milk and its
human counterpart show that hydrophobic substrates (explic-
ity pNP-B-GIcNAc) are highly preferred acceptor substrates
when compared with the enzyme affinity towards free
GIcNAC.***¥ These reports give Ky, values from 0.15 to 0.92 mm
for pNP-B-GIcNAc, with our value of 0.79 mm in the same
range. The HP0826 K,, value for UDP-Gal is also similar to the
experimental data for the two mammalian enzymes."***”

High substrate affinities are a prerequisite for crystal struc-
ture elucidation. Up to now no crystal structure of a member
of the CAZy GT25 family has been solved. Given its high ex-
pression level and substrate affinities HP0826 might fill this
gap and widen our limited understanding of this particular GT
family.

Acceptor substrate screening for HP0826

We determined enzyme activity with several pNP-glycosides in
the transfer of UDP-Gal by HP0826. We systematically exam-
ined differences in acceptor sugar stereochemistry compared
to the natural acceptor GIcNAc around the carbohydrate ring.
Other than GIcNAc 4-epimer GalNAc, activities for Glc, its 2-
epimer Man, 3-epimer All, 4-epimer Gal, and 6-deoxy-derivative
Xyl were measured. In addition the sulfur-containing acceptor
pNP-4-S-B-GIcNAc was chosen as a potential acceptor substrate
for the galactosyltransferase-mediated synthesis of a thiodisac-
charide. Table 2 shows the results for the respective 3-anomers.
With the exception of pNP-o-GIcNAc all tested o-anomers

Table 2. Acceptor substrate activity determinations for HP0826."!

Acceptor substrate Specific activity [ULg™"]

PNP-GIcNAC 330.5 (100 %)
pNP-4-S-GIcNAc 2.9 (0.9%)
PNP-Glc 80.0 (24.2 %)
pNP-Man 2.6 (0.8%)
pFP-AlIY! -
pNP-GalNAc -

pNP-Gal -

PNP-Xyl 1.7 (0.5%)

[a] All acceptors are [-anomers. [b] See the Supporting Information for
structure.

were inactive with HP0826. pNP-a-GIcNAc showed 17 % residu-
al activity when compared to its 3-anomer. The preference for
[-anomers has also been reported for other $4GalTs, for exam-
ple, recently for the bovine enzyme."®

HP0826 exhibits a pronounced acceptor promiscuity with
the most striking result being the successful transfer of Gal to
the 4-SH of pNP-4-5-B-GlcNAc. The specific activity of 2.9 Ug™
is in the same range as for the accepted Glc-epimers and suffi-
cient for synthetic work. The differences in size (S against O)
and electronegativity are seemingly outweighed by the other-
wise unchanged stereochemistry of pNP-4-S-B-GIcNAc. Further
analysis was needed to show if UDP-Gal transfer indeed led to
formation of a S-glycosidic bond or if the regiospecifity of
HP0826 was changed under the influence of the S-containing
acceptor molecule.

Examining the results, pNP-Glc is a good acceptor with more
than 20% residual activity when compared to the more natural
acceptor pNP-GIcNAc. More importantly, in view of our desired
synthesis of Galf3-1,4Man-B-pNP, pNP-Man is also a synthetically
useful acceptor substrate with 3.3% residual activity in direct
comparison to its 2-epimer Glc. Similar values were obtained
for pNP-Xyl. No activity could be seen for the 3- and 4-epimers.
The result for the 4-position is expected as this hydroxyl group
is involved in glycoside bond formation. Addition of a-lactal-
bumin had no influence on activities or product formation. Al-
though, there have been no systematic studies on epimers as
acceptors for mammalian galactosyltransferases, recent results
for LgtC, the a4GalT from Neisseria meningitidis are of impor-
tant comparative value.™ This bacterial enzyme’s natural ac-
ceptor is the Gal moiety of lactose. Gal itself is also an acceptor
substrate albeit with only 0.1% catalytic efficiency when com-
pared to Lac. Gal-epimers All, Man, Xyl, and even 4-epimer Glc
are all acceptor substrates in the range of the catalytic efficien-
cy for Gal and have been used for synthetic work. It is note-
worthy that only reactions with hydrophobic acceptor glyco-
sides, for example, pNP, led to regiospecific product formation.

Table 1. Kinetic constants for HP0826 transfer of UDP-Gal to pNP-f3-GIcNAc.

UDP-Gal PNP-GIcNAc
Vmax app [U 971] KM app [mM] Vmax app/KM app X1 073 Vmax app [U 971] KM app [mM] Vmax app/KM app X 1073
HP0826 351.7+3.8 0.274+0.02 1.30 487.4+£0.01 0.7940.07 0.62

ChemBioChem 2008, 9, 1632 - 1640
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Investigations with other bacterial glycosyltransferases are
needed to show if successful transfer to substrates with partial-
ly inverted stereochemistry is a common characteristic of this
enzyme class. The fact that in contrast to HP0826, LgtC is a
retaining GalT belonging to CAZy family eight may hint in this
direction.

All activities (except for the reaction with the natural accept-
or) for HP0826 were confirmed by CE-ESI-MS analysis of disac-
charide formation (see the Supporting Information). Product
yields for the transfer of UDP-Gal to pNP-Glc and pNP-Xyl were
determined as 84 and 30%, respectively. As the formation of
GalP1,4-Glc is a long-established activity of mammalian lactose
synthase we did not exploit the reaction of HP0826 with pNP-
Glc. This activity could be of use in applications when the pres-
ence of a-lactalbumin, essential for the reaction with mamma-
lian galactosyltransferases, is unwanted. Likewise, the low yield
for the reaction with pNP-Xyl did not invite further examina-
tion.

Synthesis of Gal-f3-S-1,4-GIcNAc--pNP (5) with HP0826

Transfer of UDP-Gal to pNP-4-S-GIcNAc by HP0826 is a novel
glycosyltransferase reaction. We did not see any transfer to the
acceptor pNP-4-S-GIcNAc using human B4GalT-1. LgtB showed
an activity level insufficient for synthetic work (ca.
0.2 mUmg™', less than 10% residual activity when compared
to HP0826). Thus only the HP0826 catalyzed reaction was ex-
plored in more detail. To determine the reaction yield and du-
ration we recorded a yield-time curve (Figure 3). Product for-
mation was unexpectedly smooth, and a quantitative conver-
sion of pNP-4-S-GIcNAc could be obtained after 5 h. 150 mU of
HP0826 were sufficient for conversion of pNP-4-S-GIcNAc on
the 0.5 mg scale. After being purified on a Sep Pak reversed-
phase column, the product was isolated in 88% yield. NMR
analysis revealed that the sole product formed was Gal-3-S-1,4-
GIcNAC-B-pNP (Supporting Information). We thus demonstrate
for the first time the galactosyltransferase-mediated formation
of the Gal-B-S-1,4-GIcNAc bond. In the only other reported for-
mation of a thioglycosidic bond by the action of a galactosyl-
transferase (a1,3), Rich and co-workers reported a reaction du-
ration of two days and a use of at least ten times more
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Figure 3. Yield-time curve for the HP0826 catalyzed synthesis of Gal-f3-S-1,4-
GIcNAc-B-pNP (5).
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enzyme to reach a similarly excellent yield.*"" A recent thiogly-
coligase synthesis of 5 led to only 47% yield after purifica-
tion.” Thus we not only present this unique glycosyltransfer-
ase activity but also show that it can be utilized in a highly effi-
cient synthetic process. This activity should also enable an easy
scale-up of the reaction. The only drawback from a synthetic
point of view is the high concentration of the expensive donor
sugar UDP-Gal (20 mm) necessary to reach complete conver-
sion of pNP-4-S-GIcNAc (1.5 mm). Reaction yield is limited to
90% and less when lower concentrations of UDP-Gal are used
(data not shown). This problem should be rather easily solva-
ble by utilization of the cheaper donor substrate UDP-Glc and
in situ conversion to UDP-Gal by a UDP-Glc 4'-epimerase (EC
5.1.3.2). There are numerous examples of this epimerase appli-
cation in the literature, and also of epimerase/galactosyltrans-
ferase fusion proteins, as has been demonstrated for LgtB."
As an even more sophisticated option, a nucleotide-sugar-
regeneration cycle involving the epimerase may be used as
shown for the synthesis of LacNAc."***” In this context, prelimi-
nary data show that HP0826 exhibits total donor specificity in
the transfer to pNP-4-5-GIcNAc, no transfer product is formed
when UDP-GIc is used. Further, the presence of up to 20 mm
UDP-Glc does not interfere with the transfer reaction of UDP-
Gal to pNP-4-S-GIcNAc.

We characterized the formation of Gal-3-S-1,4-GIcNAc-f3-pNP
kinetically. When varying the concentration of the acceptor
substrate up to its limit of solubility, no saturation level in spe-
cific activity could be observed. Therefore no kinetic constants
could be obtained. A decrease in affinity is expected for a
modified substrate. Given a K, of 0.79 mm for pNP-3-GIcNAc
and a maximum possible assay concentration of 2.4 mm for
PNP-4-S-GIcNAc (limit of solubility) it is not surprising that satu-
ration could not be reached.

Possible applications of the synthesized thiodisaccharide are
given by the general importance of this compound class as
outlined in the introduction. Although we could show that
Gal-B-S-1,4-GIcNAc-3-pNP is not cleaved by the f1,4-galactosi-
dase from Streptococcus pneumoniae (EC 3.2.1.23), it has al-
ready been demonstrated that this particular disaccharide is a
weak inhibitor of (3-galactosidases from the three major fami-
lies.” It is as such not useful for glycosidase crystal structure
analysis. Nevertheless, the unique thioglycoside formation cat-
alyzed by HP0826 should be an important tool for the general
study of glycosyltransferase binding and catalysis using thio-
sugar acceptor substrates. In this context crystal structure anal-
ysis and also saturation transfer difference (STD) NMR experi-
ments®"*? should give valuable insights into this reaction.

Synthesis of Galf}-1,4Man--pNP (6) with HP0826 and LgtB

In HP0826 we have already identified a possible candidate for
a galactosyltranferase-mediated synthesis of the Leishmaniasis-
associated structure Galf-1,4Man. Although we did not see
any activity with pNP-B-Man and human (4GalT-1, the other
GT-25 enzyme LgtB was found to catalyze Gal-transfer to the
acceptor substrate. Because of these results we probed both
HP0826 and LgtB for this reaction. The yield-time curve

ChemBioChem 2008, 9, 1632 - 1640
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(Figure 4) shows that both enzymes can be used as either of
them will form the product in quantitative yield in about 24 h.
We used the same protein amount in each assay to allow for a
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Figure 4. Yield-time curve for the HP0826 or LgtB catalyzed synthesis of
Gal-f3-1,4-Man-3-pNP (6).

valid comparison. HP0826 was employed for a synthesis on the
1.5mg scale. NMR analysis showed that the product was
indeed Galp-1,4Man-B-pNP, which was formed with complete
stereo- and regioselectivity. The product of the LgtB reaction
was also identified as GalB-1,4Man-f3-pNP as it showed an iden-
tical CE migration time to the HP0826 product and was cleava-
ble by the B1,4-galactosidase from Streptococcus pneumoniae.
A kinetic examination of both HP0826 and LgtB-catalyzed di-
saccharide formation (variation of the acceptor substrate con-
centration) shows a striking contrast (Figure 5). In the case of
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Figure 5. Dependence of specific activity on acceptor substrate concentra-
tion for the transfer of UDP-Gal to pNP-f3-Man (4) by HP0826 or LgtB.

HP0826 there is no saturation in specific activity up to the sol-
ubility limit of pNP-B-Man. For LgtB we found classical Michae-
lis-Menten behavior and were able to determine kinetic con-
stants of Ky=4.8 mm and V,,,=158Ug™". pNP-B-Man is the
preferred acceptor substrate for LgtB, with about 1.4 times
higher activity than pNP-B-GIcNAc in the transfer of UDP-Gal.

It is quite striking that these 2 GT-25 enzymes show very dif-
ferent behavior with these monosaccharide acceptors. Clearly
the catalytic efficiency of HP0826 is far higher than LgtB for
the pNP-B-GIcNAc and pNP-f-Man acceptors, even though
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both can be used for preparative synthesis. It suggests that
there is no product inhibition for these acceptors, and that the
catalytic center of these enzymes accommodates these accept-
ors in very different ways. In future work we plan to examine
the details of how these related enzymes discriminate these
kinds of synthetic acceptors and will try to further exploit
them for the synthesis of useful galactosides.

Conclusions

In this paper we have demonstrated the high catalytic poten-
tial of HP0826 by the first galactosyltransferase-mediated syn-
thesis of the thioglycosidic bond GalB-S-1,4-GIcNAc. LgtB and
HP0826 are also the first examples of 34GalTs for the synthesis
of the GalB-1,4Man linkage. Further work will focus on purify-
ing HP0826 to homogeneity in an effort to crystallize this un-
usually versatile enzyme as the first member of its family. A di-
rected-evolution approach will be applied in order to further
widen the substrate promiscuity and thus possible applications
of HP0826.

Experimental Section

UDP-Gal was from Calbiochem, USA. UDP-N-acetyl-galactosamine
(UDP-GalNAc), UDP-glucose (UDP-Glc), and UDP-N-acetyl-glucosa-
mine (UDP-GIcNAc) were from Sigma-Aldrich, USA. o and 3 anom-
ers of 4-nitrophenyl p-galactopyranoside (pNP-a-Gal and pNP-3-
Gal), 4-nitrophenyl 2-acetamido-2-deoxy-p-galactopyranoside (pNP-
a-GalNAc and pNP-B-GalNAc), 4-nitrophenyl b-glucopyranoside
(pPNP-a-Glc and pNP-f-Glc), 4-nitrophenyl 2-acetamido-2-deoxy-p-
glucopyranoside (pNP-a-GlcNAc and pNP-B-GIcNAc), 4-nitrophenyl
p-mannopyranoside (pNP-a-Man and pNP-f-Man), and 4-nitro-
phenyl bp-xylopyranoside (pNP-o-Xyl and pNP-B-Xyl) were from
Sigma-Aldrich, USA. 4-Formylphenyl (-p-allopyranoside (pFP-{3-All)
was from Tokyo Chemical Industry (TCl), Japan. 4-nitrophenyl 2-
acetamido-2-deoxy-4-thio-f3-p-glucopyranoside  (pNP-4S-B-GlcNAc)
was synthesized as described earlier.*® Labeled acceptor substrate
FCHASE-aminophenyl-B-GIcNAc  was prepared according to
ref. [37]. B-Galactosidase from Streptococcus pneumoniae was from
Prozyme, USA. Sep-Pak C18 cartridges were from Waters, USA. All
reagents were from Sigma-Aldrich. NMR spectra were obtained at
500 MHz on an INOVA Unity spectrometer (Varian, USA). ESI mass
spectra were recorded using a API-3000 and a 4000 Q-trap mass
spectrometer (Applied Biosystems, USA) Capillary electrophoresis
(CE) was done using a P/ACE system 5510 and a P/ACE MDQ appa-
ratus from Beckman Coulter, USA, equipped with a variable UV de-
tector set to 260 nm. The runs were performed with bare fused
silica capillaries.

Enzyme assay for recombinant f3-1,4-galactosyltransferases: An
end-point method was used for determining the activity of human
B4GalT-1 as well as HP0826 and LgtB. Crude or purified enzyme
was mixed with 50 mm HEPES pH 7.5, T mm MnCl,, 1.5 mm pNP-f3-
GlcNAc, and 1.5 mm UDP-Gal (all final concentrations). The activity
assay was incubated at 37°C and samples (20 uL) were taken at
various time points. The incubation was stopped by heating sam-
ples to 95°C for 5 min and centrifuging for 15 min at 13000 rpm.
To the supernatant 20 uL H,O and 10puL 100 mm EDTA were
added. Samples were analyzed by CE. An unmodified fused-silica
capillary (1.D. 50 pm, 60 cm total capillary length, with a detection
window at 47 cm) was used; separations were run at + 25kV
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(53 pA) and 25°C using borate/SDS-buffer (20 mm Na,B,O, pH 9.4,
50 mm SDS). Samples were injected by pressure (10 s at 0.5 psi in
forward direction) and separated within 20 min migration time. Ca-
pillaries were regenerated with a 2 min wash with each of: 0.2m
NaOH, water, running buffer. Quantification of analysis results was
done using 32 Karat Software (Beckmann-Coulter, USA).

Construction and transformation of expression vector pHP21
for HP0826: HP0826 was cloned as the full-length version accord-
ing to ref.[7]. PCR was performed to introduce restriction sites
Ndel and Sall using primers 5-GGGGGGCATATGCGTGTTTTTGCCA-
TTTCTTTAAATC-3" and 5'-CATACAAACTGCCAATATTTCAAATATTTAA-
AATGG-3'. Ligation into Ndel and Sall digested vector pCWori+ &
gave expression vector pHP21. After transformation, ompT pro-
tease deficient E. coli strain AD202 (F~ AdaraD139 DE(argF-lac)169
ompT1000:kan LAM~ flhD5301 fruA25 rel A1 rpsL150(str®) rbsR22
deoC1)* was used for expression.

Production of HP0826, LgtB, and HB4GT: The LgtB full-length
construct used was described in ref. [1]. Human B4GalT-1-maltose-
binding protein fusion (HB4GT) was cloned as published.*” LgtB,
HB4GT, and HP0826 were expressed in E. coli AD202. For enzyme
production 20 mL-cultures of 2X YT microbial medium containing
150 ugmL~' ampicillin were inoculated and grown at 37°C and
200 rpm overnight. 200 mL cultures containing the same ampicillin
concentration were inoculated from the 20 mL starter culture to an
ODg of 0.25 and incubated at 25°C and 200 rpm. Once an ODg,
of 0.4 was reached cultures were induced with 0.5 mm IPTG and
cells were grown for 24 h. By centrifuging with a Sorvall SLA-3000
rotor (Thermo Fisher Scientific, USA) at 5000 rpm for 30 min. cells
were collected and stored at —20°C until further use.

Purification of HP0826: A 10% (w/w) cell suspension was pre-
pared in buffer A (100 mm HEPES/NaOH pH 8.0) and disrupted by
high pressure in an Emulsiflex C-5 (Avestin, Canada). After centrifu-
gation at 15000 rpm in a SS-34 rotor (Thermo Fisher Scientific,
USA) the supernatant (40 mL) was collected and used for purifica-
tion on a 20 mL DEAE-Sepharose Fast Flow (weak anion exchange;
GE Healthcare, USA) column at a flow-rate of 5mLmin~". The
column had been equilibrated with buffer A. HP0826 containing
flow-through fractions were collected and pooled, proteins binding
to the column were eluted with buffer B (buffer A+1m NaCl).
HP0826 activity was determined as described above. SDS-PAGE
analysis was performed according to ref. [41].

Purification of LgtB: A 10% (w/w) cell suspension was prepared in
buffer A (100 mm HEPES/NaOH pH 8.0) and disrupted by high pres-
sure in an Emulsiflex C-5 (Avestin, Canada). After centrifugation at
15000 rpm in a Sorvall SS-34 rotor (Thermo Fisher Scientific, USA)
the supernatant (15 mL) was collected and used for purification on
a 20 mL Q-Sepharose Fast Flow (strong anion exchange; GE
Healthcare, USA) column at a flow rate of 5 mLmin~". The column
had been equilibrated with buffer A. LgtB containing flow-through
fractions were collected and pooled, proteins binding to the
column were eluted with buffer B (buffer A+ 1 m NaCl). LgtB activi-
ty was determined as described above.

Purification of HB4GT: A 10% (w/w) cell suspension was prepared
in buffer A (50 mM ammonium acetate pH 7.5, 10% glycerol) and
disrupted by high pressure in an Emulsiflex C-5 (Avestin, Canada).
After centrifugation at 15000 rpm in a SS-34 rotor (Thermo Fisher
Scientific, USA) the supernatant (5 mL) was collected, diluted 1:1
with buffer A, and used for purification on a 8 mL Amylose Resin
High Flow (New England Biolabs, USA) column at a flow rate of
5mLmin~". The column had been equilibrated with buffer A. Elu-
tion was done with buffer B (buffer A+20 mm maltose). HB4GT
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containing elution fractions were collected and pooled. HB4GT
activity was determined as described above.

Determination of biochemical data for HP0826: GalT activity was
determined as described above with the following modifications.
In order to examine the pH optimum of HP0826 we used HEPES
buffer (50 mm) in a pH range of 6.8-8.2 in 0.2 pH unit steps. For
the examination of metal ion dependency the following metals
were used in form of 1 mm MeCl,: Ca, Co, Mg, and Mn. For a con-
trol reaction without metal ion influence 10 mm EDTA was added
to the assay. For donor specificity assays 20 mm UDP-GalNAc, UDP-
Glc, or UDP-GIcNAc, 1.5 mm labeled acceptor (FCHASE-aminophen-
yl-B-GIcNAc) and 5 mm MnCl, were used. Samples were taken at
various time points and analyzed according to ref. [42].

Kinetic characterization of HP0826 with acceptor pNP-f-GIcNAc:
The kinetic constants for acceptor substrate pNP-B-GIcNAc and
donor substrate UDP-Gal were derived from initial rate analysis by
variation of the concentration of one of the substrates. pNP-f3-
GlcNAc concentrations examined were 0 to 3.3 mm with a constant
UDP-Gal value of 10 mm. UDP-Gal concentrations examined were 0
to 50 mm with a constant pNP-B-GIcNAc value of 1.5 mm. Assays
and activity determinations were performed as described above.
Kinetic constants were calculated according to the Michaelis-
Menten equation by use of the software Prism (Graph Pad Soft-
ware, USA).

Acceptor substrate screening for HP0826: The o and 3 anomers
of pNP-Gal, pNP-GalNAc, pNP-Glc, pNP-GIcNAc, pNP-Man, and pNP-
Xyl as well as pFP-B-All and pNP-4S-B-GIcNAc were tested as
acceptor substrates for HP0826. 20 mm UDP-Gal, 1.5 mm acceptor
and 5 mmM MnCl, (10 mm MnCl, for pNP-4S-3-GIcNAc, also 10 mm
DTT to prevent disulfide formation) were used and the activities
determined as described above. For pNP-Glc and pNP-4S-3-GIcNAc
the conditions for CE analysis had to be modified by using + 15 kV
(28 pA) and simple borate buffer (25 mm Na,B,O, pH 9.4), all other
parameters remaining unchanged.

Acceptor substrate examinations for LgtB and HB4GT: HB4GT
and LgtB were tested for activity with pNP-3-Man and pNP-4S-f3-
GIcNAc. For HB4GT 1.5 mm UDP-Gal, 1.5 mm of the acceptors and
1mMm MnCl, were used. For LgtB we utilized 20 mm UDP-Gal,
1.5 mm of the acceptors, and 1 mm MnCl,. Activities were deter-
mined as described above.

Yield-time curve for HP0826 transfer of UDP-Gal to pNP-4S-f3-
GIcNAc: For this experiment 20 mm UDP-Gal, 1.5 mm pNP-4S-3-
GlcNAc, 10 mm MnCl, 50 mm HEPES pH 7.2, and 75 mU of HP0826
were used in a volume of 250 pL and incubated at 37°C. Time
points were taken after 10 min, 30 min, 1h, 2h, 3h, 4h, 5h, 7h,
and 9 h. Samples were stopped and analyzed by CE as described
above.

Synthesis of Gal-f§-S-1,4-GIcNAc-f-pNP (5) with HP0826: For syn-
thesis on the 0.5 mg scale the reactions contained: 20 mm UDP-
Gal, 1.5 mm pNP-45-3-GIcNAc, 10 mm MnCl, 50 mm HEPES pH 7.2,
and 150 mU of HP0826 in a volume of 500 uL and incubated for
5 h at 37°C. Quantitative conversion was monitored by CE as de-
scribed above. The synthesis was stopped by heating to 95°C for
5 min and centrifuging for 15 min at 13000 rpm. The supernatant
was diluted 1:2 with H,0 and purified via a Sep-Pak C18 cartridge.
The cartridge had been equilibrated with 10 mL acetonitrile and
10 mL H,O. After application of the sample the cartridge was
washed with 8 mL H,0 and eluted with 1 mL-steps of 10-30% and
100% acetonitrile. Product containing elution fraction (30% aceto-
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nitrile) was dried in a SpeedVac (without heat). 0.35 mg (88 % yield)
were isolated.

Acceptor concentration variation for pNP-4S-B-GIcNAc with
HP0826: pNP-4S-3-GIcNAc concentrations examined were 0 to
2.4 mm with a constant UDP-Gal value of 20 mm. HP0826 was used
in a concentration of 300 mUmL™". Assays and activity determina-
tions were performed as described above.

Galactosidase treatment of Gal-f-S-1,4-GIcNAc-§-pNP (5): The -
galactosidase from Streptococcus pneumoniae specific for Gal $1,4-
cleavage™ was used for this experiment. 1.5 mm of Gal-3-5-1,4-
GIcNAc-B-pNP and 50 mUmL™" galactosidase in reaction buffer
(Prozyme, USA, total volume 50 pL) were incubated for 22 h. After
the sample had been heated to 95°C for 5 min and centrifuged for
15 min at 13000 rpm in a microcentrifuge, it was analyzed by CE
as described above. For a control reaction Gal-3-1,4-GIcNAc-3-pNP
was used which was completely cleaved within 30 min.

Yield-time curve for HP0826 transfer of UDP-Gal to pNP-f-Man:
For this experiment 20 mm UDP-Gal, 1.5 mm pNP-B-Man, 1T mm
MnCl,, 50 mm HEPES pH 7.2, and 400 mU (1.2 mg) of HP0826 were
used in a volume of 300 pL and incubated at 37°C. Time points
were taken after 10 min, 30 min, 1 h, 2 h, 4h 45 min, 6 h 15 min,
8 h, 22 h 30 min, 30 h, and 40 h. Samples were stopped and ana-
lyzed by CE as described above.

Yield-time curve for LgtB transfer of UDP-Gal to pNP-f-Man:
20 mm UDP-Gal, 1.5 mm pNP-B-Man, 1 mm MnCl, 50 mm HEPES
pH 7.2, and 3.1 mU (1.2 mg) of LgtB were used in a volume of
300 uL and incubated at 37°C. Time points were taken after
15 min, 30 min, 1 h, 2h, 4h, 6 h, 8h, 26 h 30 min, 30 h, and 40 h.
Samples were stopped and analyzed by CE as described above.

Synthesis of Gal-f-1,4-Man-f-pNP (6) with HP0826: For synthesis
on the 1.5mg scale 20 mm UDP-Gal, 1.5 mm pNP-B-Man, 1 mm
MnCl,, 50 mm HEPES pH 7.2, and 500 mU of HP0826 were used in
a volume of 830 pL and incubated for 30 h at 37°C. Quantitative
conversion was monitored by CE as described above. The synthesis
was stopped by heating to 95°C for 5 min and centrifuging for
15 min at 13000 rpm. The supernatant was diluted 1:2 with H,0
and purified via a Sep-Pak C18 cartridge as described above. The
product containing elution fractions (20 and 30% acetonitrile)
were dried in a SpeedVac (without heat). 1.38 mg (90 % vyield) were
isolated.

Galactosidase treatment of Gal-Man-f-pNP product synthesized
with LgtB: The fB-galactosidase from Streptococcus pneumoniae
which is specific for Gal 1,4-cleavage™® was used for this experi-
ment. 1.5 mm of Gal--1,4-Man-3-pNP and 50 mUmL™" galactosi-
dase in reaction buffer (Prozyme, USA, total volume 50 pL) were in-
cubated for 20 h. After heating the sample to 95°C for 5 min and
centrifuging for 15 min at 13000 rpm it was analyzed by CE as de-
scribed above.

Acceptor concentration variation for pNP-f-Man with HP0826:
pNP--Man concentrations examined were 0 to 36 mm with a con-
stant UDP-Gal value of 20 mm. HP0826 was used in a concentra-
tion of 690 mUmL". Assays and activity determinations were per-
formed as described above.

Kinetic characterization of LgtB with acceptor pNP-#-Man: The
kinetic constants for pNP-B-Man were derived from initial rate anal-
ysis by variation of the acceptor substrate with a constant UDP-Gal
value of 20 mm. pNP-B-Man concentrations examined were 0 to
36 mm. Assays and activity determinations were performed as de-
scribed above. Kinetic constants were calculated according to the
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Michaelis-Menten equation by use of the software Prism (Graph
Pad Software, USA).
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Thermodynamic Analysis of Nylon Nucleic Acids
Yu Liu,® Risheng Wang,” Liang Ding,”® Ruojie Sha,” Philip S. Lukeman,® 9

James W. Canary,* and Nadrian C. Seeman*®

The stability and structure of nylon nucleic acid duplexes with
complementary DNA and RNA strands was examined. Thermal
denaturing studies of a series of oligonucleotides that contained
nylon nucleic acids (1-5 amide linkages) revealed that the amide
linkage significantly enhanced the binding affinity of nylon nucle-
ic acids towards both complementary DNA (up to 26°C increase
in the thermal transition temperature (T,,) for five linkages) and
RNA (around 15°C increase in T, for five linkages) compared
with nonamide linked precursor strands. For both DNA and RNA

Introduction

Several examples of DNA-templated organic reactions have
been reported,” but far fewer stereo- and regiospecific DNA-
mediated polymerization reactions are known. In previous
work, we have reported the attachment of dicarboxyl and di-
amino groups to the 2’-position of uridine nucleoside ana-
logues.®™ These side chains were condensed to form short seg-
ments of a nylon-like polymer pendent from the nucleic acid
backbone. The long-term goal of this work is to use the topo-
logical control afforded by nucleic acids® to direct the topolo-
gy of polymers of industrial importance. Our synthesis of nylon
nucleic acid oligomers is markedly more robust than the previ-
ous version, so that we are now able to isolate enough materi-
al for a study of the effect of structural restrictions from the
nylon-like polymer on thermal stability. In the design of the
strands reported in our earlier work, the modified nucleosides
were flanked on both sides by short stretches of oligo-dT. The
disadvantage of an oligonucleotide containing exclusively rU
or dT nucleobases is that there is no control over the position
or manner in which it binds its oligo-dA complement, includ-
ing the possibility of triplex formation.” Furthermore, the melt-
ing temperatures of homopolymer duplexes that contain only
A and T are lower than those that also contain G and C, so to
carry out thermodynamic studies, higher strand concentrations
are required; however, this leads to a more complicated
system, which might contain aggregated concatamers that
consist of overlapping oligomers.®

In this study, the modified nucleosides in the oligonucleo-
tide are flanked by general DNA sequences that contain all
four bases, not only oligo-dT. This is one step further toward
the goal of controlling the topology of industrial polymers by
nucleic acids, as more bases must be used for such a system
to be effective. In the work reported here, two to six modified
nucleosides are located in the middle region of 18-mer oligo-
nucleotides. After condensation between carboxyl and amino
groups, short nylon-like polymers with one to five amide link-
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complements, increasing derivatization decreased the melting
temperatures of uncoupled molecules relative to unmodified
strands; by contrast, increasing lengths of coupled copolymer
raised T,, from less to slightly greater than T, of unmodified
strands. Thermodynamic data extracted from melting curves and
CD spectra of nylon nucleic acid duplexes were consistent with
loss of stability due to incorporation of pendent groups on the
2'-position of ribose and recovery of stability upon linkage of the
side chains.

ages resulted. Thermodynamic properties of nylon nucleic acid
strands with their DNA or RNA complements were investigated
by thermal denaturing experiments with precursor strands
(prior to amide coupling) and unmodified DNA for comparison.
Thermodynamic parameters were extracted from melting
curves based on van't Hoff analysis. Duplex formation was also
detected and analyzed by circular dichroism.

Results and Discussion

Strands were designed to place a contiguous stretch of modi-
fied uridine nucleotides in the middle region of a heterobase
sequence. The number of modified nucleotides ranged from
two to six. The sequences are shown and the strands are
named in Table 1. We denote uridine nucleotides that contain
single amino or carboxyl modifications as Un or Uc, respective-
ly, and diamino or dicarboxyl modifications are labeled as Unn
or Ucc, respectively (Figure 1). The nylon nucleic acids are un-
derlined at the coupled nucleotides (e.g., UnUc). Oligonucleo-
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tide strands with free carboxyl and amino groups were synthe-
sized by automated phosphoramidite synthesis, cleaved from
the solid support, and deprotected by using procedures similar
to those described previously—although the incubation tem-
perature for deprotection was 50°C rather than room tempera-
ture.”™ After purification by denaturing gel electrophoresis, all
strands were characterized by MALDI-TOF mass spectrometry.
A new amide formation procedure was developed in which
the precursor strand was hybridized with a complementary

Van
GTAGACAARARARCTATGCCGTGCATACGAC MY
I EX N NINERNNE N}

GCACGTRTGCTG\ T
&

J. W. Canary, N. C. Seeman et al.

, i T hairpin DNA molecule before the coupling reaction.”” Schemat-
Table 1. Oligonucleotides (ODNs) used in this study and MALDI-TOF MS ic d . in Fi il h lated hesis of
analysis. Strand 1 is the unmodified DNA that was used as control; 2a- ic drawings in Figure 1 illustrate the templated synthesis o
6a are uncoupled precursor strands with 2, 3, 4, 5, or 6 modified nucleo- nylon nucleic acid molecule 3 b. After annealing with a 46-mer
tides incorporated; and 2b-6b contain corresponding nylon nucleic acid hairpin molecule, a strand that contained pendent groups
sequences. formed a duplex with complementary DNA. Duplex formation
ODNs  Sequence Calculated  Found prevents various potential side reactions, such as coupling
] o GCATAG p—— B " with amine groups c.Jn nucleot?ases, or reaction with remote
2a 5-GCATAGTTUNUCTTGTCTAC 5678.9 5678.8 pendent groups. Amide formation catalyzed by DMT-MM also
2b 5'-GCATAGTTUNUCTTGTCTAC 5660.9 5661.3 followed previous procedures, except that the reaction mix-
3a 5-GCATAGTTUnUccUnTGTCTAC 5840.8 5839.5 tures were shaken gently during the coupling reaction. The
3b 5'-GCATAGTTUNnUccUnTGTCTAC 5804.8 5803.7 T L
2a o GCATAGTUCUnNUccUnTGTCTAC £000.4 £000.3 use.: of a halr.pln with a Iong.;e.zr sequence faC|I|ta.ted electropho
4b 5-GCATAGTUcUnnUccUnTGTCTAC 5046.4 5047.0 retic separation of the modified molecule from its complement
5a 5'-GCATAGTUcUnnUccUnnUcGTCTAC 6161.7 6161.9 after coupling (Figure S1 in the Supporting Information).
5b 5'-GCATAGTUcUnnUccUnnUcGTCTAC 6089.7 6090.9
6a 5'-GCATAGUcUnnUccUnnUccUnGTCTAC  6322.9 6323.0
6b 5'-GCATAGUcUnnUccUnnUccUnGTCTAC  6232.9 6233.9 Thermal denaturing studies

The duplex stabilities of nylon nucleic acid-containing strands
hybridized with unmodified DNA and RNA complements were
determined by thermal denaturing experiments that moni-
tored absorbance at 260 nm. Figure2 (DNA) and Figure 3
(RNA) show thermal-transition profiles plotted as the change in
absorbance (A;—Ar)/A;, vs. temperature. In all cases, at least
two consecutive heating—annealing cycles were applied. Super-
imposable heating and annealing profiles indicate that transi-
tion processes are kinetically reversible. The effect of extra
polyamide linkages was examined by comparing the melting
temperatures of 1-DNA duplex or 1-RNA duplex (by using the
unmodified DNA 1 as control).
Melting temperatures (T,)—de-
fined as the temperature at
which half of the double-strand
~— complexes had dissociated"”—

Figure 1. Schematic depiction of the templated synthesis of nylon nucleic acid molecule 3b. A DNA hairpin tem-
plate strand with a sequence complementary to strand 3a forms a stable duplex. Proximal amines and carboxy-
lates are then connected by using chemical ligation. The nylon nucleic acid product is separated from the hairpin

template by denaturing gel electrophoresis.
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+ = OFoH v cooH are summarized in Table 2. Un-
T ——— 0 on~cooH couPIed dupl'exes showe'd coop-
U e O oY erative melting behavior, but
Uiiﬂ[{; - ilﬁ oSon~"NH, coupled oligomers melted over
Riivedi a relatively broad te‘mperature
range. Nevertheless, single tran-
PN sition behavior was assumed for
GTAGACAAAARACTATGCCGTGCATACGAC T the thermodynamic analysis.
SesstsssctssasnsnssaRaRRRRRRe
CATCTGTTITTTGATACGGCACGTATGCTG\ The uncoupled  precursor
T/ strands formed duplexes with
DNA and RNA that were less
stable than analogous duplexes
Link amides of unmodified DNA. Thus, intro-
duction of 2’-pendent thioalkyl
. o v diamino or dicarboxyl groups
= O 0 s
GTAGACARAARACTATGCCGTGCATACGACY T S -— destabilized the duplex. In the
Sstesesversasssrnnssssncsscsne ) OSOHOUO case of DNA, the melting tem-
CATCTGTWTTGATACGG(,ALGTATG(,T(:\_TJT 7 o perature  decreased as  the
Coupled _ UUU OSOHQ J_;"H number of modified nucleotides
: : — g . . I
UnUccUn || | ol was increased. This destabiliza

tion could be attributed to steric
effects exerted by the bulky
2’ moieties.  Although  2'-O-
methyl and 2’-O-methoxymethyl
substituents are known to stabi-
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lize duplexes with DNA, 2'-O-alkyl modification lowered bind-
ing affinity towards complementary DNA strands with increas-
ing size of the alkyl chain."! Destabilization might also result
from altered sugar puckering of the 2'-deoxy-2-alkylthio
ribose, as the less electronegative"? 2'-alkylmercapto modifica-
tion should lead to a decrease in the preponderance of the 3'-
endo conformer™ The higher ratio of 2-endo conformer
could perturb the backbone, which might lead to further dis-
tortions, in addition to the steric hindrance exerted by bulky
2’-S pendent groups. Furthermore, this destabilization effect

—0.05+———7—7——7 77— might be associated with the observation that oligonucleo-
10 20 30 40 50 60 70 80 90 . .

/¢ tides that contain dT are more stable than analogous strands

with dU." In addition, the charges on the pendent groups

B) 0.35 ] could also have a local effect on melting, although the exact

0i30- nature of the effect is unclear; overall, the number of added

positive and negative charges was equal in all molecules. For

0.251 duplex molecules in which the uncoupled precursor strands

< 0.20 were hybridized with RNA destabilization of the duplex was

0.154 also observed. However, the decrease in melting temperature

0.10 4 in response to an increase in the number of modified nucleo-
0.05 4 tides was not as large (Table 2B, Figure 3A).

0.004 In contrast with the uncoupled strands, coupling of the

005 amino and carboxyl groups led to higher stability in duplex

10 20 30 40 50 60 70 80 90

molecules. Coupled strand 2b, which contained one amide
TIC?

bond, gave a 3.7°C increase in T,, for the duplex with comple-
mentary DNA as compared with the uncoupled precursor 2a,
but was still much lower than control strand 1. However,

Figure 2. Melting curves for modified oligonucleotides, A) before and
B) after coupling with complementary DNA. [A] = (A—A;)/Ar,, where A; is
the absorbance at 10°C; UV absorption was monitored at 260 nm.

duplex stability with natural DNA was further enhanced with
the number of amide bonds introduced. For strand 3b (two

A) amide linkages) T,, increased to 51.2°C and was 11.7 °C higher
0351 than its uncoupled counterpart. This trend continued, so that
0.301 strands with four or five linkages in fact formed more stable
0.251 duplexes with their natural DNA complement than the un-

= 0.20 modified control. Coupled strand 6b had a T,, 2.8°C higher

= 0154 than unmodified DNA and 26 °C higher than its uncoupled an-
0.10] alogue. The situation for the RNA duplexes was similar. Higher
0051 melting temperatures were obtained with increasing numbers

' of amide linkages, so that coupled strand 6b had a T,, 3.6°C
0.007 higher than the unmodified DNA-RNA control. This enhanced
-0.05 thermostability can probably be attributed to conformational
T/ restriction imposed by the presence of a second polyamide

backbone that links adjacent nucleotides in nylon nucleic

B) 0.35] acids. Conformational restriction has been reported to account
0'307 for increasing the stability of duplexes for other nucleic acid

' analogues,” including peptide nucleic acid analogues."® Most
0.251 such restrictions have been reported previously within a single
= 0204 nucleotide and have rarely involved links between adjacent
~ 0.15] nucleotides, as in the present case. Nielsen and colleagues re-
0.104 ported covalent links between nucleotides and observed stabi-
0.051 lization of nucleic acid three-way junctions."”
0.00] The enthalpies and entropies of the thermal transition were
0,05 determined by using van’t Hoff analysis (Table 2, Figures 4 and

10 20 30 40 50 60 70
TIC

5).'8 Compared with unmodified DNA-DNA and DNA-RNA du-
plexes, there is a significant difference in both enthalpy and
entropy for all modified strands, including the fully coupled

Figure 3. Melting curves for modified oligonucleotides, A) before and
B) after coupling with complementary RNA. [A] = (A—A;)/Ar,, where A; is
the absorbance at 10°C; UV absorption was monitored at 260 nm.

strand 6 b, which showed higher T,, for both types of duplexes.
This reflects the broader temperature range of the transition

ChemBioChem 2008, 9, 1641 - 1648 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1643
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Table 2. T,, value and thermodynamic data for nylon nucleic acid duplexes with DNA complement and RNA complement."!
A) Nylon nucleic acid precursor strands Coupled nylon nucleic acids
T AH° AS° TAS® AG T AH® AS° TAS® AG AT,
[°cl [kJmol~] Umol 'K [kJmol™] [kJmol™] [°cl [kJmol™ Umol K™ [kJmol™] [kJmol™] [°cl
(298 K) (298 K) (298 K) (298 K)
1 55.1 —384 —1050 —312 —71.3 1 55.1 —384 —1050 —312 —713 -
2a 42.8 —381 —1090 —324 —57.6 2b 46.5 —264 —708 =21 —535 3.7
3a 39.5 —376 —1080 —323 —53.3 3b 51.2 -210 —530 —158 —52.6 1.7
4a 358 —366 —1060 —317 —48.7 4b 529 —209 —523 —156 —529 171
5a 34.0 —341 —989 —295 —459 5b 55.3 —-197 —481 —143 —53.6 213
6a 31.9 -317 -916 —273 —43.6 6b 57.9 —193 —464 —138 —54.7 26.0
B) Nylon nucleic acid precursor strands Coupled nylon nucleic acids
T AH° AS° TAS® AG T AH® AS° TAS® AG AT,
[°cl [kJmol™"] [Umol 'K [kJmol™"] [kJmol ] [°cl [kJmol ] [Jmol K] [kJmol ] [kJmol™"] [°cl
(298 K) (298 K) (298 K) (298 K)

1 529 —467 —1310 —391 —75.6 1 529 —467 —1310 —391 —75.6 -
2a - - - - - 2b 374 —262 -719 —214 —47.8 -
3a - - - - - 3b 394 —199 —508 —151 —47.4 -
4a 43.1 —377 —1070 —319 —57.8 4b 50.5 —196 —495 —148 —48.9 74
5a 424 —313 —874 —260 —53.0 5b 54.8 —186 —448 —134 —52.8 124
6a 41.8 —242 —651 —194 —48.3 6b 56.5 —177 —416 —124 —-53.0 14.7
[a] Complementary DNA sequence: 5-GTAGACAAAAAACTATGC; complementary RNA sequence: 5'-GUAGACAAAAAACUAUGC. [b] The melting curves (A
vs. temperature) were recorded in medium salt hybridization buffer (40 mm sodium cacodylate, 100 mm sodium chloride, pH 7.3) that contained the two
complementary strands (1 um). [c] AT,, is the T, difference between nylon nucleic acids and the corresponding uncoupled precursor strands.

observed for the duplexes that contained modified strands. Al-
though the latter portions of the T,, curves for strands 5b and
6b were observed at clearly higher temperatures than for the
controls, initiation of the curve occurred at temperatures well
below the control. This broad range suggests lower coopera-
tivity in the melting of duplexes that contained modified
strands; this is reflected in the enthalpy and entropy. The less-
sharp dependence on temperature could result from distor-
tions in duplex structures that arise from the macrobicyclic
rings associated with the nylon nucleic acid ladder polymer
structure. Another contribution to this behavior could arise
from the heterogeneity of the nylon nucleic acid region of
each strand, which is flanked by unmodified DNA sequences.

Within the series of duplexes with DNA (2-6), the thermody-
namic analysis revealed that for the nylon nucleic acids and
precursor strands the enthalpy of duplex formation becomes
less favorable, but entropy more favorable with increasing
numbers of modified nucleotides. However, the values are very
different from those from unmodified DNA 1: the values of en-
thalpy and entropy for the melting of strand 6b were only
about half those of unmodified DNA 1. The strongly favorable
entropy can probably be attributed to restricted conformation
exerted by 2’ amide linkage."® A similar trend was also ob-
served for thermodynamic parameters of nylon nucleic acids
that were hybridized with RNA strands (Table 2B). It is likely
that nylon nucleic acids impose similar restrictions on the
duplex formed with RNA.

Circular dichroism spectroscopy

CD measurements were undertaken to compare the secondary
structures of hybridized uncoupled precursor strands and cou-
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pled nylon nucleic acids with natural DNA and RNA duplex-
es.™ In Figure 6 CD spectra of duplexes that involved nylon
nucleic acid 6b with DNA and RNA complements are shown
and compared with the corresponding uncoupled precursor
strand 6a and unmodified DNA 1. In Figure 6 A, the overall CD
curves of both uncoupled and coupled strands were similar to
DNA control strand 1 and were consistent with the B-form
structure. Both uncoupled and coupled strands showed a less
intense negative band at around 250 nm and a more intense
positive band at around 270-280 nm—the latter was shifted
toward shorter wavelengths compared with 1. Although the
maximum number of modified nucleotides accounts only for
one third of the strand, it is clear that perturbation by the
modified nucleotides is present. In general, it appears that
incorporation of the 2’-alkylthio substituent causes a small
change in the spectra, and linking the substituents to form
nylon nucleic acids brings the spectra back towards that of the
unmodified strand 1. Similar effects were observed for strands
with 2-5 modified nucleotides, for which CD data are shown in
the Supporting Information. In the series 2a-6a, as more nu-
cleotides with pendent groups were incorporated into the se-
quence, the uncoupled precursor strands showed increasing
differences from the spectra of the control. However, the spec-
tra of all of the duplexes formed between coupled molecules
2b-6b and DNA were nearly superimposable. Therefore, cou-
pling of the amides fixed the conformation of the strands to
preclude the continuous deviation from the B-form observed
in the uncoupled sequences.

Both uncoupled precursor strand 6a and nylon nucleic acid
6b showed the A-form structure in the CD spectra when they
were paired with their RNA complement (Figure 6 B). Similar to
the DNA 1-RNA control, there is an intense positive band cen-

ChemBioChem 2008, 9, 1641 - 1648
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Figure 6. A) CD spectra of duplexes of unmodified DNA strand 1, uncoupled
6a and coupled nylon nucleic acid 6 b with DNA complement; B) with RNA
complement. Duplex concentration: 4 um; buffer: sodium phosphate

(10 mm), sodium chloride (150 mm), and EDTA (0.1 mm, pH 7.0).

tered at around 265 nm. However, the two negative bands at
210 and 245 nm are less intense than the unmodified refer-
ence. In contrast to the control, the CD spectrum of the uncou-
pled precursor strand-RNA duplex for the series 2a-6a
showed a decrease in intensity of the 265 nm band, and this
was also accompanied by a small bathochromic shift. For cou-
pled 2b-6b, the changes in CD spectra were much smaller
(Figure S3). The polyamide linkage of the nylon nucleic acid
perturbed the conformation of duplexes with RNA less than
the pendent groups of precursor strands. Thus, there is no
compelling evidence from the CD spectroscopy to suggest
that a structural perturbation is the reason for the less-sharp
dependence on temperature, as seen in the melting data.
Overall, the effect of introducing 2"-alkylthio-substituted nu-
cleotides into DNA sequences brought about a small distortion
of the conformation with a significant reduction in the stability
of duplexes. However, linking the pendent groups together to
form nylon nucleic acids reversed this trend, and even pro-
duced an increase in stability in the longer copolymer chains.
Given that many modified oligonucleotides have been stud-
ied for biomedical applications,”” a natural question arises re-
garding the potential suitability of nylon nucleic acids for such
a purpose. The increased stability observed with nylon nucleic
acid-DNA duplexes is encouraging in this regard. The increase
in the transition temperature per nucleotide for nylon nucleic
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acid bound to its complementary DNA strand is competitive
with many maodified oligonucleotides,”" although not as large
as some, such as locked nucleic acids.">“*?? Stabilization of
duplexes in our system appears to originate from conforma-
tional restriction enforced by the amide links. Prior examples
of conformational constraints have involved primarily those
within a single nucleotide. A few examples of rigidifying linkers
between remote nucleotides have been reported.”™ To our
knowledge, rigidification of the oligonucleotide backbone by
covalent connections between adjacent nucleotides has not
been explored previously. It seems likely that further optimiza-
tion of nylon nucleic acid linkers could lead to even more
stable duplexes. Further work, including examination of
enzyme resistance, cell permeability, and other properties, will
be needed to properly assess the potential of nylon nucleic
acid for in vivo applications.

Conclusions

We have designed and synthesized a series of strands that
contain modified uridine nucleotides flanked by heterobase se-
quences. The thermostability of nylon nucleic acid-DNA/RNA
duplexes was studied by monitoring thermal denaturation by
absorbance at 260 nm. It was found that fully coupled nylon
nucleic acid strands display greater stability of duplex forma-
tion, compared with the analogous precursor strands. With an
increase in the number of coupled units, nylon nucleic acid
strands showed increased binding affinity to complementary
DNA or RNA, while the precursor strands showed a decreasing
trend. At 1T um DNA concentration, after four or more amide
linkages were formed (strands 5b, 6b), the nylon nucleic acid
hybridized even more stably with its complement than the un-
modified DNA control. These data suggest that the formation
of the nylon linkage can stabilize the formation of duplex DNA
or RNA by strands modified with nylon precursors. Analysis of
thermodynamic data extracted from melting curves suggests
that this stability results from a balance between lost enthalpy
and lowered negative entropy as a function of modified nu-
cleotide incorporation. Such differences can be attributed to
conformational restriction exerted by the nylon linkages. Solu-
tion structural analysis by CD spectroscopy suggests that
nylon nucleic acids hybridized with DNA have spectra that are
more characteristic of B-form than A-form conformation, while
nylon nucleic acids hybridized with RNA showed evidence of
A-form conformation. However, in both cases the CD spectra
of coupled polymers showed less conformational change with
increasing numbers of modified nucleotides incorporated than
did the precursor strands (i.e., with free pendent carboxylates
and amines prior to amide bond formation). This observation
is consistent with the conformational restriction hypothesis.
These results provide a good model for understanding the fac-
tors that affect DNA binding ability.

Experimental Section

Materials: Buffer solutions were prepared from chemicals pur-
chased from Aldrich and doubly distilled water, and then adjusted
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to desired pH values. For experiments involving RNA, all laboratory
equipments were autoclaved prior to use and sterilized water and
buffers were purchased from Ambion (Austin, TX, USA). Prepara-
tion of the modified phosphoramidite uridine monomers and syn-
thesis of nylon nucleic acid precursor strands followed the proce-
dures previously reported,®¥ except that strands were cleaved
from resin and deprotected at 50 °C instead of room temperature.
All commercial nucleic acid strands and nylon nucleic acid uncou-
pled precursor strands were purified by denaturing gel electropho-
resis (20% acrylamide; running buffer: 89 mm Tris-HCl, pH 8.0,
89 mm boric acid, 2 mm EDTA). For purification of uncoupled
strands, in order to avoid a side reaction of amino groups with for-
mamide upon heating, care was taken not to dissolve DNA strands
in formamide before they were loaded onto gels. Concentrations
of oligonucleotides were determined by UV spectroscopy (OD,g).

MALDI-TOF MS analysis: MALDI-TOF mass spectra were recorded
by using a Bruker OmniFLEX MALDI-TOF spectrometer. A 3-HPA
matrix solution was prepared by dissolving 3-HPA (18 mg) in
CH,CN (150 pL) and H,O (150 pL). An ammonium citrate comatrix
solution was prepared by dissolving ammonium citrate (35 mg) in
H,O (1 mL). The working matrix solution was obtained by mixing
3-HPA matrix solution (40 uL) and ammonium citrate comatrix solu-
tion (10 uL). An oligonucleotide sample (20~100 um, 2 pl) was
mixed with the working matrix solution (2.5 uL) by using a vortex,
and then centrifuged. The mixture was deposited on a target. DNA
molecules of known masses were used as either external or inter-
nal calibrants in the measurements.

Thermal denaturing studies: Pairs of complementary strands
(700 pmol each) were dissolved in buffer (40 mm sodium cacody-
late, 100 mm sodium chloride, pH 7.3) to a final volume of 700 pL,
and annealed, overnight, over the temperature range 90°C-room
temperature. The samples were transferred to quartz cuvettes with
1 cm path lengths and the same cacodylate buffer was used as the
blank. Thermal denaturation was monitored at 260 nm on a Spec-
tronic Genesys 5 spectrophotometer by using a Neslab RTE-111
programmable circulating bath. At least two consecutive heating-
cooling cycles were applied with a linear temperature gradient of
0.1°Cmin~". Heating and cooling ramps were superimposable in all
cases; this indicates equilibrium conditions. Absorbance vs. tem-
perature curves were converted into 6 vs. temperature curves
(where 6 is the fraction of oligomers in the associated state) by
subtracting upper and lower base lines. These upper and lower
linear base lines define temperature-dependent extinction coeffi-
cients for associated and dissociated states. The T, was defined as
the temperature at which half of the strands are in the associated
form and half in the dissociated form, that is, #=0.5."" Thermody-
namic data were generated from van't Hoff plots of the data (InK
vs. 1/T).19

CD experiments: CD spectra were recorded from 350 to 200 nm
on an AVIV Model 202SF circular dichroism spectropolarimeter at
room temperature in 0.2 cm cuvettes. Two complementary strands
(2.8 nmol each) were dissolved in buffer (10 mm sodium phos-
phate, 150 mm sodium chloride, 0.1 mm EDTA) to a final volume of
700 pL and annealed as described above. The duplex solution was
filtered through a 0.2 um syringe filter (Millex) before the CD spec-
tra were recorded. At least three scans were collected for each
sample and a buffer baseline was subtracted from the average of
these scans to yield the CD plots. The single strand CD spectra
were recorded under the same conditions except at 15 um concen-
tration.
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Calix[n]arene-Based Glycoclusters: Bioactivity of Thiourea-
Linked Galactose/Lactose Moieties as Inhibitors of Binding
of Medically Relevant Lectins to a Glycoprotein and Cell-
Surface Glycoconjugates and Selectivity among Human
Adhesion/Growth-Regulatory Galectins

Sabine André,”™ Francesco Sansone,™ Herbert Kaltner,™ Alessandro Casnati,™
Jurgen Kopitz,' Hans-Joachim Gabius,*® and Rocco Ungaro*™

Growing insights into the functionality of lectin-carbohydrate in-
teractions are identifying attractive new targets for drug design.
As glycan recognition is regulated by the structure of the sugar
epitope and also by topological aspects of its presentation, a
suitable arrangement of ligands in synthetic glycoclusters has the
potential to enhance their avidity and selectivity. If adequately re-
alized, such compounds might find medical applications. This is
why we focused on lectins of clinical interest, acting either as a
potent biohazard (a toxin from Viscum album L. akin to ricin) or
as a factor in tumor progression (human galectins-1, -3, and -4).
Using a set of 14 calix[n]arenes (n=4, 6, and 8) with thiourea-
linked galactose or lactose moieties, we first ascertained the
lectin-binding properties of the derivatized sugar head groups
conjugated to the synthetic macrocycles. Despite their high

Introduction

Cell-surface glycans are far more than a means of protecting
proteins from proteolysis or affecting charge density. In fact,
cells derive a significant portion of their ability for intercellular
communication from glycan structures. They equal peptide se-
quences of proteins in being biochemical signals.™’ Processing
of the sugar-encoded messages and their translation into cellu-
lar responses involves carbohydrate-binding proteins (lectins).”
This discovery of functional lectin—carbohydrate interactions
signifies a new route for drug design. Firstly, suitable targets
need to be identified. Unquestionably, protection against bio-
hazardous plant toxins and the interference in lectin-mediated
processes during tumor progression are aims warranting seri-
ous efforts.

Medically oriented reasoning has directed our attention to
galactoside-binding AB toxins such as ricin or the Viscum
album agglutinin (VAA) and the galectin family of endogenous
lectins. Among its three subgroups, that is, homodimeric
proto-type, chimera-type, and tandem-repeat-type proteins,
immunohistochemical fingerprinting had revealed an unfavora-
ble relationship of galectin expression to prognosis in several
tumor systems, for example in colon cancer for galectin-1
(proto-type), galectin-3 (chimera-type), and galectin-4 (tandem-
repeat-type).”’ Capitalizing on convenient access to human lec-
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degree of flexibility, the calix[6,8]arenes proved especially effective
for the plant AB-toxin, in the solid-phase model system with a
single glycoprotein (asialofetuin) and with human tumor cells in
vitro. The bioactivity of the calix[n]arenes was also proven for
human galectins. Notably, selectivity for the tested tandem-
repeat-type galectin-4 among the three subgroups was deter-
mined at the level of solid-phase and cell assays, the large flexi-
ble macrocycles again figuring prominently as inhibitors. Alter-
nate and cone versions of calix[4]arene with lactose units distin-
guished between galectins-1 and -4 versus galectin-3 in cell
assays. The results thus revealed bioactivity of galactose-/lactose-
presenting calix[n]arenes for medically relevant lectins and selec-
tivity within the family of adhesion/growth-regulatory human
galectins.

tins by recombinant production, their reactivity with test com-
pounds can be readily profiled as is routinely done for plant
lectins. In doing so, the sensitivity of galectin binding to the
local density of cognate determinants in N- and O-glycans and
glycodendrimers had been documented, as was also ascer-
tained for the plant toxin.”! These results encouraged us to
design glycoclusters with variations in ligand density and in
presentation, and then to assess their inhibitory potencies to
identify potent candidates for further refinement. Conjugation
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of sugar moieties to a macrocycle is a reasonable step in this
research program. In this report, we addressed this synthetic
challenge and merged preparative work with biochemical and
cell biological assays.

A cyclic platform for introducing lectin ligands offers the ad-
vantage of a certain degree of backbone rigidity. As examples,
fused six-membered imide ring systems, cyclic decapeptides,
cyclodextrins, cyclophanes, and phenol-formaldehyde cyclic
oligomers (calixarenes) have been demonstrated to undergo
facile synthetic incorporation of carbohydrate moieties.”
Herein, we focus on calix[n]arenes, covalently adding substitut-
ed galactose or lactose moieties to the scaffold. Compared to
other macrocyclic compounds calix[n]arenes offer the unique
opportunity for introducing variations of ring size, molecular
shape, conformational flexibility, symmetry, and valency. The
option for a thiourea linker was chosen to enable an easy
amine/isothiocyanate reaction and to allow potential hydrogen
bonding.”” Following the synthesis of the panel of 14 glyco-
clusters with two to eight sugar moieties per macrocycle and
their chemical characterization, we revealed lectin-binding
properties in a solid-phase assay using a potent plant toxin
(VAA) and the three mentioned human galectins. With the
lectin-binding property of the glycoclusters documented, in-
hibitory capacity was comparatively assessed in each case. On
the grounds that medical application is envisioned we pro-
ceeded to test the glycoclusters as inhibitors of lectin binding
to human tumor cells in vitro. The glycomic complexity of cell
surfaces in terms of structural diversity and dynamic changes
in local epitope density can have a profound effect on lectin-
binding properties not mimicked in solid-phase assays (for de-
tails, see ref. [1]). The following questions will be answered by

NaNO3, CF3COOH
or
O CH3COOH, HNO; O

2a-e

S NH S NH

1. NaOCHg

2. Amberlite IR120
e

cone-4Gal[4]Prop: n= 4, R = propyl
4Gal[4]Met: n = 4, R = methyl
alt-4Gal[4]Prop: n=4, R = propyl
6Gal[6]Met: n =6, R = methyl
8Gal[8]Met: n = 8, R = methyl

4a-e

Scheme 1. Synthesis of the fully glycosylated upper rim calix[n]arenes.
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the combined set of experiments: will the substituted sugar
moieties maintain ligand activity? Will glycocluster design en-
hance avidity relative to free sugar? Will there be selectivity
between lectin type and glycocluster design?

Results

Synthesis and conformational properties of calix[n]arene
glycoclusters

Functionalization of the alkoxycalix[n]arenes to obtain fully gly-
cosylated compounds was performed at the upper rim (aro-
matic nuclei) in four steps (Scheme 1) through ipso nitration of
the proper alkylated p-tert-butyl calixarenes to give 2a-e, re-
duction to amines 3a-e with hydrazine hydrate in the pres-
ence of Pd/C, condensation with (-galactosyl or B-lactosyl iso-
thiocyanates to 4a-e and 5a-e, respectively, and, finally, de-
protection from acetyl groups by the Zemplen method. Sugar
condensation and deprotection were analogously performed
to obtain the divalent ligands 2Gal[4]Met (for the meaning of
this nomenclature see ref. [7]) and 2Lac[4]Met from the corre-
sponding diamino derivatives. The thiourea linker structure
was kept constant. The resulting glycoclusters cover different
ways of sugar presentation, as shown. In detail, the com-
pounds cone-4Gal[4]Prop,® cone-4Lac[4]Prop, cone-2Gal[4]-
Prop,® and cone-2Lac[4]Prop® form the fixed-cone type, com-
pounds alt-4Gal[4]Prop and alt-4Lac[4]Prop the 1,3-alternate
type. If the substituent at the lower rim (phenolic oxygen
atoms) is a methyl group, then dynamic flexibility ensues, ap-
plicable for compounds 4Gal[4]Met, 4Lac[4]Met, 2Gal[4]Met,
and 2Lac[4]Met. The divalent derivatives show in CD;OD the

AcO OAc
OAc
(0]
placNcs  AcO
—_—
O
AcO
3a-e OAc
le} AcO o
NH
s)\ NH

g\ 1. NaOCHj

(¢]
e}
(0] 2. Amberlite IR120 O
N
N

5a-e

)

i

O

H

(o]
S

T

H
OH
OH
H

cone-4Lac[4]Prop: n =4, R = propyl

4lLac[4]Met: n = 4, R = methyl

alt-4Lac[4]Prop: n=4, R = propyl
“ 6Lac[6]Met: n =6, R = methyl
8Lac[8]Met: n= 8, R = methyl
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R? o1
HOJy R RI_R%OH
RZ_R' OH Rl Re
R
HO OH™N\S HO OH
o” Ho
0 OH HO
HO NH HN®  HO

O
S O { { Ho A /~oH
(0]
cone-4Gal[4]Prop: R" = OH, R2=H HO Y\
cone-4Lac[4]Prop: R' = H, R? = B-galactose )"NH
S

-
b @
NS
HO R’l 3

OH S 30 O{

2Gal[4]Met: R = OH, R2 = H
2Lac[4]Met: R' = H, R? = p-galactose

presence of conformers in slow exchange on the NMR time-
scale. The two signals in >C NMR spectra at approximately 31
and 37 ppm, attributable to the bridging methylene groups®
(ArCH,Ar), indicate that the cone and the 1,3-alternate are the
most abundant conformations in solution. Detailed inspection
of NMR spectra in D,0 for compounds 4Gal[4]Met and
4Lac[4]Met (see Table 1) revealed a 1,3-alternate conformation,
especially by presenting in *CNMR spectra the diagnostic
peak at 36.8 ppm (for 4Gal[4]Met) and 36.9 ppm (for
4lac[4]Met; Table 1). The occurrence of sharp signals is an indi-
cation for monomer status in solution. In contrast, the NMR
spectra of the calix[4larenes cone-4Gal[4]Prop and cone-
4lac[4]Prop, poorly soluble in water, are comparatively broad
in D,0 even when increasing the temperature to 363 K, point-
ing to a tendency for aggregation of these amphiphilic sub-
stances. Using deuterated methanol the cone structure was
verified by identifying the two diagnostic doublets (J,,=13.2)

ChemBioChem 2008, 9, 1649 - 1661

cone-2Gal[4]Prop: R' = OH, R>=H o
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for the protons of the methylene bridge and the respective
resonances at 31-32 ppm (Table 1) for the corresponding C
atom. Regarding the tetrafunctionalized glycoclusters, the
fixed 1,3-alternate conformation of alt-4Gal[4]Prop and alt-
4Lac[4]Prop was ascertained by picking up the typical singlet
for methylene-bridge protons in HSQC experiments. Signals
were sharp, excluding major tendency for aggregation.

In comparison to these compounds, the glycoclusters origi-
nating from calix[6]- (6Gal[6]Met, 6Lac[6]Met) and calix[8]ar-
enes (8Gal[8]Met, 8Lac[8]Met) have enhanced flexibility. In-
crease in ring size and the presence of the small methoxy sub-
stituent at the lower rim are factors favoring this inherently
large degree of dynamics. In addition to drawing on the avail-
able structural data of calix[6]- or calix[8]arenes,"” we per-
formed molecular modeling on compound 8Lac[8]Met using
the classical molecular mechanics force field (MMFF), which re-
sulted in two energetically minimized conformations referred
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Table 1. Analytical data of the calix[nlarene-based glycoclusters.
Compound o ESI-MS
H1 and H1’ ArCH,Ar (&) C1 and C1’ [M+Na] ™" (calcd)/
H 15c *[M+2Na]** (calcd)
cone-4Gal[4]Prop® 5.51 451, 3.21 323 183.2 86.4 1559.4 (1559.5)
4Gal[4]Met 5.42 3,754 36.8 183.6 86.1 1447.8 (1447.4)
¥735.8 (735.2)
alt-4Gal[4]Prop 5.44 3.819 38.2 184.7 86.7 1559.5 (1559.5)
6Gal[6]Met 5291 3.920d 30.9%! 182.3" 83.5" 2160.0 (2159.6)
*1091.5 (1091.3)
8Gal[8]Met 5239 3.84d 30.1® 182.7% 84.7" *1447.2 (1447.4)
cone-4Lac[4]Prop 540 and 4.40'¢ 423,413,101 30.9% 182.4" 83.9% and 104.1% 2207.8 (2207.7)
*1115.5 (1115.4)
4Lac[4]Met 5.47 and 4.42 3.7349 36.9 183.5 85.4 and 104.4 2096.7 (2095.6)
1059.7 (1059.3)
alt-4Lac[4]Prop 5.49 and 4.50 3.721 183.6 85.4 and 104.6 2207.6 (2207.7)
*1115.3 (1115.4)
6Lac[6]Met 5.18%¢ and 4.18%%¢ 3,714 30.89¢ 183.119¢ 84.49¢ and 103.5'%¢ *1577.4 (1577.5)
8Lac[8]Met 524 and 4.279 3,754 3019 184.19 82.7 and 102.2'9 *2095.3 (2095.6)
[a] Taken from ref. [8] (CD;0D). [b] [D;]DMSO. [c] Value determined by correlation with the corresponding signal of the ArCH,Ar carbon in the HSQC experi-
ment. [d] Determined at 363 K. [e] D,0+ 5% [Dg]DMSO.

to as double-partial cone (Figure 1A) and 1,2-alternate (see
Figure S1A in the Supporting Information) according to the lit-
erature." As a result of the occurrence of the pleated-loop
conformer of octahydroxy-p-tert-butylcalix[8]arene in the solid
state, we also calculated the energy of this structure (Fig-
ure 1B) to be 1206 kcalmol™', rather similar to the values
found for the 1,2-alternate (1169 kcalmol™') and double-partial
cone (1191 kcalmol™) structures. Having prepared the panel of
glycoclusters and examined their conformational properties,
the next step was to test the compounds to determine wheth-
er the calix[n]arene-presented galactose/lactose moieties have
ligand properties with medical perspective.

Solid-phase inhibition assays

The lectin-ligand interaction system consisted of a microtiter
plate surface, to which the glycoprotein asialofetuin (ASF) was
adsorbed, and the labeled lectin in solution. The coating densi-

A)

- 4 R\
oD T <
= N :I- , O 8 -i'- [ S
= ’.".‘ﬂ 2 e “:},’ “
| 8 : A
@ .
-! ’4'5_51‘ %

e o © ©

M

ty and the lectin concentration needed to be adjusted to yield
a signal intensity in the linear range to avoid complications re-
sulting from working at plateau levels. This initial protocol was
completed for the toxic plant lectin and the human galectins.
It included controls with haptenic inhibitors and ascertaining
carbohydrate-dependent binding of the lectins to the matrix in
each case. Having set up a valid test system, free mono- and
disaccharides and then the panel of the 14 glycoclusters could
systematically be studied. As illustrated with representative ex-
amples in Figure 2 for galactose and Figure 3 for lactose, sub-
stantial inhibition was obtained with the free mono- and disac-
charides. As a result of solubility problems for certain calix[n]ar-
enes (see above) stock solutions were prepared in dimethyl
sulfoxide and then diluted in buffer prior to use. Up to 4.4%
aprotic solvent (at 2.5 mm lactose content) was then present in
the assay, therefore the corresponding control values were rou-
tinely determined under identical conditions and in the ab-
sence of solvent to spot any effect of solvent presence. Thus

B)

Figure 1. Lateral view of the minimized A) double-partial cone and B) pleated-loop conformation of octalactosylthioureidocalix[8]arene (8Lac[8]Met). For differ-
ent views and color pictures see Figures S1 and S2 in the Supporting Information.
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Figure 2. Inhibition by calix[n]arene-based glycoclusters carrying galactose
(a: 8Gal[8]Met, @: 6Gal[6]Met) of the binding of biotinylated VAA to surface-
immobilized asialofetuin. Galactose (o) was used as control (please see
Table 2 for ICs, values). The concentration of inhibitor is given with respect
to galactose in all cases.

Table 2. Inhibitory potency of the calix[n]arenes presenting galactose on
binding of VAA to the surface-immobilized glycoprotein.”!
Type of inhibitor Gal units ICso [um]®
per molecule
cone-2Gal[4]Prop 2 5000
cone-4Gal[4]Prop 4 300
2Gal[4]Met 2 2000
4Gal[4]Met 4 2500
alt-4Gal[4]Prop 4 2000
6Gal[6]Met 6 5
8Gal[8]Met 8 8
galactose 1 600
[a] Amount of ASF for coating: 0.25 pg; lectin concentration: 0.5 pgmL".
[b] ICs, values in pum sugar per assay.

ly to the presence of these test compounds. The 1Cs,
value for lactose was lowered by a factor of up to
300-fold relative to free sugar, when calculating the
sugar concentration in the assay. This activity profile
was retained after deletion of the linker region by ge-
netic engineering, which turned galectin-4 into a pro-
totype-like protein with two different carbohydrate
recognition domains. Further testing of the N-termi-

100 100
VAA galectin-4
80 80
X
£ 60 80
B
k]
o 404 40
c
>
@ 20 20
0 T T T 0I T T T T T 1

0.0 05 1.0 1.5 2.0 0 1 2 3 4

[inhibitor] / mm

nal domain of this lectin also proved the efficacy of
the glycoclusters in this system, implying that the
structural features of this lectin site make a sizeable
contribution. Relative to galectins-1 and -3, proper-

Figure 3. Inhibition by calix[n]arene-based glycoclusters carrying lactose of the binding
of biotinylated VAA (left) and human galectin-4 (right) to surface-immobilized asialofe-
tuin. Lactose (0) was used as control (see Table 3 for ICs, values). Data on the following
compounds are presented: 8Lac[8]Met (o) and alt-4Lac[4]Prop (A) in the case of VAA,
cone-4Lac[4]Prop (o), and 4Lac[4]Met () in the case of galectin-4. The concentration of

ties of the substituted lactose appeared to contribute
to the potency toward galectin-4.
Using this test system with a single type of glyco-

inhibitor is given with respect to lactose in all cases.

the test system is suitable to answer the question whether the
sugar moieties in the calix[n]arenes are capable of acting as
lectin inhibitors.

The glycoclusters were added to the lectin-containing solu-
tion in successively decreasing concentrations, and the ensuing
effect on the extent of lectin binding is shown in Figure 2 and
Figure 3 and summarized for all tested compounds in Tables 2
and 3. To allow direct comparison between free sugar and gly-
coclusters, the concentration of
the test compound is expressed

protein with three complex-type N-glycans, mostly

triantennary, and three core 1 disaccharides, inhibito-

ry activity was determined by discerning different de-
grees of enhancement relative to the free sugar and a prefer-
ence for the tandem-repeat-type galectin-4. Compared to this
model, cell surfaces present a wide array of glycan chains with
diverse lectin-reactive determinants undergoing dynamic later-
al movements. Also, spatial parameters governing accessibility
may come into play. Envisioning medical applications it thus is
essential to determine the activity of glycoclusters in cell-bind-
ing assays.

In _MM sugar adde.d to the assay. Table 3. Inhibitory potency of the calix[n]arenes presenting lactose on binding of lectins to the surface-immo-
Evidently, the conjugated sugars | pilized glycoprotein.?
maintained their inhibitory activ-
ity. Topological parameters made jl'yr[]).eb.?f Lac ulnltsI K_)A: - [C-;e(x)lectln—qu] [GsalectmL—i] [Gsalectlnl_—i]
. , innipitor er molecule . m m m m
their mark on the sugars’ poten- P H o o 1
. . . - i [b]
cy in this respect. Clusterlng on cone-2Lac[4]Prop 2 1000 n.i. 2000 5
I ially effe cone-4Lac[4]Prop 4 125 10000 200 20
macrocycles was especially €fec- | alactimet 2 800 ni® 2500 1000
tive for the plant toxin and ga- 4lac[4]Met 4 125 2000 600 40
lectin-4 (Figure 3, Table 3). alt-4Lac[4]Prop 4 200 1250 500 80
Among the human lectins, differ- 6lac[6]Met 6 15 600 400 5
t tt 8Lac[8]Met 8 15 1250 300 40
€nt response patterns were 1€g- | | actose 1 300 7500 2500 1500
istered, the tandem-repeat-type
. ., A f ASF fi ing: 0. L | i . Q.= inhibi 1 .
galectin-4 reacted very sensitive- [a] Amount of ASF for coating: 0.5 ug, ICs, values in um sugar per assay. [b] n.i.=not inhibitory at 10 mm
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Cell-binding inhibition assays

Established human tumor lines were selected for this part of
the study. Their lectin-binding properties are stable features.
Nonetheless, in order to avoid any variability due to changes
in length of culture time during the passage or medium com-
position, comparative experiments were performed with ali-
quots of identical cell batches at the same time. The fluores-
cent staining due to binding of labeled lectins was routinely
analyzed on 10000 cells, Figures 4-7 show fluorescence inten-
sity in relation to cell number. In each case, dependence of cell
staining, measured in percentage of positive cells and mean
channel fluorescence intensity (all numbers are given in Fig-
ures 4-7), from concentration of the labeled probe and con-
centration of free sugar was characterized, see the top panel
of Figure 4 for an example. Selecting a distinct reference con-
centration of free sugar reaching partial inhibition, the relative
effect of calix[n]arene presence on cell binding could be deter-
mined.

Glycoclusters with lactose or galactose head groups were
active for the plant toxin at this level, too (Figure 4 and Fig-
ure S3 in the Supporting Information). As the monitoring of
cell fluorescence revealed, the IC, values in the solid-phase
assay will not automatically translate into a direct ranking in
the cell assays (Figure 4). The 2Lac[4]Met and cone-2Lac[4]Prop
compounds showed a relatively increased potency, whereas
the alt-4Lac[4]Prop compound remained rather similar to lac-
tose in inhibitory efficacy and 6Lac[6]Met and 8Lac[8]Met are
less active (Figure 4). Regarding the human lectins, in the case
of galectin-1 cone-4Lac[4]Prop, a weak inhibitor surpassed by
lactose on solid-phase assays, remained weak, whereas the
compounds 6Lac[6]Met and especially 8Lac[8]Met and also
2Lac[4]Met, 4lLac[4]Met, and alt-4Lac[4]Prop proved effective
(Figure 5). Glycosylated calix[n]arenes similarly interfered with
binding of galectin-3 to human colon cancer cells (Figure 6).
Cone-4Lac[4]Prop was the most favorable inhibitor in both
assay types. Figure 6 presents the difference between lactose
(A) and this compound (B) in keeping the lectin away from the
cell surface. Evidently, this calix[4]arene will affect galectins-1
and -3 differently (Figures 5 and 6). Interestingly, it was also a
rather weak inhibitor (for a calix[n]arene) of galectin-4 binding
(Figure 7).

In stark contrast, the alt-4Lac[4]Prop conformer was conspic-
uously more active than the cone-type glycocluster for galec-
tin-1, a property shared by galectin-4 (Figures5 and 7). In
numbers (Figure 7), with the latter galectin, free lactose was
rather ineffective up to 10 mm (50% positive cells, 25.6 as
mean fluorescence intensity), the divalent cone version at 1 um
lactose led to decreases to 38.1%/17.4. Even at the considera-
bly lowered concentration of 0.2 um, the corresponding tetra-
valent alt-cluster fared much better as an inhibitor with data of
20.4%/9.2 (for information on galectin-1, please see numbers
in Figure 5). As a means to interfere with binding of galectins-
1 and -4 in a coordinated manner this glycocluster is a viable
option. Altogether, the bioactivity of the calix[n]arenes on ga-
lectin-4 binding is especially noteworthy, because free lactose
up to 10 mm was a comparatively weak inhibitor of cell bind-
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Figure 4. Semilogarithmic representation of the fluorescent surface staining
of cells of the human B-lymphoblastoid line Croco Il by labeled VAA. The
control value representing staining by second-step reagent in the absence
of lectin is given as shaded area. Concentration dependence for the probe
was tested at 0.05, 0.1, 0.2, 0.5, 1, and 2 pgmL "' (A) and the extent of inhibi-
tion by lactose was determined at the constant lectin concentration of

0.2 pg mL ™" using sugar (lactose) concentrations of 0.5, 1, 2, 4, 8, 10, 20, and
50 mm (B). Control data are inserted for lectin-independent staining (A, B, C)
and staining at 0.2 pgmL ™" lectin (B). Lactose and calix[nlarene-based glyco-
clusters as inhibitors of lectin binding at 0.2 pgmL™~" were used at the sugar
concentration of 2 mm, shown in the following order: C) lactose (gray line)
and 2Lac[4]Met (dashed line); D) 8Lac[8]Met (gray line) and cone-4Lac[4]Prop
(dashed line); E) cone-2Lac[4]Prop (gray line) and 4Lac[4]Met (dashed line);
F) alt-4Lac[4]Prop (gray line) and 6Lac[6]Met (dashed line). The black line in
C-F represents the control value of lectin-dependent staining in the absence
of inhibitor. Quantitative data on the percentage of positive cells and mean
channel fluorescence are given in each panel.

ing (Figure 7). Blocking association of this human lectin to the
cell surface will thus depend on an avidity increase by cluster
design. In full accord with the data from the solid-phase
assays, sugar conjugation had a large effect on inhibitory po-
tency. Tested at 0.1 pm the compound 6Lac[6]Met proved most
effective (Figure 7). This substance further underscores the po-
tential for differential reactivity in the galectin family, because

ChemBioChem 2008, 9, 1649 - 1661
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Figure 5. Semilogarithmic representation of the fluorescent surface staining
of cells of the human pancreatic carcinoma line Capan-1, reconstituted for
expression of the tumor suppressor p16™“, by labeled galectin-1. The con-
trol value representing staining by second-step reagent in the absence of
lectin is given as shaded area. Concentration dependence for the probe was
tested at 2, 5, 10, 20, 30, and 40 pgmL~" (A). Control data are inserted for
lectin-independent background and staining at 10 pgmL™" lectin. Using the
constant lectin concentration at 10 ugmL™", lactose and calix[n]arene-based
glycoclusters as inhibitors were used at the sugar concentration of 2 mm,
shown in the following order: B) lactose (gray line) and 8Lac[8]Met (dashed
line); C) cone-4Lac[4]Prop (gray line) and 4Lac[4]Met (dashed line); D) alt-
4Lac[4]Prop (gray line), 2Lac[4]Met (dashed line), and 6Lac[6]Met (bold black
line). Numbers characterizing cell reactivity are always given in the order of
listing. The black line in the top right and in the bottom panels represents
the control value of lectin-dependent staining in the absence of inhibitor.
Quantitative data on the percentage of positive cells and mean channel
fluorescence are given in each panel.

it showed preference to interfere with binding of galectins-1
and -4 versus galectin-3 (Figures 5-7).

Discussion

Multivalency of natural glycans is a key factor to produce the
tangible benefits of high affinity and selectivity in lectin-carbo-
hydrate interactions."™ ™ Intuitively, a matching design of
sugar units in glycoclusters to target distinct lectins is a salient
step toward development of potent inhibitors. That particular
glycosignatures, for example, of yeast and bacteria that cause
infections, are reliably identified by host defense lectins signi-
fies the importance of ligand topology as a parameter to
guide target selection.¥ The long-term aim to develop
custom-made neoglycoconjugates ties synthetic work, here on
calix[n]arenes as a platform for chemical glycosylation, to ex-
periments which assess the actual glycocluster efficacy to
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Figure 6. Semilogarithmic representation of the fluorescent surface staining
of cells of the human colon adenocarcinoma cell line SW480 by labeled ga-
lectin-3. The control value representing staining by second-step reagent in
the absence of lectin is given as shaded area. Using the constant lectin con-
centration at 10 pgmL™", control values in the absence of lectin (shaded
area) and in the absence of inhibitor (A, black line) calibrate the inhibitory
potential of lactose (top panel, left: dashed line) and the following calix[n]ar-
ene-based glycoclusters at the sugar concentration of 0.1 mm: B) cone-
4Lac[4]Prop (gray line), 6Lac[6]Met (dashed line); C) 8Lac[8]Met (gray line)
and 4Lac[4]Met (dashed line); D) alt-4Lac[4]Prop (gray line) and 2Lac[4]Met
(dashed line). The black line in all panels represents the control value of
lectin-dependent staining in the absence of inhibitor. Quantitative data on
the percentage of positive cells and mean channel fluorescence are given in
each panel.

block lectin binding. With a medical perspective in mind, we
selected a plant toxin and three adhesion/growth-regulatory
human lectins representing the different subgroups of the ga-
lectins. Equally important, we added work with tumor cells in
vitro to running tests in the solid-phase system with a nonava-
lent glycoprotein (ASF) as ligand. In a stepwise manner, we
answered the questions given in the introduction.

At the outset, all compounds were thoroughly characterized.
Initial experiments demonstrated that the conjugation process
did not impair the ligand’s capacity to bind to the tested lec-
tins. An increased efficiency of lactose derivatives relative to
those of galactose was observed in the case of the plant toxin,
here especially the fully accessible tyrosine-containing binding
site in subdomain 2y of the lectin. This result is in full accord
with previous inhibition and calorimetry studies, thus arguing
in favor of compatibility of the linker with bioactivity."? Nor-
malizing all concentrations to the sugar, cluster effects were
noted and quantified. Their occurrence applied both to bind-
ing to the model matrix and also to cell surfaces. Considering
differences in presentation of lectin-binding sites between a
model matrix and (real) cell surfaces, data obtained in solid-
phase assays should be evaluated in relation to work on cells.
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Figure 7. Semilogarithmic representation of the fluorescent surface staining
of cells of the human pancreatic carcinoma line Capan-1, reconstituted for
expression of the tumor suppressor p16™“, by labeled galectin-4. The con-
trol value representing staining by second-step reagent in the absence of
lectin is given as shaded area. The extent of inhibition by lactose was deter-
mined at the constant lectin concentration of 10 pgmL™" using sugar con-
centrations of 1, 2, 4, and 10 mm (A). Control data are inserted for lectin-in-
dependent staining and staining in the absence of inhibitor. Calix[n]arene-
based glycoclusters as inhibitors (concentration of sugar given) are shown in
the following order: B) 6Lac[6]Met (0.1 um, gray line) and alt-4Lac[4]Prop
(0.2 um, dashed line); C) 8Lac[8]Met (0.2 um, gray line) and 4Lac[4]Met

(0.5 um, dashed line); D) 2Lac[4]Met (0.5 um, gray line), cone-2Lac[4]Prop

(0.5 um, dashed black line), and cone-4Lac[4]Prop (1 um, dashed gray line).
Numbers characterizing cell reactivity are always given in the order of listing.
The black line in all panels represents the control value of lectin-dependent
staining in the absence of inhibitor. Quantitative data on the percentage of
positive cells and mean channel fluorescence are given in each panel.

Corroborating the given evidence for the plant toxin, ligand
activity was also maintained for the tested galectins. The pre-
sentation of lactose on a cyclic platform with the given orien-
tations slightly improves its inhibitory capacity for galectins-1
and -3, as previously seen for persubstituted B-cyclodextrins.'®
Structurally, the chimera-type galectin-3 is unique in this lectin
family. It is known to form pentamers when in contact with
multivalent ligands, very favorably reacting with trivalent clus-
ters established by coupling of prop-2-ynyl lactoside to a tri-
iodobenzene core."” The results presented here further elabo-
rate the characteristics of sensitivity of galectins-1 and -3
toward shaping topology of the presented ligand.

What is apparent and novel are 1) the conspicuous effect of
the calix[n]arenes on the tandem-repeat-type galectin-4 and
2) the possibility to combine effects on galectins-1 and -4 with
one compound (a highly unfavorable expression signature for
prognosis in colon cancer®). In the case of galectin-4, the rela-
tive inhibitory potency was markedly enhanced relative to free
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lactose in both assay types. The respective IC;, values revealed
an obvious preference of this type of glycocluster for galectin-
4, when compared to the two tested members of the other
groups of galectins. The design of a deletion mutant for galec-
tin-4 without the linker peptide was instrumental to intimate
that presence of the linker was not an essential factor for this
feature. Because the contributions of enthalpy and entropy to
thermodynamics of binding N-acetyllactosamine differ be-
tween galectins-1, -3, and -4,/ it is likely that the interaction
properties of the spacered ligand to each lectin site may indi-
vidually contribute to this attribute. Examining the known
ligand profile of galectin-4 provides evidence for structural dis-
parities in the binding site despite the shared affinity to lac-
tose. Of note, galectin-4 strongly interacts with O-linked sulfo-
glycans, sulfatide with long-chain 2-hydroxylated fatty acids,
and even cholesterol 3-sulfate, besides homing in on clustered
T/T,-antigens and ABH-blood group epitopes.*®' In clinical
terms, expression of this lectin was linked to unfavorable prog-
nosis in Dukes A and B colon tumors, related to malignant
potential in hepatocellular carcinoma and to peritoneal meta-
stasis of gastric cancer, found to be upregulated in mucinous
epithelial ovarian cancer, and detected in breast cancer>*'”
Within the physiological network of galectins in tumor cells,
galectin-4 may thus have discrete activity and expression pat-
terns in certain tumor types, making it an attractive target of
inhibitors in these instances. Further tailoring of the head
group, for example by applying library approaches to galec-
tins,"® might help increase the detected intrafamily selectivity,
if the option for combined effects, as detected here, is not
desirable. This work will likely also be required in order to dis-
tinguish this group member among the tandem-repeat-type
galectins. Preliminary experiments on galectins-8 and -9 point
to binding profiles which reflect structural similarity but can
help identify nonuniform features.

In summary, we have prepared an array of calix[n]arenes pre-
senting spacered galactose and lactose moieties and analyzed
their reactivity towards a plant toxin and, for the first time, to-
wards three human galectins. Inhibitory potency was deter-
mined in a solid-phase assay and a bioassay in vitro. Cluster ef-
fects were noted, particularly reactivity of glycoclusters regis-
tered for the tandem-repeat-type galectin-4. Its preferential re-
activity to sulfoglycans gives ensuing work for head group tai-
loring a clear direction. Answering the final question posed in
the introduction, the bioassays informed us about clear inter-
galectin differences and dependence of inhibition on the con-
formational properties of the calix[n]larene scaffold as well as
on the shape and valency of the glycoclusters. They raise the
possibility of targeting galectins differently, cone-4Lac[4]Prop
emerging as blocker of galectin-3 binding to colon cancer
cells, flexible calix[6,8]arenes 6Lac[6]Met and 8Lac[8]Met for ga-
lectin-4 binding to pancreatic carcinoma cells, and alt-4Lac[4]-
Prop as inhibitor of galectins-1 and -4.

[2b]

Experimental Section

General: Moisture-sensitive reactions were carried out under a ni-
trogen atmosphere. Dry solvents were prepared according to stan-
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dard procedures and stored over molecular sieves. Melting points
were determined in an electrothermal apparatus in capillaries
sealed under nitrogen. 'H and "®C NMR spectra (300 and 75 MHz,
respectively) were obtained on a Bruker AV300 spectrometer; parti-
ally deuterated solvents were used as internal standards; for
"H NMR spectra recorded in D,0 at 90°C correction of chemical
shifts was performed using the expression 0=5.060-0.0122x%
TCQ) +(2.11x107%) x T(°C).'" Mass spectra were recorded in ESI
mode on a single quadrupole Micromass ZMD instrument (capillary
voltage=3 KV, cone voltage=30-160V, extractor voltage=3Y,
source block temperature=80°C, desolvation temperature=
150°C, cone and desolvation gas (N,) flow-rates=1.6 and
8 Lmin', respectively). TLC were performed on silica gel Merck 60
F,s. and flash chromatography using 32-63 um, 60 A Merck silica
gel. p-Tert-butyl-O-alkylated calixarenes 1a,*® 1b,*" 1¢ 1d,®
and 1e,*¥ nitro derivatives 2a,*¥ 2b,?*" 2¢,?* 2d,*¥ 2, and
5,17-dinitro-25,26,27,28-tetramethoxycalix[4]arene,”’ amino deriva-
tives 3a,® 3b,?* 3¢,%9 3d®" and 3 e,*¥ tetragalactosyl derivatives
4a,® and cone-4Gal[4]Prop,”® digalactosyl cone-2Gal[4]Prop,”® and
dilactosyl derivative cone-2Lac[4]Prop,” were synthesized accord-
ing to the literature procedures. 5,17-Diamino-25,26,27,28-tetrame-
thoxycalix[4]arene, precursor of 6 and 7, was obtained following
the reduction procedure reported in the scheme and previously
described® and its spectroscopic and physical data are fully in
agreement to those reported in literature.””!

1

Conjugation of glycosylisothiocyanate to aminocalixarenes: The
aminocalixarene, the glycosylisothiocyanate (2 equiv for each
amino group) and NEt; (2 equiv for each amino group) were dis-
solved in dry CH,Cl, (10 mL for 0.1 mmol of calixarene), and the
mixture was stirred at RT in nitrogen atmosphere. The reaction was
stopped by evaporation of the solvent, and the crude purified by
flash column chromatography or crystallization.

5,11,17,23-Tetrakis[(2,3,4,6-tetra-O-acetyl-f-p-galactopyranosyl)-
thioureido]-25,26,27,28-tetramethoxycalix[4]arene (4 b): Reaction
time: 24 h. The crude was purified by flash column chromatogra-
phy on silica gel (eluent: hexane/AcOEt/CH;OH 6:4:1) and the pure
product obtained as white solid in 67% yield. M.p. 177-179°C;
"H NMR (300 MHz, [DJDMSO, 90°C): 6 =9.49 (brs, 4H; ArNH), 7.61
(brs, 4H; ArNHCSNH), 7.08 (brs, 8H; Ar), 5.88 (t, J=9.6 Hz, 4H; H1),
5.32-5.28 (m, 8H; H3, H4), 5.88 (t, J=9.3 Hz, 4H; H2), 424 (t, J=
6.3 Hz, 4H; H5), 4.04 (d, J/=6.3 Hz, 8H; H6a,b), 3.52 (brs, 20H;
ArCH,Ar, OCH,), 2.11, 2.03, 2.00, 1.94 ppm (4 s, 12H each; CH,CO);
BCNMR (75 MHz, [Dg]DMSO): 6=181.1 (CS), 170.0, 169.7, 169.6,
169.2 (CO), 154.8, 134.0, 133.1, 123.9 (Ar), 81.5, 71.1, 70.6, 68.1,
67.4, 61.1 (C1-C6), 59.9 (OCH,), 36.2 30.5 (ArCH,Ar), 20.4, 20.3,
20.2 ppm (OCCH,); ESI-MS: m/z (%): 2120.9 (100) [M+Na] ™.

5,11,17,23-Tetrakis[(2,3,4,6-tetra-O-acetyl-p-p-galactopyranosyl)-
thioureidol-25,26,27,28-tetrapropoxycalix[4]arene-1,3-alternate

(4 c): Reaction time: 24 h. The crude was purified by flash column
chromatography on silica gel (eluent: hexane/AcOEt/CH;0OH 7:3:2)
and the pure product obtained as white solid in 74% yield. M.p.
166-168°C; 'H NMR (300 MHz, CDCl,): 6=8.12 (s, 4H; ArNH), 6.94
(brs, 4H; ArNHC(S)NH), 6.91 and 6.90 (2 d, J=2.4 Hz, 4H each; Ar),
5.84 (t, J=89Hz, 4H; H1), 545 (d, J/=3.0 Hz, 4H; H4), 5.19 (dd, J=
10.2, 3.0 Hz, 4H; H3) 5.11 (t, J=10.2 Hz, 4H; H2), 4.16-4.07 (m,
12H; H5, H6a,b), 3.75-3.68 (m, 8H; OCH,CH,CH;), 3.63, 3.61 (2’5, 4H
each; ArCH,Ar), 2.14, 2.06, 1.98 (3 s, 48H; OCCH,), 1.85-1.70 (m,
8H; OCH,CH,CH;), 0.95ppm (t, J=7.4Hz, 12H; OCH,CH,CH,);
BCNMR (75 MHz, CDCl3): 6=182.6 (CS), 170.8, 170.4, 169.9, 169.6
(CO), 155.5, 1345, 1294, 1275, 1272 (Ar), 83.6 (Cl1), 744
(OCH,CH,CH;), 72.4, 70.9, 68.3, 67.1, 60.8 (C2-C6), 35.8 (ArCH,Ar),
23.7 (OCH,CH,CH,), 20.8, 20.7, 20.6, 20.5 (CH,CO), 10.3 ppm
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(OCH,CH,CH,); ESI-MS: m/z (%):1127.6 (100) [M+2Nal’*, 2232.7
(20) [M+Na] "

5,11,17,23,29,35-Hexakis[(2,3,4,6-tetra-O-acetyl--p-galactopyra-
nosyl)thioureido]-25,26,27,28,29,30-hexamethoxycalix[6]arene
(4d): Reaction time: 48 h. The pure product was obtained by crys-
tallization at 4°C from methanol in 57% yield. M.p. 180-182°C;
'H NMR (300 MHz, CD;0D): 0=7.06 (s, 12H; Ar), 5.94 (brs, 6H; H1),
5.35 (brs, 6H; H4), 5.26-5.21 (m, 12H; H2, H-3), 421-4.11 (m, 18H;
H5, H6a,b), 3.98 (s, 12H; ArCH,Ar), 3.32 (s, 18H; OCH,), 1.97 ppm
(m, 72H; CH,CO); *C NMR (75 MHz, CDCl,): 6 =181.7 (s, CS), 171.2,
1704, 169.9, 169.5 (s, CO), 155.5, 135.6, 135.1, 126.1, 124.9, (Ar),
83.1 (C1), 73.2, 72.7, 70.1, 67.9, 61.9 (C2-C6), 60.7 (OCH,), 30.2
(ArCH,Ar), 20.9, 20.7, 20.5, 20.3 ppm (CH;CO); ESI-MS: m/z (%):
3170.0 (85) [M+Na]®, 31700 (70) [M+Nal**, 1596.4 (100)
[M+2Na]**.

5,11,17,23,29,35,41,47-Octakis[(2,3,4,6-tetra-O-acetyl-p-p-galac-
topyranosyl)thioureido]-49,50,51,52,53,54,55,56-octamethoxyca-
lix[8]arene (4 e): Reaction time: 48 h. The pure product was ob-
tained by crystallization at 4°C from methanol in 60% vyield. M.p.
188-190°C; "H NMR (300 MHz, CD,0D): 6=7.03 (s, 16H; Ar), 5.89
(brs, 8H; H1), 5.44 (m, 8H; H4), 5.25-5.19 (m, 16H; H2, H3), 4.17-
412 (m, 24H; H5, H6a,b), 4.06 (s, 16H; ArCH,Ar), 3.56 (s, 24H;
OCHs), 1.99 ppm (m, 96H; CH;CO); *C NMR (75 MHz, CD,0OD): 6 =
181.8 (CS), 170.8, 170.5, 169.8, 169.6 (CO), 155.2, 135.1, 131.6, 125.8
(Ar), 82.7 (C1), 73.5, 73.0, 70.5, 68.2, 61.6 (C2-C6), 60.9 (OCH,), 29.8
(ArCH,Ar), 20.8, 20.6, 20.4, 20.2 ppm (CH;CO); ESI-MS: m/z (%):
2162.9 (80) [M+2Nal*".

5,17-Bis[(2,3,4,6-tetra-O-acetyl-f}--galactopyranosyl)thioureido]-
25,26,27,28-tetramethoxycalix[4]arene (6): Reaction time: 24 h.
The crude was purified by flash column chromatography on silica
gel (eluent: hexane/AcOEt/CH;OH 8:4:0.5) and the pure product
obtained as white solid in 69% yield. M.p. 175-178°C; 'H NMR
(300 MHz, CD,0D, 70°C): 6 =7.02, 6.76 (2brs, 10H; Ar), 5.93 (s, 2H;
H1), 5.43 (s, 2H; H4), 5.26, 5.23 (dd, J=10.8, 3.6 Hz, 2H; H3), 5.14
(t, J=10.8 Hz, 2H; H2), 4.20-4.05 (brs, 6H; H5, H6a,b), 3.90-3.50
(brs, 20H; OCH,, ArCH,Ar), 2.09, 2.06, 2.00, 1.95 ppm (4 s, 6H each;
CH;CO); CNMR (75 MHz, CD;0OD): & 183.4 (CS), 172.5, 1724,
172.2, 171.7 (CO), 158.2, 137.2, 136.8, 132.5, 130.3, 127.6, 126.4,
126.0, 124.3 (Ar), 84.5 (C1), 73.7, 73.0, 70.1, 69.2, 62.8 (C2-C6), 61.8,
61.5 (OCHs), 37.0, 31.7 (t, ArCH,Ar), 21.2, 21.0, 20.9, 20.8 ppm
(CH5CO); ESI-MS: m/z (%): 1311.8 (100) [M+Na] ™.

5,11,17,23-Tetrakis[(2,3,6-tri-O-acetyl-4-0-(2,3,4,6-tetra-O-acetyl-
-p-galactopyranosyl)-1-f-p-glucopyranosyl)thioureidol-
25,26,27,28-tetrapropoxycalix[4]arene-cone (5a): Reaction time
24 h. The crude was purified by flash column chromatography
(eluent (gradient): hexane/AcOEt/CH;OH 3.5:1.5:1-3:2:1) and the
pure compound obtained as white solid in 90% yield. M.p. 172-
173°C; '"HNMR (300 MHz, CD,CN, 70°C): 6=8.08 (s, 4H; ArNH),
6.63 (brs, 4H; ArNHCSNH), 6.47, 6.44 (2 d, J=2.4 Hz, 4H each; Ar),
559 (brt, 4H; H1), 5.17 (brs, 4H; H4'), 5.10 (t, J=8.7 Hz, 4H; H3),
4.89 (dd, J=10.2, 3.0 Hz, 4H; H3'), 4.85-4.72 (m, 8H; H2', H2), 4.47
(d, J=7.8 Hz, 4H; H1’), 4.40-4.20 (m, 8H; H6a, ArCH,Ar), 4.05-3.80
(m, 24H; H4, H5, H6b, H5, H6'a,b), 3.76 (brt, 8H; OCH,CH,CH,),
3.07 (d, J=13.2 Hz, 4H; ArCH,Ar), 2.15-1.70 (m, 92H; OCH,CH,CH,,
CH,CO), 0.90 ppm (t, J=69Hz, 12H; OCH,CH,CH,); '*C NMR
(CDsCN, 75 MHz): 6=183.1 (CS), 171.3, 171.2, 170.4, 170.0 (CO),
155.1, 136.2, 131.0, 1255 (Ar), 101.0 (C1), 828 (C1), 76.7
(OCH,CH,CH,), 77.6, 74.6, 73.1, 71.4, 71.1, 69.6, 67.8, 62.7, 61.7 (C2-
C6, C2'-C6'), 30.9 (ArCH,Ar), 23.7 (OCH,CH,CH,), 20.8, 20.6, 20.4
(CH;CO), 103 ppm (OCH,CH,CH,); ESI-MS: m/z (%) 3385.0 (45)
[M+Na]™, 3385 (50) [M+-Na] ", 1703.7 (100) [M+2Na]*".
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5,11,17,23-Tetrakis[(2,3,6-tri-O-acetyl-4-0-(2,3,4,6-tetra-O-acetyl-
f-p-galactopyranosyl)-1-p-p-glucopyranosyl)thioureido]-
25,26,27,28-tetramethoxycalix[4]arene (5b): Reaction time 24 h.
The crude was purified by flash column chromatography (eluent:
hexane/AcOEt/CH;OH 3:2:1) and the pure compound obtained as
white solid in 70% yield. M.p. 181-183°C; 'H NMR (300 MHz,
CD;0D, 60°C): 6=6.77 (brs, 8H; Ar), 5.86 (brd, 4H; H1), 535 (m,
8H; H4', H3), 5.07-4.96 (m, 12H; H3', H2, H2), 4.72 (d, /=7.8 Hz,
4H; H1'), 445 (brd, 4H; H6a), 4.22-4.05 (m, 20H; H5, H6b, H5',
H6'a,b), 3.98-3.62 (m, 28H; H4, ArCH,Ar, OCH,), 2.13, 2.04,
1.92 ppm (3 s, 84H; CH,CO); *C NMR (75 MHz, CD,0D, 60°C): 6 =
182.9 (CS), 172.5,172.1,172.0, 171.7, 171.5, 171.2 (CO), 157.6, 137.0,
134.5, 125.9 (Ar), 101.8 (C1'), 83.9 (C1), 77.3, 75.7, 74.2, 72.5, 72.2,
71.8, 70.6, 68.6, 63.7, 62.2, 61.5 (C2-C6, C2-C6’, OCH,), 31.5
(ArCH,AN, 21.2, 21,0, 208, 20.5 ppm (CH,CO); ESI-MS: m/z (%)
3272.8 (30) [M+Na] ", 1648.4 (100) [M+2Nal*".

5,11,17,23-Tetrakis[(2,3,6-tri-O-acetyl-4-0-(2,3,4,6-tetra-O-acetyl-
f-p-galactopyranosyl)-1-p-p-glucopyranosyl)thioureido]-
25,26,27,28-tetrapropoxycalix[4]arene-1,3-alternate (5c): Reac-
tion time 24 h at 65°C in a sealed tube. The crude was purified by
flash column chromatography (eluent: hexane/AcOEt/CH;OH 3:2:1)
and the pure compound obtained as white solid in 79% yield. M.p.
168-170°C; "H NMR (300 MHz, CDCly): 6=7.95 (s, 4H; ArNH), 6.84
(brs, 12H; Ar, ArNHCSNH), 5.78 (t, J=8.7 Hz, 4H; H1), 5.40-5.25 (m,
8H; H4, H3), 5.07 (dd, J=10.2, 7.8 Hz, 4H; H2'), 491 (dd, J=10.2,
3.0Hz, 4H; H3), 485 (t, J/=8.7 Hz, 4H; H2), 446-4.40 (brs, 4H;
Hé6a), 443 (d, J=7.8Hz, 4H; HT1), 4.25-3.96 (m, 12H; H5, Héb,
H6'a), 3.92-3.75 (m, 12H; H6'b, H5', H4), 3.66 (t, J/=7.2 Hz, 8H;
OCH,CH,CH;), 3.54 (s, 8H; ArCH,Ar), 2.12, 2.03, 2.02, 2.01, 1.93 (55,
84H; CH,CO), 1.78-1.62 (m, 8H; OCH,CH,CH,), 0.91 ppm (t, J=
7.2 Hz, 12H; OCH,CH,CH,); "*C NMR (CDCl,, 75 MHz): 6 =182.5 (CS),
170.7, 170.3, 170.2, 170.0, 169.9, 169.2, 168.9 (CO), 155.3, 134.4,
129.3, 126.7 (Ar), 100.7 (C1'), 82.9 (C1), 75.8, 74.5, 72.5, 70.9, 70.6,
68.9, 66.5, 61.9, 60.8 (C2-C6, C2'-C6', OCH,CH,CH,), 38.1 (ArCH,Ar),
23.6 (OCH,CH,CH;), 20.9, 20.7, 20.6, 20.55, 20.4 (CH;CO), 10.2 ppm
(OCH,CH,CH;); ESI-MS: m/z (%): 3385.7 (50) [M+Nal", 1704.4 (100)
[M+2Nal**.

5,11,17,23,29,35-Hexakis[(2,3,6-tri-O-acetyl-4-0-(2,3,4,6-tetra-O-
acetyl-f-p-galactopyranosyl)-1-p-p-glucopyranosyl)thioureido]-
25,26,27,28,29,30-hexamethoxycalix[6]arene (5d): Reaction time
24 h. The pure product was obtained as a white solid in 80% yield
by trituration with Et,0 and subsequent crystallization from
CH,CL,/Et,0. M.p. 201-205 °C; 'H NMR (300 MHz, [DDMSO, 90°C):
0=9.50 (s, 6H; ArNH), 7.74 (brd, 6H; ArNHCSNH), 7.17 (brs, 12H;
Ar), 5.78 (t, J=9.0 Hz, 6H; H1), 5.25-5.10 (m, 18H; H4', H3, H3'),
4.92-4.80 (m, 12H; H2, H2'), 476 (d, /=7.8 Hz, 6H; H1'), 432 (d,
J=11.7 Hz, 6H; H6a), 421 (m, 6H; H5'), 4.15-3.97 (m, 24H; H5,
H6b, H6'a,b), 3.90-3.75 (m, 18H; H4, ArCH,Ar), 3.24 (brs, 18H;
OCH,), 2.09, 2.05, 2.02, 2.00, 1.96, 1.90 ppm (65, 126H; CH,CO);
BCNMR (75 MHz, [Dg]DMSO): 6=181.5 (CS), 170.2, 169.9, 169.6,
169.5, 169.3, 169.0 (CO), 152.8, 133.9, 123.8 (Ar), 99.7 (C1’), 80.9 (C-
1), 76.0, 73.2, 72.9, 70.6, 70.4, 69.7, 68.8, 67.0, 62.3, 60.9 (C2-C6, C2'-
C6'), 60.0 (OCHs), 29.7 (ArCH,Ar), 20.7, 204, 20.3, 20.2 ppm
(CH;CO); ESI-MS: m/z (%): 3385.7 (20) [M+Nal*, 1704.4 (40)
[M+2Na]**.

5,11,17,23,29,35,41,47-Octakis[(2,3,6-tri-O-acetyl-4-0-(2,3,4,6-
tetra-O-acetyl-f3-D-galactopyranosyl)-1-f-p-glucopyranosyl)thio-
ureido]-49,50,51,52,53,54,55,56-octamethoxycalix[8]arene (5e):
Reaction time: 48 h. The crude was purified by flash column chro-
matography (eluent: hexane/AcOEt/CH;OH 2.5:2.5:1) and the pure
compound obtained as white solid in 68% yield. M.p. 190-192°C;
"H NMR (300 MHz, [DgJDMSO, 90°C): §=9.51 (s, 8H; ArNH), 7.76
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(brs, 8H; ArNHCSNH), 7.13 (s, Ar), 5,76 (t, J=8.7 Hz, 8H; H1), 5.30-
5.11 (m, 24H; H4', H3, H3’), 4.95-4.82 (m, 16 H; H2, H2), 4.76 (d, J=
7.8 Hz, 8H; H1'), 4.31 (brd, 8H; H6a), 4.19 (brt, 8H; H5'), 4.12-3.95
(m, 24H; H5, Héb, H6'a,b), 4.00-3.75 (overlapped broad signals,
16 H; ArCH,Ar, H4), 3.41 (brs, OCH,), 2.10, 2.03, 2.02, 2.00, 1.94 ppm
(55, 168H; CH;CO). ®CNMR (75 MHz, [DgIDMSO): 6=181.3 (CS),
170.0, 169.6, 169.3, 169.0, 168.8 (CO), 152.7, 133.9, 133.3, 1237,
123.6, 123.5 (Ar), 99.4 (C1’), 80.6 (C1), 75.8, 73.0, 72.7, 703, 70.2,
69.4, 685, 66.8, 62.0, 60.6, 60.1 (C2-C6, C2'-C6, OCH;), 29.3
(ArCH,Ar), 20.2, 20.1, 20.0, 19.9, 19.8 ppm (CH;CO); ESI-MS: m/z (%):
3274.40 (20) [M+2Nal**, 2190.1 (35) [M+3NaJ**.

5,17-Bis[(2,3,6-tri-O-acetyl-4-0-(2,3,4,6-tetra-O-acetyl-f-p-galac-
topyranosyl)-1-p-p-glucopyranosyl)thioureidol-25,26,27,28-tetra-
methoxycalix[4]arene (7): Reaction time: 24 h. The crude was puri-
fied by flash column chromatography (eluent: hexane/AcOEt/
CH;OH 3:2:1) and the pure compound obtained as white solid in
81% yield. M.p. 190-192°C; 'H NMR (300 MHz, CD;CN, 80°C): 6 =
8.11 (brs, 2H; ArNH), 7.00-6.50 (2brs, 12H; Ar, ArNHCSNH), 5.68
(brt, J=7.1Hz, 2H; H1), 5.19 (d, J=2.7 Hz, 2H; H4), 512 (t, J=
9 Hz, 2H; H-3), 490 (dd, /=104, 3.3 Hz, 2H; H3’), 4.90-4.80 (m,
2H; H2), 474 (t, J=9.0 Hz, 2H; H2), 447 (d, J=7.8 Hz, 2H; HT'),
4.26 (d, J=12.0Hz, 2H; H6a), 4.02-3.81 (m, 10H; H5, H6b, H5',
H6'a,b), 3.78-3.30 (m and brs, 22H; H4, ArCH,Ar, OCH,), 1.95, 1.91,
1.88, 1.87, 1.77 ppm (s, 42H; CH;CO); *CNMR (75 MHz, CD;CN):
0=182,2 (CS), 171.1, 170.8, 170.4, 170.3, 170.0 (CO), 158.1, 136.5,
135.3, 133.5, 131.0, 128.9, 126.2, 125.2, 1249, 123.0, 122.3 (Ar),
101.1 (C1'), 829 (C1), 76.7, 74.7, 73.2, 71.4, 71.2, 69.6, 67.8, 62.7,
61.7 (C2-C6, C2'-C6’), 60.6 (OCH,), 37.4, 31.0 (ArCH,Ar), 20.8, 20.6,
20.4 ppm (CH,CO); ESI-MS: m/z (%): 1887.9 (100) [M+Na]™*.

Deprotection from acetyl groups: The protected glycosylthiourei-
do calixarene was suspended in dry CH;OH, and the pH was ad-
justed to 8-9 by addition of a solution of CH;ONa in CH;OH. The
reaction was stirred at RT for 45 min and quenched by addition of
Amberlite IR120 (H™) resin until neutral pH. The resin was filtered
off, and the solvent was removed under reduced pressure to
obtain the pure deprotected glycocalixarene.

5,11,17,23-Tetra[(p-p-galactopyranosyl)thioureido]-25,26,27,28-
tetramethoxycalix[4]arene (4Gal[4]Met): Yield: 98%. M.p. 152-
154°C (dec); '"H NMR (300 MHz, D,0): 6=7.17, 7.03 (2's, 4H each;
Ar), 5.46 (brs, 4H; H1), 3.95 (brs, 4H; H4), 3.77-3.62 (overlapped m,
20H; H2, H3, H5, H6a,b), 3.75 (s, 8H, ArCH,Ar), 3.45 ppm (s, 12H;
OCH;); *CNMR (75 MHz, D,0/CD;0OD 4:1, v/v): 6=183.6 (s, CS),
155.8, 136.7, 129.9, 128.5 (Ar), 86.1 (C-1), 77.7, 74.7, 70.7, 69.9, 62.1,
(C2-C-6), 59.2 (OCH,), 36.8 ppm (ArCH,Ar); ESI-MS: m/z (%): 735.8
(100) [M+2Na]**, 1447.8 (20) [M+Na]*.

5,11,17,23-Tetra[(p-p-galactopyranosyl)thioureido]-25,26,27,28-
tetrapropoxycalix[4]arene-1,3-alternate (alt-4Gal[4]Prop): Yield:
97%. M.p. 110-112°C (dec); 'H NMR (300 MHz, CD;0OD): 6=7.16,
7.11 (25, 4H each; Ar), 5.44 (brs, 4H; H1), 3.94 (d, J=3.0 Hz, 4H;
H4), 3.81 (s, 8H, ArCH,Ar), 3.81-3.57 (overlapped signals, 28H;
OCH,CH,CH,, H2, H3, H5, H6a,b), 1.80-1.60 (m, 8H; OCH,CH,CH;),
0.89 ppm (t, J=7.2Hz, 12H; OCH,CH,CH,); *CNMR (75 MHz,
CD;0D): 6=184.7 (CS), 156.1, 136.2, 133.9, 129.5, 129.2 (Ar), 86.7
(C1), 78.5 (OCH,CH,CH,), 76.1, 75.8, 71.8, 70.8, 62.9 (C2-C6), 38.2
(ArCH,Ar), 24.7 (OCH,CH,CH,), 10.8 ppm (OCH,CH,CH,). ESI-MS: m/z
(%): 1559.5 (100) [M+Na]™*.

5,11,17,23,29,35-Hexakis[(f}-p-galactopyranosyl)thioureidol-

25,26,27,28,29,30-hesamethoxycalix[6]arene (6Gal[6]Met): Yield:
90%. M.p. 98-100°C (dec.); "H NMR (300 MHz, D,0, 90°C):  =6.91
(s, 12H; Ar), 529 (brs, 6H; H1), 3.92 (s, 12H; ArCH,Ar), 3.98-3.56
(overlapped brs, 36H; H2-H6ab), 3.08 ppm (s, 18H; OCH,);
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BCNMR (75 MHz, [DJDMSO): 6=182.3 (CS), 153.1, 134.8, 134.3,
126.0 (Ar), 83.5 (C1), 78.6, 77.9, 73.1, 70.2, 61.1 (C2-C6), 60.5 (OCH,),
30.9 ppm (ArCH,Ar); ESI-MS: m/z (%): 2160.0 (50) [M+Na]*, 1091.7
(100) [M+2Nal**.

5,11,17,23,29,35,41,47-Octakis[(3--galactopyranosyl)thiourei-
do]-49,50,51,52,53,54,55,56-octamethoxycalix[8]arene (8Gal[8]-
Met): Yield: 98%. M.p. 100-102°C (dec.); '"H NMR (300 MHz, D,0,
90°C): 6=6.86 (brs, 16H; Ar), 5.23 (brs, 8H; H1), 3.84 (brs, 16H;
ArCH,Ar), 3.78, 3.54 (2brs, 48H; H2-H6a,b) 3.25 ppm (brs, 24H;
OCH,); *CNMR (75 MHz, [Dg]DMSO): 6 =182.7 (CS), 153.4, 134.5,
126.2 (Ar), 84.7 (C1), 76.9, 74.6, 70.4, 68.8, 61.2 (C2-C6), 58.5 (OCH,),
30.1 ppm (ArCH,Ar); ESI-MS: m/z (%): 1447.2 (100) [M+2Nal**.

5,17-Bis[(f-0-galactopyranosyl)thioureido]-25,26,27,28-tetrame-
thoxycalix[4]arene (2Gal[4]Met): By deprotection of 6. Yield: 93 %.
M.p. 184-186°C (dec.); 'H NMR (300 MHz, CD,0D): 6=7.32-7.22
(brs, 2H; ArNH), 7.20-7.00, 7.00-6.80, 6.60-6.35 (brs, 12H; Ar,
ArNHCSNH), 5.60-5.30 (brs, 2H; H1), 437 (d, J=12.7 Hz, 3.4H;
ArCH,Ar cone), 4.20-4.00, 4.00-3.55 (brs, 23.2H; H2, H3, H4, H5,
H6a,b, OCH,, ArCH,Ar 1,3-alternate), 3.21 ppm (d, J=12.7 Hz, 3.4H;
ArCH,An); *CNMR (75 MHz, CD,0D): 6=183.3, 182.9, 182.7 (CS),
160.4, 157.2, 156.8, 156.6, 137.0, 135.7, 134.5, 131.7, 130.0, 126.1,
125.5, 125.1, 124.0, 122.8 (Ar), 86.1 (C1), 78.1, 75.7, 71.7, 70.5, 62.5
(C2-C6), 61.5, 60.6, 60.3, 60.0 (OCH;), 36.6, 31.4 ppm (ArCH,Ar); ESI-
MS: m/z (%): 975.2 (100) [M+Na]*.

5,11,17,23-Tetrakis[(}-p-galactopyranosyl)-1-p-p-glucopyranosyl)-
thioureido]-25,26,27,28-tetrapropoxycalix[4]arene-cone  (cone-
4Lac[4]Prop): VYield: 80%. Mp. 135-137°C (dec); 'HNMR
(300 MHz, D,0, 90°C): 6=6.72 (brs, 8H; ArH), 5.40 (brs, 4H; H1),
440 (brs, 4H; H1'), 4.23 (brs, 4H, ArCH,Ar), 3.95-3.35 (overlapped
brs, 56H; H2-H6ab, H2-H6'a,b, OCH,CH,CH;), 3.10 (brs, 4H;
ArCH,Ar), 1.77 (brs, 8H; OCH,CH,CH;), 0.85ppm (brs, 12H;
OCH,CH,CH,); *C NMR (75 MHz, [DJDMSO): 6 =182.4 (CS), 154.1,
134.8, 133.8, 124.4 (Ar), 104.1 (C1’), 83.9 (C1), 76.8 (OCH,CH,CH,),
80.2, 76.6, 76.0, 73.6, 72.6, 71.2, 68.8, 61.1, 60.6 (C2-C6, C2'-C6) 30.9
(ArCH,Ar), 23.3 (OCH,CH,CH,), 10.7 ppm (OCH,CH,CH,); ESI-MS: m/
z (%): 2207.8 (65) [M+Na]*, 1115.5 (100) [M+2Na]**.

5,11,17,23-Tetrakis[(}-p-galactopyranosyl)-1-p-p-glucopyranosyl)-
thioureidol-25,26,27,28-tetramethoxycalix[4]arene (4Lac[4]Met):
Yield: 90%. M.p. 137-139°C (dec.); 'H NMR (300 MHz, D,0): 6 =
7.27, 7.10 (brs, 4H each; Ar), 547 (brd, 4H; H1), 442 (brd, 4H;
H1'), 3.92-3.37 (overlapped signals, 60H; H2-H6ab, H2-H6a,b,
OCH,), 3.73 ppm (s, 8H, ArCH,Ar); PCNMR (75 MHz, D,0): 6 =
183.5 (CS), 156.2, 137.6, 129.3, 128.5 (Ar), 104.4 (C1'), 85.4 (d, C1),
798, 77.6, 76.7, 764, 73.9, 73.0, 72.3, 69.9, 62.4, 61.3 (C2-C6, C2'-
C6'), 60.0 (OCHs3), 36.9 ppm (ArCH,Ar); ESI-MS: m/z (%): 2096.7 (20)
[M+Na]*, 1059.7 (100) [M+2Na]**.

5,11,17,23-Tetrakis[(}-p-galactopyranosyl)-1-p-p-glucopyranosyl)-
thioureido]-25,26,27,28-tetrapropoxycalix[4]arene-1,3-alternate
(alt-4Lac[4]Prop): Yield: 82%. M.p. 160-162°C (dec.); 'HNMR
(300 MHz, D,0): 6=7.38, 7.19 (2brs, 2H each; Ar), 5.49 (brd, 4H;
H1), 450 (d, 4H; H1'), 4.09-3.57 (overlapped m, 48H; H2-H6a,b,
H2'-H6'a,b), 3.72 (s, 8H, ArCH,Ar), 3.45 (brt, 8H; OCH,CH,CH,), 1.62
(brs, 8H; OCH,CH,CH;), 0.91ppm (brt, J=72Hz, 12H;
OCH,CH,CH;); *C NMR (75 MHz, D,0): =183.6 (CS), 155.6, 137.4,
136.8, 134.0, 130.2, 129.3 (Ar), 104.6 (C1’), 85.4 (C1), 80.1, 77.7, 76.9,
76.2, 74.1, 73.1, 72.4, 70.0, 62.5, 61.5 (C2-C6, C2'-C6', OCH,CH,CH,),
38.0 (ArCH,Ar), 24.4 (OCH,CH,CH,), 11.0 ppm (OCH,CH,CH;); ESI-
MS: m/z (%): 2207.6 (40) [M+Na]*, 1115.3 (80) [M+2Na]**.

5,11,17,23,29,35-Hexakis[(p-p-galactopyranosyl)-1-3-p-glucopyr-
anosyl)thioureido]-25,26,27,28,29,30-hexamethoxycalix[6]arene

ChemBioChem 2008, 9, 1649 - 1661

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

(6Lac[6]Met): This compound was obtained pure by column chro-
matography on Sephadex G25 (eluent: H,0). Yield: 82%. M.p. 150-
152°C (dec.); '"H NMR (300 MHz, D,O + 5% [DgIDMSO, 90°C): 0 =
6.80 (brs, 12H; Ar), 5.18 (brd, 6H; H1), 4.18 (brd, 6H; H1’), 3.80-
2.60 ppm (overlapped brm, 90H; H2-H6ab, H2-H6'ab, OCH,),
3.71ppm (brs, 12H, ArCH,Ar); CNMR (75MHz, D,0+5%
[DcIDMSO, 90°C): 6=183.1 (CS), 156.8, 135.3, 133.5, 126.6 (Ar),
103.5 (C1'), 84.4 (C1), 79.1, 74.7, 73.3, 72,6, 71.6, 69.2, 61.4, 61.1,
58.6 (C2-C6, C2'-C6/, OCH,), 30.8 ppm (ArCH,AN; ESI-MS: m/z (%):
1578.4 (100) [M+2Na]*", 1059.8 (100) [M+3Nal**.

5,11,17,23,29,35,41,47-Octakis[(-p-galactopyranosyl)-1-£-p-glu-
copyranosyl)thioureido]-49,50,51,52,53,54,55,56-octamethoxyca-
lix[8]Jarene (8Lac[8]Met): This compound was obtained pure after
crystallization from CH;OH. Yield: 74%. M.p. 142-143°C (dec.);
'HNMR (300 MHz, D,0, 90°C): =6.81 (brs, 16H; Ar), 5.24 (brs,
8H; H1), 4.27 (brd, 8H; H1’), 3.77-3.03 (overlapped brs, 120H; H2-
H6a,b, H2'-H6'a,b, OCH,), 3.75 ppm (brs, 16H, ArCH,Ar); *C NMR
(75 MHz, D,0O, 90°C): 6=184.1 (CS), 154.1, 134.7, 132.5, 127.9 (Ar),
102.2 (C1'), 82.7 (C1), 79.5, 77.7, 73.1, 71.3, 69.0, 61.2, 60.8, 60.6,
57.8, (C2-C6, C2'-C6', OCH,), 30.1 ppm (ArCH,Ar); ESI-MS: m/z (%):
2095.3 (70) [M+2Na]**.

5,17-Bis[(f3-p-galactopyranosyl)-1-f§-p-glucopyranosyl)thioureido]-
25,26,27,28-tetramethoxycalix[4]arene (2Lac[4]Met): By deprotec-
tion of 7, the pure product was obtained by column chromatogra-
phy on Sephadex G25 (eluent: H,O0/CH,OH 95:5, v/v). Yield: 85 %.
M.p. 190-192°C (dec.); 'H NMR (300 MHz, CD,0D, 65°C): 6 =7.05,
6.82, 6.60-6.40 (3brs, 10H; ArH), 5.50 (brs, 4H; H1), 438 (d, J=
7.5 Hz, 4H; H1’), 3.90-3.40 ppm (overlapped m, 32H; H2-H6a,b and
H2'-H6a',b’, ArCH,Ar, OCH,); *CNMR (75 MHz, CD,0D): 6=183.3
(CS), 159.9, 159.2, 157.1, 156.7, 137.3, 135.8, 134.7, 133.6, 131.9,
130.0, 126.3, 125.1, 124.2, 122.8 (Ar), 105.1 (C1’), 85.4 (C1), 80.6,
779, 773, 77.1, 74.7, 73.6, 72.5, 70.3, 62.6, 61.9 (C2-C6, C2'-C6'),
61.5, 61.2, 60.5 (OCH,), 36.7, 31.5 ppm (ArCH,Ar); ESI-MS: m/z (%):
1297.5 (100) [M+Na]*.

Molecular modeling: Because of the large number of atoms, the
analysis of the conformation of 8Lac[8]Met was undertaken using a
force field in the framework of classical molecular mechanics
(MMFF in the Spartan suite).”” For calixarenes, as for other macro-
cycles such as cyclodextrins, a computational approach based on a
classical description of molecules is widely accepted.?® Calculations
were carried out on a Pentium IV PC at 2.5 MHz.

Lectins: The mistletoe lectin was purified from extracts of dried
leaves using affinity chromatography on lactosylated Sepharose
4B, obtained by divinyl sulfone activation, as the crucial step,
human galectins-1 and -3 were obtained by recombinant produc-
tion as described and similarly purified."*?* The starting material
for cloning of human galectin-4-specific cDNA was total RNA from
the human acute myelogenous leukemia line KG-1 (American Type
Culture Collection, Rockville, MD, USA) using first the sense primer
5'-GTACGCATATGGCCTATGTCCCGCACC-3" with an internal Ndel re-
striction site (underlined) and the antisense primer 5-GCTAGGTC-
GACTTAGATCTGGACATAGG-3" with an internal Sall restriction site
(underlined). The cDNA of human galectin-4s N-domain was ob-
tained by using the sense primer 5-CATATGGCCTATGTCCCCG-
CACCG-3’ with an internal Ndel restriction site (underlined) and the
antisense primer 5-GTCGACTTAGATCTGGACATAGGACAAGGTG-3’
with an internal Sall restriction site (underlined). To delete the se-
quence coding for the linker peptide of the tandem-repeat-type
lectin we first amplified the cDNAs for the two domains separately
and took advantage of the two Hindlll restriction sites to create a
new joining hinge of the shortened cDNA. In detail, we used the
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following primer pairs: the sense primer 5-CATATGGCCTATG-
TCCCCGCACCG-3" with an internal Ndel restriction site (underlined)
and the antisense primer 5-AAGCTTGAAGTTGATTGATTGAAGTTG-
CAG-3" with an internal Hindlll restriction site (underlined) for the
N-domain and the sense primer 5'-AAGCTTGTGCCATATTTCGG-
GAGG-3" with an internal Hindlll restriction site (underlined) and
the antisense primer 5-GTCGACTTAGATCTGGACATAGG-3" with an
internal Sall restriction site (underlined) for the C-domain. The
cDNAs were then propagated in the pET-Blue-1 AccepTor vector
(Novagen, Bad Soden, Germany), digestion with the restriction en-
zymes and gel extraction led to vector-released cDNAs (972 bp for
the full-length protein, 453 bp for the N-domain, 852 bp for pro-
tein version without the linker peptide). They were ligated into
pET12a (full-length protein, N-domain; Novagen, Darmstadt, Ger-
many) or pET24a (human galectin-4 without linker; Novagen,
Darmstadt, Germany). The inserted Hindlll restriction site at the
boundary between the N- and C-domains encoding for Lys and
Leu finally needed to be reversed to the wild-type codons, at these
positions encoding for lle and Pro. The pET24a plasmid containing
the ¢cDNA encoding for human galectin-4 without the linker pep-
tide was therefore employed as template in a modified Quik-
Change® site-directed mutagenesis procedure (Stratagene Europe,
Amsterdam, The Netherlands).?” To do this, a suitable primer set
(sense  primer 5-GCAACTTCAATCAATCAACTTCATCCCTGTGCCA-
TATTTCGGGAGG-3’ (nucleotide exchanges underlined) and the anti-
sense primer 5-CCTCCCGAAATATGGCACAGGGATGAAGTTGATT-
GATTGAAGTTGC-3' (nucleotide exchanges underlined)) was de-
signed with melting temperatures >78°C. The extension reaction
was performed in two steps. Briefly, two 50 uL reaction mixtures
were prepared in separate tubes containing 20 pmol either of the
sense or the antisense primer, 200 ng template plasmid and 1 U
PfuTurbo® DNA polymerase (Stratagene Europe, Amsterdam, The
Netherlands). After an initial preheating step at 95°C for 30 s, three
cycles (denaturation at 95°C for 30 s, annealing at 55°C for 1 min,
extension at 68°C for 8 min) were run. To complete the primer-di-
rected sequence extension 25 uL of each tube were transferred to
one tube and 1 U PfuTurbo® DNA polymerase was added. Subse-
quently, thermal cycling which consisted of preheating at 94 °C for
30s and 18 cycles (denaturation at 94°C for 30s, annealing at
55°C for 1 min, extension at 68°C for 5 min) was carried out. After
incubation with Dpnl (10 U) at 37°C for 2 h to digest the methylat-
ed parental DNA template, 5 pL of the reaction mixture were used
to transform XL-1-Blue electrocompetent cells. Plasmids were iso-
lated from kanamycin-resistant colonies grown on LB agar plates
and ascertained for correct reversion of the artificial Hindlll restric-
tion site to the wild-type sequence by commercial DNA sequenc-
ing. Recombinant production was accomplished in the pET-12a or
24a/E. coli strain BL21(DE3)pLysS system with TB medium (Roth,
Karlsruhe, Germany) at 30°C with a final IPTG concentration of
100 um, reaching optimal yields for full-length human galectin-4
(17-21 mgL™"), for the N-domain (3.3-5.8mgL™"), and for the
lectin without the linker peptide (13.3-30.3 mgL™"). Quality con-
trols by one- and two-dimensional gel electrophoreses, mass spec-
trometry, gel filtration, and haemagglutination to ascertain homo-
geneity, quaternary structure, and activity as well as biotinylation
of the lectins under activity-preserving conditions followed by
product analysis to quantify label incorporation and activity were
performed as described.* %231

Inhibition assays: Adsorption of the glycoprotein to the surface of
microtiter plates proceeded from 50 pL per well at 4°C overnight
from phosphate-buffered saline, residual protein-binding sites
were saturated with 100 puL of a 1% solution of carbohydrate-free
bovine serum albumin at 37°C for 1 h. Lectin binding in the ab-
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sence and presence of glycocluster was carried out for 1 h at 37°C,
routinely running controls with lactose and galactose in parallel,
and the extent of bound lectin was determined spectrophotomet-
rically at 490 nm with streptavidin-peroxidase conjugate
(0.5 ugmL~"; Sigma, Munich, Germany) as indicator and o-phenyle-
nediamine (1 mgmL")/H,0, (1 uLmL™") as chromogenic substrates
as described."*"7¥ Cell culture of the human B-lymphoblastoid line
Croco I, the colon adenocarcinoma line SW480, and the human
pancreatic carcinoma line Capan-1 with reconstituted expression of
the tumor suppressor p16™**? (kindly provided by K. M. Detjen,
Berlin, Germany) was performed using routine procedures, and
lectin binding to cells using biotinylated proteins was determined
by quantitative fluorescence detection in a FACScan instrument
(Becton-Dickinson, Heidelberg, Germany) by using streptavidin/R-
phycoerythrin (1:40; Sigma) as indicator.”**? In cases of solubility
problems stock solutions of the glycoclusters were prepared in di-
methyl sulfoxide and then diluted in buffer. Final concentrations of
aprotic solvent was up to 4.4% at 2.5 mm inhibitor concentration
in solid-phase assays and up to 6.8% in cell assays. Parallel controls
with the identical solvent concentration in the absence of glyco-
cluster ascertained the lack of a significant solvent effect on lectin
activity, as reported previously.**!
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Layer-By-Layer Assembly of Viral Nanoparticles and
Polyelectrolytes: The Film Architecture is Different for

Spheres Versus Rods

Nicole F. Steinmetz,** ¢ Kim C. Findlay,™ Timothy R. Noel,”” Roger Parker,

George P. Lomonossoff, and David J. Evans¥

The development of tuneable thin film assemblies that contain
(bio)nanopatrticles is an emerging field in nanobiosciences/nano-
technology. Our research focuses on the utilisation of viral nano-
particles (VNPs) as tools and building blocks for materials sci-
ence. In previous reports we studied multilayered arrays of chemi-
cally modified cowpea mosaic virus (CPMV) particles and linker
molecules. To extend these studies and to gain more insights into
the architecture of the arrays, we report here on the construction
of multilayered assemblies of native plant viral particles and
polyelectrolytes. We specifically addressed the question of wheth-
er the shape of the VNPs influences the overall structures of the
arrays. To study this, we have chosen two particles with similar

Introduction

A major objective in nanosciences/nanotechnology is the con-
struction of ordered systems, such as spatially organized
arrays. The electrostatic layer-by-layer (LbL) technique has
been found to be a versatile tool for the design of highly tune-
able and ultrathin films made up of alternately deposited cat-
ionic and anionic polyelectrolytes." Furthermore, it has been
demonstrated that functional molecules can be incorporated
into these ultrathin films. These include functional proteins,”
nucleic acids,” metallic and semiconducting nanoparticles,™
redox-active moieties™ and virus particles.®® This approach
thus has great potential for the design of functional devices
with applications in fields such as sensors, optoelectronics,
drug delivery, coatings for biomedical applications and other
coatings. Viral nanoparticles (VNPs) in particular have appeal-
ing features to be exploited for use in materials science. VNPs
are in general very robust, monodisperse nanoparticles that
can be modified either by genetic manipulation or by chemical
bioconjugation techniques. Viral capsids consist of multiple
copies of identical protein subunits, and thus offer multiple
and various sites for attachment and display of functional mol-
ecules.”

Although VNPs have been extensively studied, only a few
studies have focussed on the immobilization and incorporation
of VNPs in thin film assemblies. We have recently demonstrat-
ed that multilayered VNP arrays can be constructed with the
well characterized icosahedral plant virus cowpea mosaic virus
(CPMV). CPMV particles covalently modified with biotin and
fluorescent dyes were self-assembled into an alternating array
of CPMV and streptavidin by using an LbL approach; the biotin
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surface properties but different shapes: CPMV was used as a
sphere-like VNP, and tobacco mosaic virus (TMV) served as a rod-
shaped VNP. The multilayers were self-assembled on solid sup-
ports through electrostatic interactions. Multilayer build-up was
followed by quartz crystal microbalance with dissipation moni-
toring and UV/Vis spectroscopy. Scanning electron microscopy
was used to characterize the topologies of the thin films. Our
studies show that shape indeed matters. Incorporation of CPMV
in alternating arrays of VNPs and polyelectrolytes is demonstrat-
ed; in stark contrast, TMV particles were found to be excluded
from the arrays, and floated atop the architecture in an ordered
structure.

moieties served as linker and allowed construction through
streptavidin interaction, and different fluorescent labels ena-
bled sequential detection."” In a subsequent study we ana-
lysed the assembly mechanism and the mechanical properties
of such arrays in more detail. It was found that inter- and intra-
molecular cross-linking, and hence the densities of the CPMV
arrays, can be tightly tuned by carefully adjusting linker length
and density.""

Douglas and Young studied VNP multilayer assembly with
the plant virus cowpea chlorotic mottle virus (CCMV).® Alter-
nating arrays of biotinylated CCMV particles and streptavidin
were constructed. Deposition of CCMV particles and polyelec-
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trolytes (here poly-L-lysine) by LbL assembly was also ach-
ieved; this led to the formation of an alternating thin film with
stable incorporation of the spherical VNPs.®! LbL studies with
the carnation mottle virus (CarMV) and polyelectrolytes (here
poly(allylamine) and poly(styrene sulfonate)) were in good
agreement. The construction of an alternating multilayered
thin film with stable incorporation of the spherical CarMV par-
ticles has also been reported.”

Findings with rod-shaped VNPs contrasted with the results
obtained with spherical VNPs (CCMV and CarMV). The assembly
of the rod-shaped bacteriophage M13 and polyelectrolytes
(here poly(ethyleneimine) and poly(acrylic acid)) resulted in an
architecture in which the M13 particles were found to be float-
ing on top of the film; even after deposition of further poly-
ions on top of the bound VNPs the particles were not stably
incorporated into the films, but were instead found to be ex-
cluded from the structure and assembled in an ordered fashion
on top of the film."

Here, we have investigated whether the particle shape
(sphere versus rod) influences binding to polyelectrolyte sub-
strates and the subsequent incorporation. To address this, we
compared the LbL assembly of sphere-like and rod-shaped
VNPs into polyelectrolyte multilayers. We chose the cationic
poly(ethyleneimine) (PEI, linear, My, 25 kDa) and the anionic
poly(acrylic acid) (PAA, My, 90 kDa) as polyions to build up the
multilayers. CPMV served as the sphere-like VNP, and tobacco
mosaic virus (TMV) particles—also a plant virus—were chosen
as rod-shaped VNPs. CPMV particles have diameters of approxi-
mately 30 nm, while TMV particles are rod-shaped with diame-
ters of 18 nm and lengths of 300 nm. Besides their differences
in shape, the two particles have similar surface properties,
such as surface charge: the isoelectric point (pl) of CPMV parti-
cles is between pH 3.4 and 4.5,"¥ TMV particles have a pl of
~3.5."7 The multilayer build-up was followed by quartz crystal
microbalance with dissipation monitoring (QCMD) and UV/Vis
spectroscopy. The surface topology was studied by scanning
electron microscopy (SEM).

Results and Discussion

Comparison of CPMV and TMV adsorption on initial films of
polyelectrolytes by QCMD

Firstly, the adsorption behaviour of CPMV and TMV particles
onto thin films of polyelectrolytes was studied. The pls of
CPMV and TMV particles are comparable and lie at pH 3.4-4.5
and pH ~3.5, respectively."? Experiments were performed at
pH 5.0; at this pH both particle types have a net negative
charge. In addition, at pH 5.0 50% of the amines of PEIl are
protonated;™ this allows binding of negatively charged ob-
jects through electrostatic interactions. The VNPs were deposit-
ed onto 2.5 bilayers of (PEI-PAA),-PEI (note: it is assumed that
after deposition of 2.5 bilayers of polyelectrolytes, 2.5 bilayers
were indeed formed). The initial film was chosen to be 2.5 bi-
layers (rather than a single PEI layer), in order to make sure
that full surface coverage was achieved. The terminating layer
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was the polycation PEI; this allowed binding of the negatively
charged VNPs through electrostatic interactions.

Multilayer build-up and deposition of the VNPs was moni-
tored by QCMD. We have recently shown that QCMD is a feasi-
ble technique for characterization of VNP multilayer assem-
blies." QCMD monitors changes in resonance frequency (Af)
and changes in dissipation (AD) in situ and in real time.
Changes in Af correlate with changes in mass (Am); a decrease
in Af equates to an increase in Am. Changes in AD give infor-
mation about the viscoelastic properties of the array: the more
viscoelastic the structure, the higher the energy losses and
hence AD. Theoretical models have been developed; the
QCMD response to rigid films and viscoelastic (Voigt) films
have been modelled by the approaches of Sauerbrey¥ and
Voinova et al.," respectively. A small mass (Am) deposited on
the sensing surface of the quartz crystal will cause a decrease
in Af, which is proportional to Am if the mass: 1) is small in
relation to the mass of the crystal, 2)is evenly distributed,
3) does not slip on the surface and 4) is sufficiently rigid and/
or thin to have negligible internal friction. In this case the Sau-
erbrey equation applies:"!

Am = —C Af/n (1)

in which C is the sensitivity constant (C=17.7 ngem 2Hz ' for
a 5 MHz crystal), and n is the overtone with n=1, 3, 5, etc.

If the energy losses (AD) are high, the data can be analysed
by being fitted to the viscoelastic Voigt model; in this more
complex model the thickness, density and elastic shear modu-
lus of the adsorbed layers are taken into account.!™

Figure 1 shows the changes in Af and AD monitored as a
function of time for CPMV and TMV deposition. The continuous
decrease in Af equates to an increase in Am and therefore in-
dicates that polyelectrolyte multilayers were self-assembled on
the solid support and that VNPs were adsorbed on top of the
ultrathin films. On the basis of the Sauerbrey equation,™ Am
deposited for each VNP at each pH was calculated. Theoretical
values for the coverage (I) for CPMV and TMV were estimated
on the basis of the size and molecular weight of the particles;
calculations were based on the formation of a closely packed
monolayer. The expected theoretical coverages of CPMV and
TMV are 1.33 ugcm™ and 1.30 ugcm™?, respectively. Experi-
mentally ascertained values were higher: the Am values found
were 2.45 pgcm—2 for CPMV and 3.37 ugcm~2 for TMV. The ap-
parent higher mass uptake for both VNPs might indicate the
formation of multi- rather than monolayers. However, when
working with biomolecules one has to consider hydrodynami-
cally coupled water and water molecules that are entrapped in
cavities of the assembly,"® which could also explain the appar-
ent higher mass uptake. For both CPMV and TMV stable irre-
versible binding was observed; the desorption rates after
being washed with buffer or water were negligible.

The binding modes of CPMV and TMV are different. Adsorp-
tion of sphere-like CPMV particles is accomplished within less
than 2 min. In stark contrast, it takes about 30 min to reach a
stable plateau (maximum binding) when the rod-shaped TMV
particles are deposited (Figure 1). These striking differences in

1663

www.chembiochem.org



www.chembiochem.org



A) r
04
-50 L4
N
T
©
2 1004
(1]
F —
o
bl L
2
o 1504
=]
g
E
-200 o
-250 r — e - — T T —
0 10 20 30 40 50 60
t/ min
B)
04
50 <
N
I
o -1004 =
(=
©
o
[3]
& -150
=
] )
=1 =10
i
& 200
-250 4 =
T T T T T T T T T LI 1
0 20 40 60 80 100
t/ min

Figure 1. Quartz crystal microbalance frequency and dissipation shift during
the build-up of polyelectrolyte multilayers and viral nanoparticles (VNPs);
2.5 bilayers of the polyelectrolytes linear poly(ethyleneimine) (PEI) and poly-
(acrylic acid) (PAA) were built up as base film prior to addition of cowpea
mosaic virus (CPMV) or tobacco mosaic virus (TMV) particles. A) (PEI-PAA), 5
CPMV, B) (PEI-PAA),s TMV. In between each deposition step the crystal sur-
face was rinsed with MilliQ water (*), and before and after deposition of the
VNP sample the crystal was equilibrated and rinsed with the corresponding
buffer (**). The frequency changes and dissipation shift measured for the
third overtone of the resonance frequency are shown.

adsorption kinetics are inherent with differences in the visco-
elastic properties of the assembly. Dissipative energy losses are
high when TMV is deposited (AD~29.9x107%) and low in the
case of CPMV (AD~3.3x107°). This indicates a more complex
binding behaviour of TMV. Because of their anisotropic shapes
it would be expected that the binding mode of the rods
should be more complex than that of isotropic spheres; rods
can bind in various conformations, such as flat or angled. The
high changes in AD could imply conformational rearrange-
ments of the particles until optimal binding and maximum
coverage is achieved. The large changes in dissipation could
also be attributable to a loosening of the layers due to interac-
tions between the VNPs and polyelectrolytes.
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Multilayer LbL assembly of polyelectrolytes and a sphere-
like VNP

Next, we investigated whether an alternating multilayer array
of CPMV particles and polyelectrolytes could be assembled.
The multilayer assembly studied was (PEI-PAA),; CPMV (PEI-
PAA), CPMV (PEI-PAA),, where n was 2 or 3. The intermediate
polyelectrolyte layers were chosen to be n=2 or 3, because it
was found that at least two intermediate bilayers of polyelec-
trolytes have to be added to allow binding of further CPMV
particles (not shown). The monitored changes in Af and AD as
the function of time monitored by QCMD, as well as the
changes of absorbance with the number of layers as followed
by UV/Vis spectroscopy, are summarized in Figure 2.

To determine the mass deposited, the Sauerbrey equation
was applied; further, for an estimation of layer thickness, data
were modelled according to the Voigt model" by use of
QTools software. Experimentally measured Am values and layer
thickness (h), as well as the theoretical coverage expected for a
closely packed CPMV monolayer, are given in Table 1.

The calculated Am values for each layer deposited are in
good agreement; this indicates that similar amounts of VNPs
bind in each deposition step. The experimentally ascertained
values were higher than the theoretically expected mass cover-
age. Again, this is most probably due to water entrapped in
cavities of the structure and hydrodynamically coupled water
molecules. The particles were stably bound and desorption
was not observed when the solution was replaced with either
buffer or water; this is true for both VNP layers. The estimated
layer thicknesses are in good agreement with the dimensions
of the VNPs. CPMV has a spherically averaged diameter of
about 30 nm. The slightly lower observed thickness may be
due to the fact that the particles are, to some extent, embed-
ded into the polyelectrolyte structures.

A striking feature in the QCMD plot is the increase in Af,
which corresponds to a decrease in Am, after addition of the
negatively charged PAA on top of the first VNP layer (Fig-
ure 2A). This phenomenon is observed after both VNP layers,
but is more marked after the first VNP layer. This could imply
displacement and solubilisation of the VNPs by the negatively
charged polyelectrolyte chains. However, the dissipational
changes were highest in this time regime. Relatively large posi-
tive AD shifts were recorded upon addition of PEl on top of
the VNPs, and comparable negative AD values were recorded
upon addition of PAA. This indicates that the multilayer under-
went a transition from being viscous (highly hydrated) to
being more rigid (fewer water molecules entrapped). The ob-
served changes in AD and the inherent energy losses imply
conformational changes; the increase in Af could therefore
also be attributed to loss of water inherent with rearrange-
ments within the array rather than solubilisation of biomole-
cules.

The QCMD data were overall in good agreement with the
spectra recorded by UV/Vis spectroscopy (Figures 2B and C).
Alternate deposition of the polyelectrolytes resulted in an in-
crease in absorbance with each deposition step, with a peak of
absorbance at about 240 nm (mainly attributable to PEI). Dep-
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Figure 2. Build-up of polyelectrolyte multilayers with incorporated cowpea
mosaic virus (CPMV) particles at pH 5.0, followed by quartz crystal microba-
lance frequency and dissipation (QCMD) and UV/Vis spectroscopy. The (PEI-
PAA),s CPMV (PEI-PAA), CPMV (PEI-PAA), multilayer was studied, where n
was 2 or 3. A) Changes in frequency and dissipation monitored by QCMD,
n=2. The frequency and dissipation changes measured for the third over-
tone of the resonance frequency are shown. B) Changes in absorption, moni-
tored by UV/Vis studies; n=3. (Note: the values should be half for a single
layer as the multilayer build-up takes place on both sides of the quartz
slide.) Deposited CPMV is shown as solid lines, absorbance changes after
addition of polyions as dotted lines. C) Comparison of QCMD (n=3) and UV/
Vis spectroscopy data (n=3). The absorbance at absorption maximum

(240 nm) versus the number of layers deposited is shown, together with the
deposited mass, based on the Sauerbrey equation, versus the number of
layers.
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Table 1. Theoretical (I) and experimentally determined (Am) coverage
and thickness (h) of adsorbed polyelectrolytes and cowpea mosaic virus
(CPMV) particles based on QCMD measurements.

' [ugem™?  Am® [pgem™] A [nm]
precursor (PEI-PAA), s film N.AM N.AM 13.6
1st CPMV layer 133 2.44 238
intermediate (PEI-PAA), film N.A¢ N.A4 n=2:95
n=3:274
2nd CPMV layer 133 2.24 21.3

[a] Theoretical coverage for a closely packed CPMV monolayer. [b] Experi-
mentally measured coverage based on the Sauerbrey equation. [c] Layer
thickness based on the Voigt model. [d] N.A.: not applicable.

osition of CPMV particles resulted in an increase in absorbance,
particularly at 260 nm and in the low-wavelength region. The
absorbance maximum of VNPs was at 260 nm (due to the pres-
ence of RNA), and high absorbance in the lower-wavelength
region (200-220 nm) was mainly derived from peptide bonds.

The apparent irregular changes in Af observed by QCMD
after addition of the PAA on top of the bound VNPs were also
reflected in the UV/Vis spectrum. It is noticeable that during
the first steps of addition of polyelectrolytes on top of the im-
mobilized VNPs, either no or only very little increase in absorb-
ance was observed. VNPs are complex macromolecules, and al-
though the overall charge on the particles is negative, the mol-
ecules are polyampholytes with regions of negative and posi-
tive charge produced by differently charged amino acids pres-
ent on the particle surface. We propose that the low increase
in absorbance in these initial steps is due to the low net
charge density of the molecules, with only a few polyelectro-
lyte chains binding; once complete charge overcompensation
is achieved then more regular build-up continues.

The topography of the (PEI-PAA),; CPMV (PEI-PAA); thin
films was imaged by SEM; in order to follow the sequential
build-up a series of images were taken (Figure 3). The precur-
sor film consisting of (PEI-PAA),s shows a smooth film with no
distinct features. The deposited CPMV particles are adsorbed
as a monolayer in a relatively dense conformation. The next
series of images was taken after deposition of one and three
bilayers of the polyions PEI and PAA, added on top of the im-
mobilized CPMV particles. The SEM images show the adsorbing
polyelectrolyte chains on top of the structure, covering the
VNPs. The more polyelectrolytes were added, the smoother
the film topology became and also gained in thickness. After
three deposition steps, the VNPs were completely covered,
except in the regions where the film was broken, which was
probably an artefact from sample preparation. Imaging dem-
onstrated that displacement of VNPs does not occur. This is
particularly clear in those regions where scratches in the film
reveal the VNP layer lying under the growing polyelectrolyte
films. A second VNP layer was adsorbed, and imaging showed
a topology similar to that observed for the first VNP layer.

Overall, the findings by QCMD, UV/Vis spectroscopy and
SEM imaging are in good agreement and consistent with the
multilayer build-up of polyions and the stable incorporation of
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A) D) \

C)

Figure 3. Scanning electron micrographs showing the sequential build-up of
polyelectrolytes and cowpea mosaic virus (CPMV) particles. A) Precursor thin
film consisting of 2.5 bilayers of the polyions linear poly(ethyleneimine) (PEI)
and poly(acrylic acid) (PAA); B) (PEI-PAA), s CPMV; C) (PEI-PAA),s CPMV (PEI-
PAA); D) (PEI-PAA), s CPMV (PEI-PAA),; E) (PEI-PAA),5s CPMV (PEI-PAA), CPMV;
F) schematic representation of the architecture. All images were viewed at
an acceleration voltage of 5 kV with a Zeiss Supra 55 VP FEG SEM; scale bar:
1 um.

the sphere-like CPMV particles into the polyelectrolyte net-
work.

Role of particle shape in incorporation

To compare the alternating multilayer assembly mechanism of
sphere-like CPMV with that of rod-shaped TMV particles with
the aid of LbL techniques and polyelectrolytes, we investigated
whether TMV particles could also be incorporated into poly-
electrolyte multilayer assemblies under similar conditions. As
with CPMV, TMV particles and the polyions PEl and PAA were
used at pH 5.0. Initially, the build-up of the architecture fol-
lowed the procedure outlined for CPMV with (PEI-PAA),; VNP
(PEI-PAA), VNP, with n=2 or 3. However, we found that bind-
ing of the second TMV layer could not be achieved under
these conditions (not shown).

Therefore, in a second series of experiments, the number of
intermediate polyelectrolyte layers was increased until binding
of further TMV particles could be observed. The following
architectures were self-assembled: (PEI-PAA),; TMV (PEI-PAA),
TMV, whereby n was 6 (not shown) and 12 (Figure 4). Build-up
was followed by QCMD and UV/Vis spectroscopy.

Binding of TMV and subsequent polyelectrolytes is different.
Overall, it was found that the first TMV layer was stably ad-
sorbed on the polyion thin precursor film (no desorption upon
rinsing with buffer and water), and additional polyions were
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Figure 4. Build-up of polyelectrolyte multilayers with incorporated tobacco
mosaic virus (TMV) particles at pH 5.0, followed by quartz crystal microba-
lance frequency and dissipation (QCMD) and UV/Vis spectroscopy. The fol-
lowing multilayer was studied: (PEI-PAA), s TMV (PEI-PAA),, TMV. A) Changes
in frequency and dissipation measured by QCMD by use of the third over-
tone of the resonance frequency. B) Changes in absorption, monitored by
UV/Vis spectroscopy. (Note: the values should be half for a single layer as
the layer build-up takes place on both sides of the quartz slide.) Deposited
TMV is shown as solid lines, absorbance changes after addition of polyions
as dotted lines. C) Comparison of QCMD and UV/Vis spectroscopy data. The
absorbance at absorption maximum (240 nm) versus the number of layers
deposited, and the deposited mass, based on Sauerbrey, versus the number
of layers are shown.

bound upon their addition on top of the immobilized VNP
layer. Multiple intermediate bilayers of polyelectrolytes (at least
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six) were needed before application of the second TMV layer
in order to allow binding of the particles, although stable dep-
osition of the second TMV layer was not achieved for any
number of polyion bilayers studied. At low polyion bilayer
numbers (n < 6) no binding was observed; at higher number—
for example, n=12—weak binding could be achieved (see dis-
cussion below). Binding of the first TMV layer was accompa-
nied by large dissipation shifts; this indicates the transition
from a relative rigid assembly of the precursor film into a hy-
drated and viscoelastic system. The adsorption of polyions on
top of the first immobilized TMV layer was irregular in the ini-
tial steps; this is shown by the fluctuating changes in Af and
AD recorded by QCMD and is indicated by a low increase in
absorbance recorded by UV/Vis spectroscopy. The changes in
Af increased when the polycation PEI was added and de-
creased when the polyanionic PAA was added. However, after
four bilayers of (PEI-PAA) the system stabilized and a more
continuous decrease in both Af and AD was observed for both
types of polyions. The initial irregular changes in Af were ac-
companied by striking dissipative changes in AD; this indicates
structural changes (fluctuating transitions from a more rigid
model to a viscoelastic system). Rearrangements of the VNPs
or the assembly around the VNPs might also have an impact
on the observed irregularities, and could explain why the dep-
osition of a second TMV layer is difficult (if it can be achieved
at all), especially when the number of intermediate polyelec-
trolyte bilayers is low.

The bindings of the first and second TMV layer were also dif-
ferent. The first TMV layer was stably bound onto the thin pre-
cursor film. This is indicated by the decrease in Af recorded by
QCMD and also by the increase in absorbance measured by
UV/Vis spectroscopy. However, the observations for the second
deposited TMV layer were not as clear: QCMD data indicate
that VNPs were only weakly bound and that most of the parti-
cles desorb upon rinsing with buffer and water. Also, the ob-
served decrease in absorbance measured by UV/Vis spectros-
copy implies that a second VNP layer was not deposited
(Figure 4). The deposited Am for each VNP layer was calculated
by using the Sauerbrey equation,™ as well as the theoretical
coverage (I with the assumption of a closely packed TMV
layer with the particles lying flat on the surface. Further, the
average film thickness based on the Voigt model™ was esti-
mated; the values are listed in Table 2.

The calculated mass (Am) deposited with the first TMV layer
indicates the formation of a closely packed monolayer. The
obtained value for Am was slightly higher than one would
expect (see theoretical coverage); this could indicate that
some particles are not flat on the surface or adsorb as bi- or
multilayers in parts (SEM studies confirmed that in some re-
gions particles indeed overlap with each other, Figure 5), or it
could originate from water entrapped in cavities in the archi-
tecture. The latter situation is indicated by relatively large
changes in AD. The thickness calculated for the first TMV layer
is in good agreement with the thickness of the particles, and
indicates that the rods bind in a flat conformation, as con-
firmed by SEM imaging (Figure 5). The Am deposited for the
second TMV layer is low and reaches only 34% of the Am de-
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Table 2. Theoretical (I) and experimentally determined (Am) coverage
and thickness (h) of adsorbed polyelectrolytes and tobacco mosaic virus
(TMV) particles based on QCMD measurements.

I [ugem™?  Am™ [ugcm™? A" [nm]
precursor (PEI-PAA),; film N.A® N.A® 8.7
1st TMV layer 1.30 2.53 28.2
intermediate (PEI-PAA), film  N.AF N.A B 180.1
2nd TMV layer 1.30 0.87 6.0

[a] Theoretical coverage for a closely packed CPMV monolayer. [b] Experi-
mentally measured coverage based on the Sauerbrey equation. [c] Layer
thickness based on the Voigt model. [d] N.A.: not applicable.

A)

Figure 5. Scanning electron micrographs showing the sequential build-up of
polyelectrolytes and tobacco mosaic virus (TMV) particles. A) (PEI-PAA), s
TMV, and B) (PEI-PAA),s TMV (PEI-PAA),,. All images were viewed at an accel-
eration voltage of 5 kV with a Zeiss Supra 55 VP FEG SEM; scale bar: 1 pm.

posited for the first TMV layer, thus showing that only a few
particles are binding. This is also reflected in the estimated
layer thicknesses and by UV/Vis spectroscopy, which did not in-
dicate the adsorption of TMV particles when the second layer
was added.

SEM imaging showed that TMV has a dramatically different
architecture compared to that of CPMV (Figure 5). SEM studies
showed that, as in the case of CPMV, a closely packed first
TMV layer was immobilized onto the initial precursor film of
polyelectrolytes; this is in good agreement with the findings
from the QCMD measurements. Strikingly, however, in subse-
quent layers the deposited TMV particles—even after deposi-
tion of 12 interbilayers—were still visible on top of the archi-
tecture. The layer thickness of the intermediate 12 bilayers of
(PEI-PAA) was estimated to be 180.1 nm (based on the Voigt
model™). If stably bound onto the precursor film, the TMV
particles should be completely covered by such a thick film of
polyelectrolytes. The location of the particles on top of the
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film suggests that the particles float through the multilayer
film: they are excluded from the bulk of the multilayer and
appear atop the architecture. These findings are consistent
with the floating behaviour of M13. Although sharing similari-
ties, in being anisotropic rod-shaped particles, M13 and TMV
have very different properties. The longer and thinner M13
particles have dimensions of ~800 nm in length and 6.5 nm in
width. TMV, in contrast, has dimensions of 300 nm in length
and 18 nm in width. In addition, the TMV rod is a stiff particle,
whereas M13 is a flexible, filamentous rod. The net surface
charges of M13 and TMV were negative in both experiments.
The observation that the rod-shaped TMV particles—Ilike M13,
but unlike the spherical VNPs (CPMV, CCMV and CarMV)—float
and are excluded from the architecture is very interesting. This
behaviour could be common to rod-shaped particles. It would
be interesting to incorporate mutations to further determine
the relative contributions of charge and shape toward this be-
haviour.

The floating mechanism can be explained by interdiffusion
of the polyelectrolytes.” It has been proposed that the PAA,
which makes stronger electrostatic interactions with the PEI
than the VNP, induces the separation process by competing
with the VNP, and thus forces the VNP to the surface. Then, ex-
cluded volume and repulsive electrostatic interactions induce
the spontaneous higher ordering on the surface. In addition to
the floating, the particles appeared to be more ordered than
those bound initially. The particles are aligned in patches (remi-
niscent of a smectic crystal). These observations are intriguing
and may offer a starting point for the construction of highly
organized VNP assemblies bound on polyelectrolyte films.

Conclusions

In summary, we have demonstrated that negatively charged
sphere-like and rod-shaped VNPs can be immobilized on poly-
electrolyte assemblies. The assembly mechanisms of multilay-
ered arrays of alternating VNPs and polyelectrolytes were
markedly influenced by the shape of the VNP. Sphere-like
CPMV particles showed rapid adsorption kinetics. Further,
sphere-like VNPs can be incorporated into the architecture;
that is, an alternate structure of polyelectrolytes and VNPs can
be self-assembled. In stark contrast, rod-shaped particles
showed slow adsorption kinetics with inherent dissipative
energy losses; this indicates structural rearrangements in the
array. Most interestingly, TMV particles were found to be float-
ing atop the architecture when further polyions were deposit-
ed on top of immobilized VNPs, and spontaneous ordering on
the surface was observed.

In this paper we have used three independent physical
methods—QCMD, UV/Vis spectroscopy and SEM—in order to
follow LbL assembly. Further characterization methods includ-
ing atomic force microscopy, small angle X-ray scattering,
cross-sectional transmission electron microscopy, Fourier-trans-
form infrared spectroscopy and ellipsometry should in the
future help in providing further insights into the properties of
the assembled arrays. In addition, systematic studies at varying
pH values, as well as the use of VNP mutants with different
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surface properties, would be expected to give further clues
about the mechanisms involved. Last, but not least, a study
that uses spheres and rods formed by the same viral coat pro-
tein would be helpful for explaining whether the “floating”
mechanism is based on the shape of the virion. Even in this
case, however, one would have to keep in mind that although
formed by the same coat protein, subtle differences in surface
charge between sphere and rod might still occur due to differ-
ences in the conformations and orientations of the proteins.

The observed phenomenon that rod-shaped TMV particles
floated on top of the architecture whereas sphere-like CPMV
particles were incorporated into the assembly is interesting
and in good agreement with previous studies with CCMV,
CarMV and M13. This paper, along with previous data, indicates
that the floating behaviour of rod-shaped particles might be
a common feature of such particles. A potential molecular
explanation is that the floating is initiated by interdiffusion of
the polyelectrolytes. The polyelectrolytes rearrange and thus
induce a separation process that forces TMV particles to float
on top of the structure. The question still remains as to why
TMV particles float whereas CPMV particles do not. The most
obvious difference between the two VNPs is their size and
shape. However, although their pls are similar, subtle differen-
ces in surface charge, especially in the local charge distribution
on the capsid surface, will also have an impact on the molecu-
lar mechanisms involved in the binding mode.

In physics, buoyancy, the upward force of an object in a
fluid, is dependent on the density of the fluid and on the den-
sity and the surface area of the object itself. The densities of
CPMV and TMV particles are comparable (~400 gmol™' nm™),
in stark contrast to the surface area—the TMV rod has a sur-
face area of 22200 nm? while that of the CPMV sphere is only
2800 nm?. This large difference of almost an order of magni-
tude would be expected to have a significant impact on the
physical properties of the particles both in solution and when
embedded in flexible and tunable polyelectrolyte multilayers.
Since their structural properties are strikingly different, we hy-
pothesize that the different behaviour of TMV and CPMV parti-
cles in the assembly can be attributed to their structural prop-
erties rather than to their different surface chemistries. This hy-
pothesis is supported by the floating behaviour of M13, which
has a surface area comparable to that of TMV, at 18000 nm?,

VNPs are popular tools for materials science, and we!'®"'”
and others™® have previously demonstrated the feasibility of
VNPs as a platform for chemical modification with a broad
range of molecules, with potential applications that range
from biomedicine to electronics. The incorporation of function-
alized VNPs and polyelectrolytes would be expected to offer
new exciting routes for the design and construction of nano-
structured tuneable films. Therefore, it is important to under-
stand fundamental principles of VNP self-assembly mecha-
nisms in thin films. In the field of nanotechnology it is com-
monly known that materials’ properties are strongly depen-
dent on the size of matter. Now, our data suggest that shape
matters, too.
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Experimental Section

Polyelectrolytes: Poly(ethyleneimine) (PEI, linear, M, 25.0 kDa; Pol-
ysciences) and poly(acrylic acid) (PAA, M,, 90.0 kDa, Acros Scientific)
were used as aqueous solutions (2 mm). NaCl (30 mm) was added,
and the pH was adjusted to pH 5.0.

Virus growth and purification: The propagation and purification
of CPMV virions was performed by standard procedures.”® TMV
particles were provided by Prof. Rainer Fischer (RWTH-Aachen Uni-
versity, Germany). Purified CPMV and TMV particles were stored at
4°C in sodium phosphate buffer (pH 7.0, 10 mm). The concentra-
tion of purified virions was determined by Bradford assay or photo-
metrically. In all experiments the particles were used at a concen-
tration of 1 mgmL™" in sodium phosphate buffer (pH 5.0, 10 mwm).

QCMD studies: The build-up of the hydrated multilayer structures
was characterized with a quartz crystal microbalance with dissipa-
tion monitoring (QCMD, model D300, Q-Sense AB, Vastra Frolunda,
Sweden) with a QAFC 302 axial flow measurement chamber. An
AT-cut piezoelectric quartz crystal (cut at 35° to the y-axis) sand-
wiched between two gold electrodes was used as sensing element.
For all measurements silica-coated QCMD chips were used. The
crystal is excited to its fundamental resonant frequency at ~5 MHz.
The QCMD chips were first immersed and washed several times
with MilliQ water. After stabilization of the fundamental resonance
frequency of the quartz crystal the thin film was prepared by alter-
nate addition of PEl and either PAA or the VNP solution. In be-
tween each deposition step the crystal was washed with MilliQ
water in order to remove any loosely adsorbed polymers or VNPs.
Before and after introduction of VNPs into the system the film was
exposed to the sodium phosphate buffer (pH 5.0, 10 mm). Data
were analysed both approximately by use of the Sauerbrey equa-
tion™ and more precisely by use of a Voigt continuum model™
fitted with the QTools program (Q-Sense AB, Vastra Frolunda,
Sweden).

UV/Vis spectroscopy: For UV/Vis spectroscopy the polyelectrolyte
films were constructed on quartz slides (light path 1 mm). The
slides were immersed in a H,0,/concentrated H,SO, mixture 30:70
(30% w/v) for 1 h at 80°C. This treatment—also known as piranha
etch treatment—leads to the exposure of free silanol groups on
the substrate surface, which was subsequently deprotonated at
pH>3, and resulted in an overall negatively charged surface.””
CAUTION! Piranha is highly corrosive and reacts violently with or-
ganic materials; solutions should be handled with extreme care and
only small volumes should be prepared at any one time. After this
treatment the slides were rinsed several times with MilliQ water in
order to remove the piranha etch solution. The polyelectrolyte
multilayers were constructed as follows: the prepared slides were
immersed in an aqueous PEI solution (2 mm, 30 mm NaCl, pH 5.0)
for 5 min at room temperature, and were then rinsed with MilliQ
water for 2 min. The slides were then immersed in an aqueous PAA
solution (M, 90000, 2 mm, 30 mm NaCl pH 5.0) for 5 min at room
temperature, and were again rinsed with MilliQ water. This resulted
in the formation of a bilayer. These steps were then repeated until
the desired number of layers was achieved. Absorption measure-
ments were obtained for each layer between wavelengths of 200
and 300 nm on a Perkin—-Elmer Lambda 25 spectrophotometer. UV/
Vis measurements were taken after each step in the layer build-up,
after the slides were rinsed in MilliQ water and dried with a stream
of nitrogen.

Scanning electron microscopy (SEM): Either the same slides from
the UV/Vis measurements were imaged, or thin films were pre-
pared by the procedure described above. Films were constructed
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on quartz slides or on glass surfaces after piranha etch treatment.
These samples were then mounted on the surface of an aluminium
pin stub with use of double-sided adhesive carbon discs (Agar Sci-
entific, Ltd., Stansted, UK). The stubs were then sputter-coated
with gold (approximately 15nm) in a high-resolution sputter
coater (Agar Scientific, Ltd.) and transferred to a Zeiss Supra 55 VP
FEG scanning electron microscope (Zeiss, SMT, Germany). The sam-
ples were viewed at 5 kV and digital TIFF files were stored.
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