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Chemistry Challenges in

Kazuhiko Nakatani*®

1. Introduction

Single nucleotide polymorphisms (SNPs) are gene variations
that result from a single nucleotide difference.’™ A single
Watson-Crick base pair in wild-type DNA is replaced by any
one of the other three base pairs in mutant DNA. When an
SNP site is located in a protein-encoding region, the amino
acid sequence of the produced protein may have a chance to
be changed. SNPs in a promoter region may modulate the
transcriptional efficiency of proteins encoded downstream. As
a consequence, a small difference in DNA sequence can result
in a much larger difference in the phenotype of each individu-
al. SNP typing that identifies the base at predetermined poly-
morphic sites in any given DNA sample is envisioned as an es-
sential technology in the near feature for realizing personalized
medicine. Several methods for SNP typing have been studied,
and some of them have already become commercially availa-
ble. Because there is only a one-base-pair difference between
the mutant and wild-type DNAs, it is difficult to differentiate
the two DNAs. Most current SNP-typing techniques are indebt-
ed to the high fidelity of DNA polymerase in primer extension
and flap endonuclease in the digestion reaction of a specific
DNA structure. While the difference between the two DNAs is
only subtle, increasing knowledge and improving technologies
in chemistry and associated fields should lead to a conceptual-
ly new solution in SNP typing. Developing nonenzymatic
methods for SNP typing offers great opportunities and chal-
lenges in chemistry. Among the numerous reports on new
methods of SNP typing, this minireview focuses primarily on
the chemistry basis of newly developed and developing tech-
nologies for SNP typing that do not make use of enzymes,
except for PCR amplification. The methods of nonenzymatic
SNP typing described here show only the tip of the large
number of studies that have appeared in recent scientific jour-
nals. Readers who are interested in general methods of SNP
typing should consult the comprehensive reviews.*™

The SNP typing strategies described in this review were
compared to the principles for allele discrimination, detection
signals, and detection platforms (Table 1). While there is no
standard condition to compare the sensitivity, accuracy, and
performance of each typing method with the others, the
amounts of genome, PCR products, or oligonucleotides de-
scribed for demonstrating the performance of the nonenzymatic
methods in the literature are briefly mentioned in Table 1.

2. An Overview of Enzyme-Coupled SNP
Typing

Most current SNP typing methods utilize enzyme reactions as
a key transformation in a typing scheme because enzyme-cata-
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lyzed reactions show high fidelity in recognition of a single-
base difference between wild-type and mutant DNAs. A single
primer extension with DNA polymerase” and digestion reac-
tions with flap endonuclease!” are the representative key reac-
tions in enzyme-coupled SNP typing. Scheme 1 shows a typical
example of SNPs. The wild-type has an A-T base pair at the
polymorphic site, whereas the mutant DNA has a G-C base
pair.
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Scheme 1. Single-nucleotide polymorphisms. Wild-type DNA (upper) has an A-
T base pair, whereas mutant DNA has a G-C base pair at the polymorphic site.

2.1. Single-nucleotide primer extension

A general scheme for SNP typing with a single nucleotide
primer extension is shown in Scheme 2.
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Scheme 2. Single-nucleotide primer extension of wild-type and mutant DNAs
with labeled ddNTPs.
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Table 1. Comparison of SNP typing strategies.
Typing Principle for allele discrimination Detection signals Detection Advantages and sensitivity Refs.
Methods platform
Enzyme-coupled methods
single primer enzymatic base-sequence recognition in fluorescence and array and ho- suitable for detection by MALDI-TOF [7,8,11-13]
extension primer extension mass spectrome- mogeneous
try
Invader sequence specific cleavage by Flap fluorescence homogeneous commercially available [10]
assay® endonuclease
TagMan allele-specific hybridization fluorescence homogeneous commercially available [14,16]
assay®
molecular in- allele-specific gap-filling reactions fluorescence array typing both alleles with single MIP probe.  [19]
version probe Use four enzymes.
Nonenzymatic methods
strand hybridization kinetics accelerated by cation fluorescence homogeneous a unique discrimination principle. 80-mer [22]
exchange comb-type copolymer single-stranded target (0.6 pmol)
redox-active  allele-specific hybridization with a combina-  differential pulse array commercially available, 0.2 pmol of PCR [24,25]
intercalator  tion of duplex-selective drug binding voltammetry products
charge low efficiency in charge transport through chronocoulometry array signal enhancement by catalytic redox [27-29]
transport base mismatches cycles. ~10° duplexes could be detected.
Magi Probes® modulated intercalative binding of quencher  fluorescence homogeneous 30 pg of genomic DNA was used in real- [30]
by the neighboring base pairs array time PCR assay
modified modulation of microenvironment of fluoro- fluorescence homogeneous oligomer duplex (~2 um) was used for [34-36]
nucleotide phore upon hybridization, base discrimination array homogenous assay
bases by hydrogen bonding
mismatch recognition of base mismatches in hetero- surface plasmon  array and free from oligonucleotide labeling, mini- [37,40-43]
binding li- duplexes by specific binding of ligands resonance micro channel mum sample (27-mer duplex) was
gands (MBL) 1~10nMm in100 pL (0.1~1 pmol)

The probe primer that is common for both the target 3'—C-C-T-G-A;G-G-$-G— 5 ¥ _ccoT6le G-G-A-G— 5
wild and the mutant targets hybridizes on the 3’ side RN H IR IR R R
to a polymorphic site. For the fluorescence detection :;;?;er - Sl Igv?\'C'T'C_ ;Ergg:er Cihataierid 2 R R
method, dideoxynucleotide triphosphates (ddNTPs) flap 1]
that are to be incorporated into a primer are labeled e cleavage site
with fluorescent dyes that have different emission by flap endonuciease
maxima. In the primer extension, ddTTP is incorporat- —
ed into the 3’ end of the primer hybridized to the FRET ®
wild-type, whereas ddCTP will be incorporated into ,_": ® _ /
the primer hybridized to the mutant. Observation of R \]QJ“HZ 5 'Iq' " 5
fluorescence specific to ddTTP or ddCTP in the ex- probe'\h_, - t\

tended primer defines the base at the polymorphic
site. Alternatively, the extended products can be di-
rectly analyzed by matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-
TOF-MS).B""""3) MALDI-TOF-MS is capable of ionizing DNA with-
out producing fragments, and can determine the molecular
weight of the elongated primer. Because the mass difference
between two primers into which T and C are incorporated at
the 3’ end is only 15 Da, separation of the two products needs
high resolution. Chemically modified ddNTPs with molecular
tags are used to increase the mass difference between the
products and, hence, to gain unambiguous typing results. In
this respect, ddCTP and ddTTP labeled with different fluores-
cent dyes could also be used for MALDI-TOF-MS detection.

2.2, Invader® assay

One method that effectively uses the enzyme reactions in SNP
typing is Invader® assay (Figure 1)."” The assay utilizes two oli-
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Figure 1. Schematic representation of the Invader® assay.

gonucleotides, called “reporter” and “invader” probes, and an
enzyme called flap endonuclease. The reporter probe consists
of an allele-specific sequence and an additional sequence
called a flap at the 5’ side of the probe. The reporter probe hy-
bridizes to the target on the 5’ side to the SNP site at the
allele-specific sequence. The flap sequence is not related to
the target sequence at all. The invader probe is also allele spe-
cific and hybridizes to the 3’ side to the SNP site. The nucleo-
tide at the end of the invader probe is located just opposite
the nucleotide to be identified in the target. When the invader
and the reporter probes, which are both specific to the wild-
type, hybridize to the wild-type DNA, two thymine bases are
located opposite the adenine at the SNP site. In contrast, a cy-
tosine base in the reporter probe and a thymine base in the
wild-type specific invader probe are located opposite a gua-

ChemBioChem 2004, 5, 1623 - 1633
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site the SNP site. In Invader | l

assays, the cleaved flap sequence

is designed to be another invad- g C-C-T-GAGGAG—® e ceTeEEEAG—

er probe in a signal-producing
system. The flap sequence in the
second reporter probe (FRET
probe) is labeled with a fluores-
cent dye. The fluorescence of the
dye is quenched by fluorescence
resonance energy transfer (FRET)
to the quencher attached to the stem part in the reporter
probe. Cleavage of the flap in the FRET probe by the flap en-
donuclease results in the disruption of FRET, and thus an in-
crease in the fluorescence. As a hybridized complex produced
from the FRET probe specific to the wild type is not recognized
by the enzyme, the intensities of the fluorescence signals do
not increase. Cleavage of the flap is a catalytic process, and
the cleaved probe can be displaced by other reporter probes.
In principle, it is conceivable that Invader assays could be car-
ried out without PCR amplification of the target prior to the
assay.

@G

Figure 2. The TagMan® assay.

2.3. TagMan® assay

Another important method of enzyme-coupled SNP typing is
TagMan® assay (Figure 2)." This assay is a kind of allele-specif-
ic hybridization method" coupled with PCR amplification. In
addition to a primer set for the PCR reaction, this assay uses
TagMan probes that are allele specific and labeled with fluores-
cent dyes and quenchers. The TagMan probe hybridizes to the
sequence containing the polymorphic site in the target. In the
hybrid, the fluorescence of the dye is quenched by FRET. A
primer hybridizes to the 3’ side to the polymorphic site and is
elongated by the Tag polymerase. During the polymerase reac-
tions, the TagMan probe is replaced by an elongating primer
and digested by exonuclease activity of the polymerase; this
results in the termination of FRET by separation of the fluores-
cent dye from its quencher. The TagMan probe specific to the
wild-type DNA does not hybridize to the mutant DNA, espe-
cially in the presence of the competitive mutant specific
probe, and, therefore, will not be digested by the enzyme in
the absence of the consensus target DNA. Because the first
step of this assay is the allele-specific hybridization (discussed
in detail in Section 3), discrimination between wild-type and
mutant targets by the probe was done by thermodynamic dif-
ference between a fully matched duplex from a single mis-
match duplex. In the case of A-T-rich target sequences, the
probe length should be long enough to gain thermal stability
of the probe-target duplex; this makes the FRET efficiency de-
crease due to a long distance between fluorophore and
quencher. In order to circumvent these difficulties by increas-
ing the difference in the thermodynamic stability between

ChemBioChem 2004, 5, 1623-1633  www.chembiochem.org
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matched and mismatched duplexes without increasing the
probe length, an improved method utilizing an MGB (minor-
groove binder) probe has been developed."

2.4. Ligase-assisted assay

Ligase-assisted assay is one of the important methods for
enzyme-coupled SNP typing."”""® A unique typing method that
involves circular DNA formation by a combination of gap-fill
polymerization and a subsequent ligation has been devel-
oped."” The assay uses molecular inversion probes (MIPs;
Figure 3). The MIP consists of two regions hybridized to the

) 5
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H2 X2 Tag P2 X1 P1 H1
4
hybridization |
Y Tag P2 X1 P1
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Figure 3. The molecular inversion probe assay.
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target sequence (H1 and H2), two primer sites (P1 and P2), and
a Tag sequence hybridized to the arrayed sequence in the de-
tection step. The sites and X1 and X2 are incorporated to
cleave the circularized probe. X1 in the Figure denotes a uracil,
which is removed by uracil DNA glycosylase. Upon hybridiza-
tion of MIP to the target, a gap appears between H1 and H2
and located opposite the polymorphic site. The gap is filled by
polymerization with each one of four dNTPs followed by liga-
tion to produce a circular probe. The gap is not filled with un-
complimentary dNTPs to the nucleotide base at the polymor-
phic site. The remaining probes in a linear form are digested
by exonuclease treatments. Having completed the selection,
the circularized probe is cleaved at the X1 site (uracil) by uracil
DNA glycosylase; this makes the probe inverted to the linear
form, with two primer sites being located at each termini. The
inverted probe is amplified by PCR and hybridized to the ar-
rayed sequence at the Tag sequence. Hybridization is detected
by use of a fluorescence-labeled oligonucleotide complemen-
tary to one of primer sequence. This assay needs only one
probe for typing two alleles, thus making multiplex genotyp-
ing extremely simple.

3. Issues in Nonenzymatic SNP Typing

The major advantage of enzyme-coupled SNP typing is the
high fidelity of the base sequence recognition. This implies
that nonenzymatic SNP typing methods should be comparable
in their ability to recognize base sequences or should use
other principles for the efficient discrimination of the mutant
DNA from the wild-type. Allele-specific hybridization™ is a
standard method employed in nonenzymatic discrimination of
the mutant from the wild-type. This method utilizes allele-
specific oligonucleotides (ASO) that hybridize to the target se-
quences containing the polymorphic site. Hybridization of ASO
that is specific to the wild-type target produces a fully
matched duplex, whereas a duplex containing a single mis-
matched site would be produced upon hybridization with
mutant DNA. The two duplexes exhibit a different thermody-
namic stability due to the presence of a single mismatched
site, showing a lower melting temperature (T,,,) for the mis-
matched duplex than the T, of a fully matched duplex. Under
appropriate conditions, a mismatched duplex can be denatured
to single strands whilst keeping the most part of the fully
matched duplex in a duplex form. With a fluorescently labeled
target and ASO immobilized to the solid surface, a labeled
target in a mismatched duplex could be washed away from the
surface and a fully matched duplex can be easily detected.

One critical issue in the ASO hybridization method is the dif-
ficulty in choosing the appropriate conditions for hybridization
that discriminate a fully matched duplex from a single mis-
matched duplex. To circumvent the issues, a new SNP scoring
method, dynamic allele-specific hybridization (DASH) has been
developed.” In simultaneous and multiple SNP-typing for-
mats, the hybridization conditions are especially difficult to set
up for the many different ASOs of varied sequences. Careful se-
lection of the sequence and G-C contents to make the ther-
modynamic stability of the producing duplexes consistent is
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essential for the design of large multiplex assay formats. Thus,
discrimination of matched and mismatched duplexes by their
thermodynamic stabilities is not likely to be a useful chemical
basis for nonenzymatic SNP typing.

Another important issue regarding nonenzymatic SNP
typing is cost. Most typing methods utilize fluorescence detec-
tion, which requires fluorescent labeling of either the target
DNA or hybridization probes. Fluorescent labeling of target
DNA can be easily carried out during PCR amplification with
fluorescently labeled dNTPs or primers. The latter could be syn-
thesized by standard oligo DNA synthesis with fluorescently la-
beled phosphoramidites. However, fluorescently labeled dNTPs
and phosphoramidites are expensive, and potentially increase
the total costs of SNP typing. Chemically modified DNA
oligomers may be used as a substitute for ASO in nonenzymat-
ic SNP typing,””" but the cost of custom syntheses of these
modified probes and their quality control would be potentially
an impediment for general use. The use of unlabeled oligo-
mers is one of the ultimate chemistry challenges.

The last issue in nonenzymatic SNP typing is the necessity
for PCR amplification prior to the assay. As discussed above, In-
vader assay could be carried out without PCR amplification of
the target DNA prior to the assay because digestion of the
specific DNA complex is enzyme catalyzed. Amplification of
the target DNA is not possible without the enzyme. Under low
concentrations of the target DNA, the signal intensity remains
weak. One possible solution to this issue is to amplify the de-
tecting signal instead of amplifying the sample DNA. In this re-
spect, electrochemical detection is an attractive approach be-
cause of the high sensitivity and possible signal amplification.

It is important to note that two oligonucleotide primers are
needed as long as PCR is used prior to the assay. Thus, ASO
and other methods using any type of allele-specific hybridiza-
tion probes require at least two additional oligonucleotides.

4. Nonenzymatic SNP Typing Methods
4.1. Strand-exchange methods

As discussed in a previous section, it is difficult in practice to
define the hybridization conditions for SNP typing by ASO hy-
bridization,”” especially for large-scale and simultaneous assay
formats. A unique SNP-typing method employing a kinetic
rather than a thermodynamic differentiation of a fully matched
duplex from a single mismatched duplex has been reported
(Figure 4).?2 The method is based on the discovery that a
cation comb-type copolymer (CCTC) accelerates the strand ex-
change of a fully matched duplex with a matched complemen-
tary strand but not with a single mismatched strand. The
method utilized a double-stranded probe, in which one strand
was labeled with FITC (fluorescein isothiocyanate) and the
other complementary strand was labeled with carboxytetra-
methylrhodamine (TAMRA). In the double-stranded probe, the
fluorescence of FITC was suppressed by FRET to TAMRA. The
double-stranded probe was incubated with the target sample
that can hybridize to the FITC-labeled strand by displacing the
TAMRA-labeled strand. CCTC accelerates the strand-exchange

ChemBioChem 2004, 5, 1623 - 1633
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Figure 4. Strand-exchange methods with unlabeled targets.
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ferrocenyl groups is located one in a minor and the
other in a major groove of DNA; thus dissociation of
the intercalators from the duplex is 100 times slower
than from single-stranded DNA. This results in an in-
crease in binding selectivity of this intercalator to the
duplex. As binding of the ferrocenylnaphthalene di-
imide to single-stranded DNA increases the back-
ground current level, duplex selectivity for the inter-
calator is essential to discriminate the duplex from
single-stranded DNA. In this regard, the amount of
the mismatched duplexes should be kept to a mini-
mum by choosing appropriate washing conditions,
because the intercalator potentially stabilizes both
the mismatched and matched duplexes. Hybridiza-

| [ [ ; I !
fully complementary to the FITC-labeled strand. ? E ? pe E ! ?. $
Strand exchange resulted in an increase in the fluo- c G---C G---C : ¢
rescence intensity of FITC by termination of FRET. The g A allele 2 $ ® hd ® 2 TC". ? A
time-course measurements of increasing intensity de- ¢ hybridization  G---C wash G i.‘. " C |
termine the allele type. g g ) g o E by : g

G C--G C---G ; G
4.2. Electrochemical detection
Due to the expected high sensitivity and capability : i
for signal amplification, electrochemical detection of ~— ASO-immabilized G allele
SNP is an attractive option and has been intensively pddeqpe: . T
studied. An excellent review has appeared recently.” o
The strategies for SNP typing by electrochemical de- O N_.O ST H)\‘? Aeama
tection have been classified into five categories: e b=
1) direct and 2) indirect DNA chemistry, 3) DNA-spe- 4 @ d < ceImey G allele
cific redox indicator detection, 4) nanoparticle-based N0 H  Fe
electrochemistry amplification, and 5) DNA-mediated N, N—"N
charge transport. The advantages and disadvantages - 9 T m_'_

of each strategy were discussed in detail in the
review.

As the purine bases can be electrochemically oxi-
dized, the amount of free purines determined by ad-
sorption-stripping voltammetry can be used as an index of the
amount of the captured target DNA by ASO hybridization. The
indirect method utilizes electrochemical mediators for the oxi-
dation of guanine bases. Polypyridyl complexes of Ru" and Os"
have been successfully used for this method.”® Since these
methods are based on ASO hybridization, difficulties associated
with ASO hybridization methods are inherently involved. As an
analogy with fluorescent labeling, chemical labeling of ASO
with electrochemically active reporter molecules has also been
studied for SNP typing.

4.2.1. Methods using DNA-binding ligands with redox-active mol-
ecules: Instead of direct labeling of ASO, an alternative method
that makes use of a DNA intercalator containing redox-active
reporter molecules has been studied (Figure 5).*** Takenaka
etal. have synthesized an intercalator naphthalene diimide
tethered with two ferrocenyl groups. Upon intercalation of
naphthalene diimide into the DNA duplex, each pair of bulky

ChemBioChem 2004, 5, 1623-1633  www.chembiochem.org
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Figure 5. Electrochemical detection with ferrocenylnaphthalene diimide.

tion of ASO immobilized on a gold electrode to the target
DNA can be monitored by current responses from the ferro-
cenylnaphthalene diimide intercalated into the duplex.

4.2.2. Methods based on charge transport through the DNA -
stacking: Electrochemical labeling of ASO and intercalators has
been used to determine the amount of DNA and whether it is
double-stranded or single-stranded. On the basis of DNA-medi-
ated charge-transport studies,” a unique method sensing the
structural perturbations of the m-stacking at the SNP site has
been developed.”” It has been demonstrated that disruption
of the m-stacking of base pairs significantly reduces the
charge-transport efficiency through DNA.?® Charge transport
was selectively terminated at the mismatched base pairs,
where the duplex m-stacking was structurally perturbed.
Barton and co-workers utilized a densely packed duplex mono-
layer immobilized on a gold electrode, where the DNA duplex
was expected to orient itself in an upright position on the
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Figure 6. Electrochemical detection by charge transport through duplex zt-stacking.

gold surface due to the high DNA density (Figure 6). For the
monolayer, the binding of DNA intercalators was primarily re-
stricted to the top of the surface. They used methylene blue
(MB+) as a redox-active DNA intercalator and coupled the
electrochemical reduction of methylene blue with the electro-
catalytic reduction of ferricyanide by the reduced form of
methylene blue (leucomethylene blue, LB). In the electrocata-
lytic cycle, electrons flow from the gold electrode to methylene
blue through the duplex m-stacking to produce leucomethyl-
ene blue. Ferricyanide ions in the solution were then reduced
by leucomethylene blue at the surface to regenerate methyl-
ene blue. When a mismatched duplex is produced on the gold
electrode, the electron flow from the electrode is disturbed at
the mismatched site due to improper stacking of the mis-
matched base pair to the neighboring base pairs. It was re-
ported that the presence of the mismatch caused a sixfold
decrease in the electrocatalytic current.””

4.3. Chemically modified fluorescence-probe methods

4.3.1. Based on FRET chemistry: Oligomers that have a fluores-
cence probe and intercalating quencher in close vicinity on the
same strand have been developed for discriminating a perfect-
ly matched duplex from a singly mismatched duplex
(Figure 7).B% In a single-stranded state, the fluorescence of
fluorescein was quenched by a quencher pyrene. When hybri-
dized to the perfectly matched sequence, pyrene intercalated
into the duplex; this resulted in the emission of fluorescence
from fluorescein due to the disruption of FRET. In the case of
hybridization with a mismatched sequence, pyrene intercala-
tion is inhibited by the mismatched base pair. As a conse-
quence, the fluorescence remains quenched. These probes
have been termed MagiProbe®. The performance for match-
mismatch discrimination is modulated by the ability of the in-
tercalative binding of the quencher.

4.3.2. Modified nucleotide-base methods: Fluorescent nucleo-
tide-base analogues have been investigated as probes report-
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ing dynamics of DNA.®" Because the fluorescence is
sensitive to the microenvironment surrounding the
fluorescence chromophore, these nucleotide base an-
alogues have been utilized to report the hybridiza-
tion. 3-Methyl isoxanthopterin (3-Ml) has been syn-
thesized and incorporated into oligonucleotides
(Scheme 3).%% With a combination of bulge-forming

hybridization, the fluores-
o}
ikaN,CHs
B
HOo_ O7 °N N)\NHZ
e

cence of 3-MI incorporat-
OH

ed into oligonucleotides
showed a 27-fold in-
crease compared to the
single-stranded state. It is
reported that the fluoro-
phore bulged out from
the double strand upon
hybridization; this result-

Scheme 3. Fluorescent pteri-
dine nucleoside.
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Figure 7. FRET detection by modified ASO.

ed in increased fluorescence because the quenching of the
fluorescence by the neighboring bases was no longer effec-
tive ¥

A series of novel modified nucleotide bases that emit fluo-
rescence when they hybridize to a specific nucleotide base
has been reported (Scheme 4).*¥ Methoxybenzodeazaadenine
(MPA) emits fluorescence at 397 and 427 nm upon excitation at
330 nm with a quantum yield of 0.118. When MPA was incorpo-
rated into single-stranded DNA oligomers, the fluorescence
was very weak. In a fully matched duplex in which thymine
was located opposite MPA, the fluorescence was also weak.
However, the fluorescence became 100 times stronger when
cytosine was incorporated opposite “PA than was observed in
fully matched duplexes. Methoxybenzodeazainosine (*°l) has
similar fluorescent properties. It emits fluorescence at 424 nm
in a duplex in which thymine is located opposite "°I. With the
ASO incorporating these modified bases, SNP typing of the
human breast cancer 1 gene has been demonstrated. The dif-
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Scheme 4. Fluorescence nucleotide bases.

ference between this method and conventional SNP typing
with ASO hybridization is that thermodynamic discrimination
of matched and mismatched duplexes is unnecessary. As dis-
cussed above, the fluorescent labeling of ASO has the impedi-
ments of the cost of synthesis and the need for many kinds of
labeling oligomers in practice. In addition, the quenching of
fluorescence of these modified bases by the neighboring gua-
nine limits the applicable sequence. While solutions for these
issues are essential, the method is potentially suitable for the
homogeneous-assay format of multiple high-throughput SNP
typing. Different types of artificial nucleosides containing pyre-
necarboximide (PU), which allow fluorescent quenching by the
neighboring guanines to be circumvented, have been report-
ed.? The PU-A base pair emitted strong fluorescence at
397 nm upon excitation at 327 nm, whereas the fluorescence
from PU-N (N=C, G, or T) was considerably weaker. The fluo-
rescence of the ™U-A base pair was not quenched by a flank-
ing G-C base pair. The group also developed pyrenecarboxi-
mide-labeled cytidine.?®

The fluorene-modified uridine (Scheme 5) incorporated into
the loop region of the hairpin duplex has been used for SNP
typing.®¥ Upon hybridization with a perfectly matched target

—]

I

N

HO. O N

o

OH

@]

Scheme 5. Fluorene-modified uridine.

to produce a "U-A base pair, the intensity of fluorescence at
425 nm by excitation at 340 nm showed a 2.2-fold increase. In
contrast, the formation of a "U-C mismatched base pair result-
ed in a 0.15-fold decrease in the fluorescence intensity. The
authors claimed the discrimination factor to be 14.7. It is note-
worthy that the fluorescence of U was not quenched by the
flanking G-C base pairs.

4.4. Methods based on mismatch-binding ligands

4.4.1. Heteroduplex analysis: We® ¥ and others™*** have pur-
sued a completely different approach to chemical SNP typing
from those utilizing chemically modified ASO or ASO-immobi-
lized surfaces as discussed above. One of the challenges we
have focused on is the reduction and eventual redundancy of
labeled oligonucleotides for analysis. The expense of the fluo-
rescent labeling of oligonucleotides and PCR products, the syn-
thesis of chemically modified ASO, and the covalent immobili-
zation of ASO to the surfaces potentially limit their applications
in SNP typing. The principle of SNP typing we have focused on
is heteroduplex analysis,””’ which is well recognized as a
method for mutation detection. We have developed an inte-
grated heteroduplex analysis by combination with mismatch-
binding ligands (MBL). Standard wild-type DNA and test DNA
extracted from patients’ blood were mixed and simultaneously
amplified by PCR with one primer set. Note that the two DNAs
can be amplified with the same primer set, because wild-type
and mutant DNA have the same primer sequence. After PCR
amplification, the produced duplexes were denatured and
then annealed. As the duplexes produced from test and stan-

dard DNA samples differed from

sample for A " & each other by a single nucleo-

SNP typing T e tide sequence, hybridization of

forward primer — L reverse primer Lﬁ_— I >.< I two sets of duplexes produces
—_— denaturing ..

e ' G DNA heteroduplexes containing

standar . . I .

T c -

(wild type) S —— a single mismatched site in addi

tion to the completely matched

homoduplexes (Figure 8). Mis-

homoduplex heleroduplex match-containing duplexes can

S W— be separated from homoduplex-

i i AL AL es either by gel electrophoresis

snoeding: . M mismatched and chemical and enzymatic

s G[__ base pair cleavages at the mismatched

'Cffi L : _l_"' L site or by selective capture with

Figure 8. Schematic representation of heteroduplex analysis.
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mismatch-binding proteins.
While these heteroduplex analy-
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ses as applied to low-throughput screening are essentially free
from oligonucleotide labeling, new technologies for high-
throughput analyses are yet to be established. Mismatch-bind-
ing ligands that selectively bind to a mismatched site in hetero-
duplexes could replace mismatch-binding proteins and bring
an innovation to heteroduplex analyses.

4.4.2. Mismatch-binding ligands: We have so far succeeded in
developing three MBLs (Scheme 6). The naphthyridine dimer
(ND),"”*8 which consists of two 2-amino-7-methyl-1,8-naph-
thyridines and a linker connecting the two chromophores,
strongly and selectively binds to guanine-guanine mismatches.
The dissociation constant (K ) for the 1:1 complex of ND and

Ao~ A AL

S 0 ) s o
Py o8
H H
NH NH
H H
ol By N NN AN
-1 N © A o]
X

Scheme 6. Mismatch binding ligands (MBL) a) naphthyridine dimer (ND),
b) naphthyridine-8-azaquinolone (NA), c) aminonaphthyridine dimer (amND).

the G-G mismatch in the 5-CGG-3'/5-CGG-3' sequence was
about 100 nm by isothermal titration calorimetry. Naphthyri-
dine azaquinolone (NA)"" in
which one naphthyridine chro-
mophore in ND was replaced by
8-azaquinolone, showed affinity ;
selective to the guanine-adenine
mismatch. The affinity and stoi-
chiometry for NA binding to

K. Nakatani
a)
X X ~ ~
NN
|i| Z

H A
N
e Q(
JN
W
Scheme 7. Possible hydrogen bonding between a) naphthyridine and guanine,
b) 8-azaquinolone and adenine, and c) protonated naphthyridine and cytosine.

nine. The aminonaphthyridine chromophore is not comple-
mentary to cytosine in the hydrogen-bonding surface, but is
thought to be protonated at pH 7, thus producing the comple-
mentary hydrogen-bonding surface to that of cytosine.*" The
resulting pseudo base pairs between MBL and the mismatched
base pairs would be stacked by the flanking base pairs in a
duplex m-stack, resulting in formation of stable MBL-DNA
complexes.

4.4.3. Surface plasmon resonance assay with an MBL-immobilized
sensor: We have developed novel sensors for a surface plas-
mon resonance (SPR) assay to detect the mismatch duplexes.
The mismatch-detecting sensors were prepared by immobiliz-
ing MBLs on the surface of commercially available SPR sensor
chips (Figure 9). SPR detects the change in the refractive index
caused by variation of the mass on the sensor-chip surface, for
example, when the analyte binds to the immobilized ligand on
the surface.® The change in SPR signal, termed the SPR re-
sponse presented in resonance units (RU), is directly related to
the change in surface concentration of biomolecules. An SPR

sequence flanking the mismatch.

G-A mismatches depend on the % =
The aminonaphthyridine dimer ]

b ! mismatch DNA

g |
© 0.
W
=
.. : :
L =

\--_E_ g e match DNA
% 5 ’

Tmels ——

(@amND),*" in which two naph-
thyridine  chromophores are
tethered by an alkyl linkage,
showed preferential binding to
mismatches that consisted of two pyrimidines, especially cyto-
sine—cytosine mismatches. Each of the three chromophores in
these MBLs has a hydrogen-bonding surface complementary
to that of a target nucleotide base in the mismatched base
pairs. Upon binding of these MBLs to the target mismatch, the
chromophores produce a hydrogen-bonded pair with the mis-
matched bases (Scheme 7). The naphthyridine chromophore,
having an acceptor-acceptor-donor alignment of hydrogen-
bonding groups, is fully complementary to that of guanine,
whereas a surface with an acceptor-donor-acceptor align-
ment, as in 8-azaquinolone, is complementary to that of ade-
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Figure 9. An image of the MBL-immobilized SPR sensor and simulated SPR responses to DNA.

response of 1000 RU is equivalent to a change in surface con-
centration of 1 ngmm™2 Thus, the density of immobilized li-
gands on the surface and amount of analyte bound to the sur-
face can be calculated from the difference in SPR response
before and after the analyses. The SPR signal is monitored con-
tinuously, so that chemical interactions between ligand and
DNA can be studied in real time. MBLs were attached to an
adapter linker at the secondary amino group by an alkyl link-
age. Acylation of the amino group increased the rigidity of the
linker and resulted in a decrease in affinity for the mismatch.
The resulting tertiary amino group is protonated at a neutral

ChemBioChem 2004, 5, 1623 - 1633
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Figure 10. SPR analyses of a) G-G, G-A, and G-T mismatches containing 27-
mer duplexes and b) G-G mismatch containing duplexes with ND-immobilized
sensor.

pH and, hence, increases the attractive electrostatic interac-
tions between the ligand and DNA. The terminal amino group
of the adapter linker could be attached to the carboxyl group
tethered to the SPR surface either directly or by way of a poly-
(ethylene oxide) (PEO) linker. Increased signal intensities in SPR
analyses were observed by incorporating PEO linker units.*?
The ND-immobilized sensor surface produces an intense SPR
response selective to the duplex containing a single G-G mis-
match (Figure 10a)."” Weak SPR responses were obtained for
G-A and G-T mismatches, whereas the fully matched duplex
showed an insignificant response under the same conditions.
The observed mismatch selectivity is quite consistent with the
results obtained by the thermodynamic stabilization of the
mismatch by ND. 27-mer duplexes 5-d(GTTACAGAATCTVG-
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WAAGCCTAATACG)-3'/3"-d(CAATGTCTTAGAXGZTTC GGATTA -
TGC)-5" containing G-G mismatches with all possible flanking
sequences were analyzed by an ND-immobilized sensor surface
(Figure 10b). The results showed that binding of ND to G-G
mismatches was affected by the base pairs flanking the mis-
match. G-G mismatches flanking G-C base pairs showed stron-
ger SPR responses than those flanking A-T base pairs. This
is most likely due to a stabilization of the pseudo base pairs
by stacking with the flanking G-C base pairs. As the fully
matched duplex showed only an insignificant response, G-G
mismatches could be detected with an ND-immobilized sensor
surface irrespective of the flanking sequence. With incorpora-
tion of three PEO units in the linker, we could successfully
detect a G-G mismatch in the 27-mer duplex at a concentra-
tion of 1 nm.

The NA-immobilized sensor showed affinity for the G-A mis-
match and also for the G-G mismatch with lower efficiency
(Figure 11a).% This is most likely due to a possible tautomeric
2-hydroxy-1,8-naphthyridine form of 8-azaquinolone, which
has a hydrogen-bonding surface partially complementary to
that of guanine. In contrast to the strong ND binding for all
G-G mismatches, NA binding to G-A mismatches was found
to be highly sequence dependent. SPR analyses of 27-mer du-
plexes containing a G-A mismatch with the NA-immobilized
sensor surface showed that G-A mismatches in the sequence
of 5-TGG-3'/3'-AAC-5', CGG/GAC, TGC/AAG, GGA/CAT, AGG/
TAC, and AGA/TAT could be detected, but it was not possible
to differentiate G-A mismatches in other sequences from the
fully matched duplex (Figure 11b). Highly sequence-dependent
binding of NA to the G-A mismatches implies that NA binding
involves interactions not only to the G-A mismatch but also to
the base pairs flanking the mismatch. Because sequence-de-
pendent binding of MBLs to the mismatch is a drawback with
respect to SNP typing, an improved molecular design is neces-
sary for the MBLs that strongly bind to the G-A mismatches.

The amND-immobilized surface showed a strikingly different
binding property from ND- and NA-immobilized surfaces with
respect to the detectable mismatches (Figure 12a).*" A C-C
mismatch showed an intense SPR intensity, whereas the fully
matched duplex failed to produce any significant SPR. In addi-
tion to the C—C mismatch, a C-T mismatch also produced a
significant SPR signal with reduced efficiency. Substitution of
an acyl linkage in ND with an alkyl linkage in amND dramati-
cally changed the preference of the MBL from purine to pyri-
midine mismatches. In amND, the naphthyridine chromophore
was electron rich and susceptible to protonation at neutral pH.
When the C-C mismatch duplex was analyzed with the amND-
immobilized surface at pH 8, SPR signals were found to be
very weak compared with the signal at pH 7. SPR analyses of
27-mer duplexes containing C-C mismatches with an amND-
immobilized sensor surface showed a sequence dependence
for the amND binding (Figure 12b). Again, C-C mismatches
flanking the G-C base pairs produced a stronger SPR signal
than those flanking A-T base pairs. As the background signal
due to a fully matched duplex was extremely weak, all C-C
mismatches irrespective of flanking base pairs could be detect-
ed by the amND-immobilized surface.
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Figure 11. SPR analyses of a) G-A and G-G mismatches containing 27-mer
duplexes and b) G-A mismatch containing duplexes with NA-immobilized
sensor.

There are eight mismatched base pairs. It is desirable for
MBL-based heteroduplex analyses to have eight different li-
gands that selectively bind to one mismatch. But, as shown in
Figure 8, two heteroduplexes with different mismatches are si-
multaneously produced. Thus, at least four binding ligands are
necessary for complete SNP typing. The molecular design of
ligands targeting other mismatches is currently in progress in
the laboratory.

5. Future Perspectives

How many SNPs should be typed for the diagnosis of a partic-
ular disease in the future? The number of SNPs is an important
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Figure 12. SPR analyses of a) C-C and C-T mismatches containing 27-mer
duplexes and b) C-C mismatch containing duplexes with amND-immobilized
sensor.

factor for the typing methods. A large-scale typing is suitable
for the array format, whereas an homogeneous assay format
would have an advantage for small-scale typing. We do not
have an obvious answer yet. This is partly because a precise
specification of the methods required for practical SNP typing
is not obvious at this moment. But surely it depends on the
type of disease; either common diseases or genetic diseases,
polygenic or monogenic. Therefore, it is probable that not one
but several typing methods will be used in different situations,
depending on the practical demands, target diseases, and also
size of the samples. Efforts in the chemistry area toward devel-
oping new and effective methods of nonenzymatic SNP typing
are essential and should be continued. Among the many pro-
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posed methods based on diverse concepts and principles,
really useful and practical methods will be necessarily selected.
An important issue for all SNP typing, not only for enzyme-
assisted but also for nonenzymatic methods, is the necessity of
a large number of oligonucleotides for the assay. PCR amplifi-
cation needs two primers. ASO hybridization needs another
two hybridization probes. Therefore, for the typing of one SNP
based on allele-specific hybridization, at least four oligonucleo-
tides are needed. Assuming that tying of 100 SNPs was neces-
sary for the particular disease, the number of oligonucleotides
needed for the assay would be 400. As long as the assay used
PCR amplification and oligonucleotide probes, we could not
reduce this number and, consequently, the cost necessary for
synthesis and a complicated handling of many oligonucleo-
tides. The ultimate technology we should pursue is the direct
detection of the nucleotide at the polymorphic site in the
genome without amplification and usage of oligonucleotide
probes. To achieve this goal, cooperation with scientists in
other areas is essential. The author wishes that this short
review would be an opportunity to begin a new collaborative
work between chemists and scientists in other disciplines.

Keywords: alleles DNA mismatch-binding
oligonucleotides - single nucleotide polymorphisms
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Novel Activators of the Tumour Suppressor p53

Nils Sunder-Plassmann and Athanassios Giannis*

The investigation of new possibilities for
the therapy of malignant diseases has
been the focus of scientific interest for
many years. During the last decades nu-
merous drugs have been discovered,
and cancer treatment is not imaginable
without them. They include DNA-damag-
ing agents, mitosis inhibitors, antime-
tabolites, topoisomerase inhibitors and,
more recently, inhibitors of signal trans-
duction. Furthermore protein—protein in-
teractions play a vital role in cellular me-
tabolism and cell proliferation.' Hence,
inhibitors of some carefully selected pro-
tein—protein interactions are considered
as novel cytostatic agents.

The tumour-suppressor protein p53
plays a paramount role in the develop-
ment of malignant tumours. Approxi-
mately half of all human tumours con-
tain a mutated form of the correspond-
ing gene. p53 is a transcription factor
that ensures cell-cycle arrest or apoptosis
when DNA damage occurs. If the func-
tion of p53 is completely disabled or
even restrained, the cell lacks this impor-
tant ability of cell-cycle control. This can
lead to uncontrolled proliferation and
ultimately to cancer.

The inactivation of p53 is often caused
by a mutation of the gene itself. Howev-
er, a study showed that in about 7% of
examined tumour tissues, the function
of p53 is compromised by an increased
activity of its main negative regulator,
the mouse double minute 2 (Mdm2) pro-
tein.? Mdm?2 is characterised by E3-ubig-
uitin-ligase activity towards p53.”! De-
pending on the degree of ubiquitination,
p53 is either immediately degraded by
proteasomes or transported out of the
nucleus into the cytoplasm, where it
is degraded proteasomally.® Moreover,
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Mdm2 binds to the transactivation site
of p53 and thus inhibits its ability to acti-
vate transcription. With the aid of these
mechanisms, p53 activity is maintained
on low levels under unstressed condi-
tions. Furthermore transcription of the
Mdm2 gene is stimulated by p53, lead-
ing to an elevated Mdm2 level. The
result is a feedback loop that adjusts the
p53 concentration according to require-
ments.”

Kussie et al. first described the crystal
structure of the p53-Mdm2 complex. For
this purpose the p53-binding domain of
Mdm2 was expressed and incubated
with a 15-residue transactivation-domain
peptide of p53. Kussie found that pro-
tein-protein binding primarily occurs
through interaction between a deep hy-
drophobic cleft of Mdm2 and an amphi-
pathic a-helix of the p53-derived pep-
tide. The three amino acids Phe19, Trp23
and Leu26 protrude particularly deeply
into the hydrophobic cleft. These very
groups are involved in the transactiva-
tion; this supports the hypothesis that
Mdm2 inactivates p53 by concealing the
transactivation domain.”®

As already shown, Mdmz2 is overex-
pressed in many malignancies.”! Inhibi-
tion of the interaction between Mdm2
and p53 has therefore been proposed as
a novel strategy for tumour therapy.”’
Several studies have proven that the dis-
integration of the p53-Mdm2 interaction
or the suppression of Mdm2 expression
leads to activation of p53 and thus to re-
duced tumour growth.'” The fact that
only a limited number of amino acid res-
idues are involved in the p53-Mdm2 in-
teraction has given rise to speculation
that small molecules should be capable
of occupying this cleft and lead to an in-
hibition of the binding of p53 to the
Mdm?2 protein.

The first attempts to inhibit these in-
teractions were performed with short
peptides, derived from the primary struc-
ture of p53 and optimised with non-ribo-
somal amino acids. The ICy, values deter-
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mined with an ELISA competition assay
were at 5 nm for the most potent pep-
tide (Scheme 1A).1""

The cyclopeptide chlorofusin (Scheme
1B), a metabolite of Microdochium caes-
pitosum,""? was identified as an inhibitor
of the Mdm2-p53 interaction in a
screening of more than 53000 microbial
extracts, and showed an IC;, value of
4.6 uM in an in vitro assay."”

Recently Robinson et al. synthesised
a series of protein epitope mimetics
(PEMs) that showed ICs;, values well
below 1 um.[™

In order to overcome the known prob-
lems of peptidic drugs, such as poor bio-
availability and a short half-life, the
search for non-peptide inhibitors was in-
tensified. Meanwhile, a number of small
molecules that inhibit the interaction be-
tween Mdm2 and p53 have been identi-
fied. In 2001, Holak etal. presented a
number of chalcone derivatives capable
of blocking the Mdm2-p53 interaction
(e.g., Scheme 1C).""' However, the ICs,
values for these inhibitors were high,
ranging from 50 to more than 250 pm.
In 2002, similar results were obtained
with some molecules designed and syn-
thesised on the basis of the crystal struc-
ture of the p53-Mdm2 complex
(Scheme 1D)."

Recently Vassilev et al. presented a
number of cis-imidazoline analogues
with 1Cs, values for the release of re-
combinant p53 from the complex with
Mdm?2 in the range of 100 to 300 nm.'”
The authors obviously used the results
of earlier works. Incorporation of 6-chlor-
otryptophan (corresponding to Trp23 of
p53) in a synthetic heptapeptide lead to
a 60-fold increase in affinity of the men-
tioned peptide (Scheme 1A);"™ this sug-
gests the use of halogen-substituted aro-
matic rings as a structural motif. These
optimisations finally lead to the struc-
tures shown in Scheme 2 and named
“Nutlins” by the authors. In fact, exami-
nation of the binding mode by X-ray
structure analysis revealed that one of
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the bromophenyl rings points into the
Trp23 binding pocket. The other bromo-
phenyl ring replaces Leu26, and the
ethyl ether side chain takes the position
occupied by Phe19.

In the case of Nutlin-3, the racemic
mixture that had been generated during
the synthesis was purified by chroma-
tography on a chiral column. One en-
antiomer (Nutlin-3a) turned out to be
150 times more active than the other.
Nutlin-1 and Nutlin-2 were always used
as racemic mixtures. All Nutlins possess
cis-configuration.

In order to verify the supposed mode
of action of the inhibitors, subsequent
experiments were based on the follow-
ing assumptions:

Firstly, inhibition of p53-Mdm2 bind-
ing should lead to stabilisation and accu-
mulation of p53 as its nuclear export,
and degradation should be blocked. Sec-
ondly, Mdm2 concentration should also
increase because an elevated p53 level
stimulates Mdm2 expression. Finally,
other genes along the p53 pathway
should be activated. At the cellular level,
these events should lead to cell-cycle
arrest in G1 or G2 phase or to apoptosis.
However, when using a cell with a p53
mutant that lacks transactivation activity,
none of these events should occur.

The first test was carried out to see
whether the inhibition of p53-Mdm2
binding would activate the p53 pathway.
For this purpose, different cancer-cell
lines (possessing wild-type p53 as well
as p53 that is incapable of binding DNA
because of mutation or deletion) were
incubated with the inhibitors. The levels
of p53, Mdm2 and p21"/CP! were de-
termined by Western blot. p21 is an im-
portant transcription product of p53 that
arrests the cell cycle by inhibiting cyclin-
dependent kinases (CDKs). As one would
expect, the wild-type p53 cancer cells
showed a dose-dependent increase in all
three proteins after eight hours. In con-
trast, the cells containing inactive p53
only showed increased levels of p53, but
not of Mdm2 and p21"/%" The ob-
served p53 accumulation the mutants
displayed can be ascribed to the inability
of inactivated p53 to upregulate the
Mdm2 protein.

To affirm that the elevated p53 level is
due to decreased degradation rather
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Tumour-Suppressor Activators

than increased expression of the p53
gene, different wild-type cancer cells
were treated with Nutlin-1, and the ex-
pression of p21 and its transcription acti-
vator p53 was monitored by means of
real-time RT-PCR. Indeed, the concentra-
tion of p21 increased according to p53
accumulation, whereas p53 transcription
itself remained unchanged. Therefore,
the mechanism by which Nutlin-1 up-
regulates p53 is post-translational.

p53 arrests the cell cycle in the G1 as
well as in the G2 phase. This is accom-
plished in different ways, for example,
with the expression of p21. By labelling
cells with BrdU it was shown that, in the
case of wild-type-p53, Nutlin-1 caused
cells to remain in the G1 and G2 phases,
and virtually no cells reached the S or M
phases. This phenomenon is not ob-
served in cells with mutated p53. Hence,
activation of the p53 pathway by Nutlin-
1 is evident. Furthermore, treatment of
cancer cells with Nutlin-3 caused apop-
tosis. Only one enantiomer was active in
this respect.

The Nutlins had to be shown not to
activate p53 independently from the
binding to Mdm?2. For this purpose, Vas-
silev et al. benefited from the fact that
many genotoxic compounds indirectly
produce Ser15 phosphorylation of p53, a
residue that lies close to the binding site
of Mdm2. Different cancer cells were
treated with Nutlin-1 as well as with
doxorubic in and etoposide, two geno-
toxic drugs. The subsequent Western
blot of the cell lysates showed that all
three substances caused accumulation
of p53, however, only doxorubicin and
etoposide caused phosphorylation of
Ser15. Hence, the activation of p53 by
Nutlin-1 apparently has no genotoxic
reason.

Eventually, different in vivo tests were
carried out. Human osteosarcoma cells
were implanted into nude mice. Subse-
quent oral administration of Nutlin-3 in
high doses (200 mg per kg body mass
twice a day for 20 days) was well tolerat-
ed. Tumour growth decreased by 90%
compared to the untreated control
group. The mice did not show significant
side effects. Dose-related studies were
not performed. According to these stud-

ChemBioChem 2004, 5, 1635 - 1637

www.chembiochem.org

ies, the Nutlins could be employed in
the treatment of tumours that depend
on the Mdm2-p53 system. However it
remains unclear why the biological
assays in the studies of Vassilev et al.
were not all performed with both enan-
tiomers of all three Nutlins or at least, as
one would expect, with only one deriva-
tive. In order to examine the ability to
induce apoptosis it would be helpful to
use cancer cells whose apoptosis is
mainly dependent on p53. The men-
tioned inhibitors, either alone or in com-
bination with conventional cytostatic
agents, could then be expected to selec-
tively cause apoptosis in cancer cells."”

The outstanding significance of p53 in
cancer development and the resulting
interest is reflected by the large number
of publications dealing with this matter.
The p53-targeting strategies in the thera-
py of malignant diseases are manifold.
Activating p53 by blocking the interac-
tion with its regulator Mdm2 is an inter-
esting approach and represents a good
example of the application of inhibitors
of protein—protein interactions. Just a
few years ago, the mere possibility of
inhibiting protein—protein interactions
with small molecules was questioned. By
now there are a number of such inhibi-
tors either in clinical trials or even on the
market.”) Inhibitors for the interaction
between p53 and Mdm2 have also exist-
ed for several years, although it is only
now that the development of the Nutlins
has provided drug-like molecules with
ICs, values on the nanomolar scale."®
The concept of activating p53, the most
important tumour suppressor protein, by
inactivating the interaction with its nega-
tive regulator Mdm2 is promising—al-
though studies have yet to prove wheth-
er the Nutlin molecules are able to serve
as valuable drugs in cancer treatment.
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Accepting its Random Coil Nature Allows a
Partial NMR Assignment of the Neuronal Tau

Protein

Caroline Smet,” Arnaud Leroy,™® Alain Sillen,” Jean-Michel Wieruszeski,

Isabelle Landrieu,”’ and Guy Lippens*®

A combined strategy to obtain a partial NMR assignment of the
neuronal Tau protein is presented. Confronted with the extreme
spectral degeneracy that the spectrum of this 441 amino acid
long unstructured protein presents, we have introduced a graphi-
cal procedure based on residue type-specific product planes.
Combining this strategy with the search for pairwise motifs, and

Introduction

The physiological function of the neuronal Tau protein involves
the dynamic stabilization of tubulin into microtubules."?
Hence it plays an important role in neuronal development and
plasticity. Moreover, the same microtubule-associated Tau pro-
tein is one of the major components of the neurofibrillary
paired helical fragments (PHFs) characteristic of Alzheimer's
disease (AD).%# Primarily composed of Tau, these tangles accu-
mulate intracellularly in the diseased neurons, and their pres-
ence correlates rather well with the cognitive impairments that
result from the disease.”

Despite its enormous biological and medical relevance, little
is known about the detailed structure of Tau in solution. Small-
angle X-ray scattering (SAXS) and other spectroscopic tech-
niques such as circular dichroism (CD) and infrared spectros-
copy (IR) have lead to a description of the protein as a random
coil or Gaussian polymer.®” However, as these techniques only
give an overall view of the global structure, local elements of
secondary and/or tertiary structure might well escape observa-
tion. The absence of a stable tertiary structure precludes the
use of X-ray crystallography, but, as an alternative, NMR
spectroscopy might well give hints about otherwise undetect-
ed sequence specific structural elements. Although this latter
technique has been successfully applied in the case of several
other unfolded proteins,®'% the literature contains no detailed
report about the NMR characterization of Tau.

We have recently shown that proline residues and their dis-
tinct influence on the random coil chemical-shift values can be
used to assign at least those residues in Tau that precede a
proline amino acid."” In order to extend the assignment to all
residues irrespective of their direct neighbours, we demon-
strate here the utility of a novel graphical method to handle
the huge information content in the triple-resonance spectra
of Tau. Pushing the comparison of the spectra of full-length
adult Tau and its shorter foetal isoform to the limit of a com-
parison with natural-abundance spectra of short peptides,
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[a]

combining the spectra of different Tau isoforms and even of pep-
tides derived from the native sequence, we arrive at a partial
assignment that is sufficient to map the interactions of Tau with
its molecular partners. The obtained assignments equally confirm
the absence of regular secondary structure in the isolated pro-
tein.

allows us to proceed further in the assignment process. We
demonstrate the assignment of Tau to such a level that i) the
presence or absence of well-defined structural elements can
be ascertained, and ii the interaction with other molecular
partners such as tubulin or aggregating agents can be studied.

Results

Conventional assignment strategies that use triple resonance
experiments, correlate the Ca, CO or Cf} of a given residue
with that of its immediate neighbour."? A typical example of
this strategy is the use of HNCA and HN(CO)CA experiments,
where the Ca of residue [] is seen from its own [i] amide cross
peak in the first experiment and from the amide correlation of
the next residue [i+1] in the HN(CO)CA. When applied to the
full-length Tau protein, spectral overcrowding that results from
i) the sheer size of the protein (Figure 1), ii) the limited chemi-
cal-shift dispersion that results from the unfolded nature of the
protein and iii) the high degeneracy in the primary sequence
(Table 1) all made this strategy largely unsuccessful. The only
nucleus that gives a good chemical-shift dispersion is the nitro-
gen, as can be seen from the HSQC spectrum (Figure 2). We
have previously observed that all Glycine Ca carbons, which
represent a total of 49 residues (Table 1), fall within 0.5 ppm of
their random-coil value.™ We found the same extreme de-
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Laboratoire de Biochimie Appliquée
Faculté de Pharmacie a Chatenay-Malabry (Paris XI)
Tour D4 2°™ étage, 5 rue Jean-Baptiste Clément
92296 Chatenay-Malabry Cedex (France)
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Figure 1. Primary sequence of Tau. The amino acids that are absent from the
shortest Tau352 isoform are in bold. The peptides synthesized for the peptide
mapping are underlined. Residues that are unambiguously assigned are shown
in yellow and those with only a twofold uncertainty in green. Light blue indi-
cates the S/T(P) sites that were previously assigned.!"”

Table 1. Sequence degeneracy for the full-length Tau441 protein. Only the
ten most abundant amino acids are listed.
Amino acid Number Percentage
Gly 49 11.1
Ser 45 10.2
Lys 44 10.0
Pro 43 9.8
Thr 35 8.0
Ala 34 7.7
Asp 29 6.6
Glu 27 6.1
Val 27 6.1
Leu 21 4.8
15
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Figure 2. 'H,"*N HSQC spectrum of the adult isoform Tau441 (light) and the
smaller foetal isoform Tau352 (dark). The two (T)A(P) correlation peaks are indi-
cated by an arrow.
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generacy for all other carbons including the carbonyl frequen-
cies.

The absence of carbon chemical-shift dispersion can, howev-
er, be used constructively once we accept the random-coil
chemical-shift values from the onset on to be correct. Indeed,
it means that we not only know the carbon chemical-shift
values of every residue, but that we can also utilize them to
identify those same residues, in a manner similar to amino acid
selective labelling. As the random-coil values can be equally
used to extract the nature of the residue in the [i—1] position,
we have to deal with a pairwise degeneracy. In the following
paragraphs, we will demonstrate that this degeneracy is less
stringent than initially thought, but we will first illustrate our
graphical strategy based on product planes and pattern
searching on the concrete example of the assignment of lysine
residues in Tau.

Lysine assignment

Lys is characterized by a Ca chemical-shift value of 56.2 ppm
and a Cp value of 33.1 ppm.I"¥ Therefore, if we extract the cor-
responding planes for the Ca carbon chemical shift from a
HNCA spectrum and for the Cf carbons from the CBCANH
spectrum, two planes result whose intersection should contain
the Lys resonances. To illustrate this observation, we show in
Figure 3A the sum of all 'H,°N HNCA planes with carbon
chemical-shift values between (56.2—0.5 =55.7) ppm and
(56.240.5 = 56.7) ppm, which allow a deviation of 0.5 ppm
from the listed random-coil value based on the carbon histo-
grams that we previously derived for Tau."" A similar proce-
dure for the planes with Cf3 values comprised between 32.6
and 33.6 ppm (Figure 3B) leads to the two basic planes that
define the Lys residues. Rather than superimposing both
planes, however, we define the Lys product plane as the 'H,"”N
plane resulting from a point-by-point multiplication of both
Lys Ca and CB defining planes (Figure 3C). The result of this
operation is that we only recover intensity where both carbon
chemical-shift values fall within the correct interval, thereby
simplifying the visual information of both parent planes. For
example, the peak at (8.09—123.5) ppm, present in the Lys Ca
plane, is absent from the Lys product plane, because of its dif-
ferent CP value (30.3 ppm, as extracted from the CBCANH
spectrum).

Lysine residues allow an immediate experimental verification
of our assignment strategy since a selective Lys labelled
sample is relatively simple to produce.™ A comparison of the
Lys product plane with the experimental spectrum of the Lys
labelled sampile is illustrative of the limitations of our method
(Figure 3 C). First, the majority of the experimental lysine peaks
are present in the product plane. The two peaks at (8.21,
125.4) ppm and (8.41, 124.7) ppm that violate this principle,
concern Lys residues that precede a Pro and therefore undergo
a 2 ppm deviation towards the high field.™® Secondly, the
peaks that do coincide between the product plane and the
spectrum of the Lys labelled sample are not all of equal inten-
sity. Because the intensity in the product plane directly results
from the intensity in the HNCA and CBCANH plane, an obvious
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Figure 3. A) Plane around the Lys Co. random coil chemical shift of 56.2 ppm, extracted from the Tau441 HNCA spectrum and B) around its Cf3 value of 33.1 ppm,
extracted from the CBCANH spectrum. C) Product plane (light) defined by the point-by-point multiplication of the planes in (A) and (B), with superimposed (dark)

"H,”>N HSQC spectrum of the lysine, selectively labelled in Tau441.

reason for the intensity variations is the less efficient transfer
of magnetization in one or both experiments. A deviation of
the assumed random coil chemical-shift value might be a
second unrelated cause of intensity variations, as the parent
planes were constructed as slices around the random-coil
values, such that a deviation superior to 0.5 ppm would result
in a reduced or absent intensity of the peak. A third observa-
tion is that the product plane contains more signals than just
the expected Lys correlation peaks. This is the case for the
strong correlation found at (8.50, 118.8) ppm, absent from the
spectrum of the Lys-labelled sample. Close inspection of the
underlying frequencies shows that this residue is a Ser fol-
lowed by a Pro, leading to a 2 ppm upfield shift of its Ca
random-coil chemical shift from 58.3 to 56.4 ppm.""'¥ More-
over, the residue is preceded by a Lys, and the efficient mag-
netization transfer from the Ser nitrogen to the preceding Lys
Ca (and hence its CP) leads to

some intensity at the Lys C( po-

These latter observations may appear to cast some doubt
on the utility of the product plane approach, but we claim
that our method represents a true advantage when one con-
siders that the 3D HNCOCA and CBCACONH experiments can
be used in an identical way to extract product planes defining
the nature of the residue in the [i—1] position. In Tau, there are
four Pro-Lys patterns. The Pro [i—1] product plane can readily
be constructed from the sum of planes around 63.3 ppm in
the HNCOCA and 32.1 ppm in the CBCACONH spectra, and
shows all amide signals from those residues that are preceded
by a Pro (Figure 4A). If we now form the product plane of the
initial Lys product plane of Figure 3C with the Pro [i—1] plane
of Figure 4A, we obtain the 'H,"’N subspectrum of those Lys
residues that are preceded by a Pro (Figure 4B). There are four
correlations as expected, demonstrating the validity of the
strategy.

A) v B)
sition in the CBCANH spectrum .T
as well. Whereas specific experi- 1204 ° 0 120 —
ments favouring the intraresidue @(*N)/ppm Gea '
transfer over the inter-residue 122 48 @b oo e 1224 & 0 o
one have been developed to [+ ®
simplify the triple-resonance 124 124
spectra™'® and would avoid ar- 0
tefacts such as the one de- 126 126
scribed above, the individual
subspectra generated by our 128 T T 1 128 T T 1
product-plane approach contain 8.6 84 8.2 86 84 82
substantially less information @ ("H)/ppm —> @ ("H)/ppm —>

than the initial HSQC spectrum;
this brings manual inspection
within reach. Finally, a close look
at the random-coil chemical shift

Figure 4. A) Product plane defining those residues that have a Pro in the [i—1] position. B) The product of the Lys
plane of Figure 3C and the Pro [i—1] plane of Figure 4A defines the resonance position of the four (Pro) Lys pairs in

Tau.

tables reveals that Met residues, equally, might be represented
by the intersection of both planes, because the upper limits
for both the Ca (55.4+40.5=55.9 ppm) and the Cf} (32.94-0.5=
33.4 ppm) intersect with the Lys-defining carbon intervals. This
overlap further accounts for the observed “leakage” of correla-
tion peaks in the Lys product plane.

ChemBioChem 2004, 5, 1639- 1646 ~ www.chembiochem.org
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The described procedure does not allow us to go further in
the identification of these (Pro)Lys patterns, as we do not con-
nect more than two consecutive residues. However, despite
the extreme degeneracy in amino acids for Tau, its sequence
does contain 79 unique pairwise patterns, and another 49 resi-
due pairs that occur only twice in the protein. These statistics
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show that the product planes conjugated with a pairwise pat-
tern search, can lead to an acceptable level of assignment
without having to go through extensive lists of assignments.

Alternative splicing

Tau occurs in human neurons in six isoforms. The longest iso-
form (Tau441) is mainly present in adult brain, whereas the
shortest isoform, with 352 amino acids (Tau352), is dominant in
foetal brain.'”’ The two proteins differ in two inserts in the N-
terminal region, absent in the shortest isoform, and in the ab-
sence of the second microtubule binding repeat for the foetal
form (Figure 1). Based on the presumed absence of secondary
or tertiary structure, we expected the NMR spectrum of the
shorter isoform to be similar to that of the longer Tau441, but
with fewer cross peaks and some border effects for those resi-
dues that immediately flank the missing regions in Tau352. A
comparison of the resulting HSQC spectra of both proteins
(Figure 2) confirms this, with the Tau352 HSQC roughly appear-
ing as a subspectrum of that of Tau441. This observation
allows us to solve some ambiguities. We have previously re-
ported the assignment of all 5 Ala—Pro motifs in Tau,"” but for
the two (Thr)Ala(Pro) residues, the assignment was not unique,
especially as both Thr residues have degenerate Ca and Cf
chemical shifts. One of the (Thr)Ala(Pro) motifs, however, cen-
tred around Ala77 (where we consistently use the Tau441 iso-
form numbering), is in the N-terminal insert that distinguishes
Tau352 from Tau441. In the spectrum of Tau352, the peak at
(8.30, 128.5) ppm is absent (Figure 2), allowing us to assign it
this time without any ambiguity to Ala77, whereas the other
Ala residue at position 246 necessarily has its correlation at
(8.37, 128.1) ppm. Other similar examples exist, as of the 49
patterns that occur twice in the Tau sequence, 19 are absent in
the Tau352 sequence, and hence become unique. This removes
the ambiguity for those 19 pairs, or for approximately another
10% of the protein sequence.

Splicing to the peptide level

Other isoforms of Tau exist in the brain,”"” and could potential-

ly be used in a similar way as Tau352 to assist the assignment.
However, we decided to push this strategy to the limit of small
peptides, thereby circumventing the need to produce isotope-
labelled samples. Several peptides of 13-17 amino acids
(Figure 1) were synthesized by solid-phase synthesis. The pep-
tides were solubilised at a concentration of 4 mm in the same
buffer as was used for the protein spectra, and standard DQF-
COSY, TOCSY and NOESY spectra were recorded for the assign-
ment. The absence of secondary structure elements was veri-
fied by the measurement of coupling constants and analysis of
the NOE pattern. Coupling constants were consistently found
in the range of 6-7 Hz, and except for the sequential H,()—Hy
[i4+1] contacts, no other NOE cross peaks of significant intensi-
ty were detected. Heteronuclear 'H,°N correlation spectra at
natural abundance were recorded overnight by using a cryo-
probe on a 600 MHz instrument and peaks were assigned on
the basis of the proton frequencies derived from the homonu-
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Figure 5. A) Superposition of the uniformly or B) °N-Lys labelled Tau441 HSQC
spectrum (red) with the same spectrum on the Lys224-Lys240 peptide (black).
C) Strips extracted from the CBCANH (black for positive and red for negative
contours) and CBCA(CO)NH (blue) spectrum of *N/C labelled Tau441 confirm-
ing the assignment of the Thr231-Ala227 stretch.

clear TOCSY spectra. The HSQC spectra of the Lys224-Lys240
peptide and of full-length Tau show that peptide resonances
indeed coincide for the most part with amide signals of the
full-length protein (Figure 5A). Because both Arg230 and
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Ala227 are unique (Val)Arg and (Val)Ala motifs had already
been unambiguously assigned, we could immediately verify
that those two amino acids give the same signal when embed-
ded in the peptide or full-length protein. The correlation peaks
of the first two residues of the peptide, Lys224 and Lys225, did
not coincide with the equivalent signals in the protein, as veri-
fied on a HSQC spectrum of a Lys selectively labelled sample
(Figure 5B), leading to the conclusion that border effects
extend to at least two residues. Further verification of the
other resonances in the crowded region of the full-length pro-
tein spectrum was done on the basis of strips extracted from
the CBCANH and CBCA(CO)NH spectra on the doubly labelled
Tau441 (Figure 5C). The C-terminal part of the peptide follow-
ing Pro236 was characterized by resonance broadening of the
amide signals, hindering the assignment of the two Ser
residues.

Whereas the good agreement between peptide and protein
spectra was verified for several other peptides (Figure 1), we
did experience solubility problems with the Gly303-Lys317
fragment. This peptide contains the PHF; motif previously de-
fined to be the nucleus of the aggregation because of its
strong interaction with the proteolytic PHF,; fragment, which
also forms fibres in solution."® The synthesis of the peptide
had not given particular problems, but we did not succeed
well in dissolving it in our standard buffer. Based on the signal
intensity of the NMR signals in the supernatant, we estimate
that only 200 um peptide remains in solution, whereas the rest
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Figure 6. A) Proton 1D spectrum of the Gly303-Lys317 peptide and B) corre-
sponding zone of the Tau441 HSQC. Candidate peaks for both (lle)Val and
(Val)Tyr are indicated.
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readily precipitates. This concentration, though not sufficient
for a 'H,"N HSQC at natural abundance, did allow the record-
ing of the classical homonuclear spectra. Based on the TOCSY
and NOESY spectra, we could assign the proton frequencies of
the amide protons and in Figure 6, we show the assignment of
the Val309 and Tyr310 amide protons on top of the HSQC
spectrum of "N labelled Tau441. Our pairwise motif search had
not succeeded in unambiguously assigning both residues, as
exactly the same motif is found later in the sequence (lle393-
ValTyrLys396). However, for both residues, two candidate corre-
lation peaks had been identified in the HSQC spectrum
(Figure 6). The Hy chemical-shift values of Val309 and Tyr310
in the peptide spectrum indicate that the peaks at (8.24,
126.1) ppm and (8.51, 126.4) ppm correspond to the two resi-
dues.

Discussion

The increasing number of natively unfolded proteins® poses
two challenges to structural biology, one fundamental—if the
protein is natively unstructured, what is the meaning of a
structural biology effort, at least at the level of the isolated bio-
molecule?—and one methodological—these proteins tend to
resist crystallization efforts, and NMR spectroscopy is ham-
pered by a reduced chemical dispersion. Despite these issues,
the biological and medical importance of a large number of
these proteins has motivated a substantial effort in obtaining
information regarding their conformation and dynamics. An
important class of natively unfolded proteins is found to be in-
volved with neurological disorders, such as a-synuclein in Par-
kinson’s disease and Tau in Alzheimer’s disease. Whereas an
NMR effort on the former a-synuclein has given a glimpse of
the dynamical effect of certain disease-related mutations,*”
there is a lack of detailed information on Tau. This protein
plays an important role in the dynamic process of tubulin poly-
merization into microtubules, with four repeat regions of some
30 amino acids, dubbed the MT binding repeats, that are
directly involved in this interaction.”'” Besides its normal phys-
iological role and despite the high solubility of the isolated
protein, Tau also aggregates to form the PHF motif, a hallmark
of AD that directly correlates to the severity of the cognitive
impairments in the patients.”’

Because of the importance of the biological and medical
phenomena associated with Tau, a large effort has gone into
its structural characterization. However, all macroscopic meth-
ods have concluded the absence of regular secondary struc-
ture®” Selected studies on isolated microtubule binding do-
mains or short peptide fragments derived from these domains
have suggested a tendency for them to adopt an extended f3-
strand like structure, although this conformation seems only
adopted after the initial stages of aggregation.'® Still, the
structure of these same peptides within the full protein re-
mains largely unknown.

Since the amide proton dispersion of Tau is limited to less
than 1 ppm, it is an unambiguous confirmation that the pro-
tein is macroscopically unfolded, but this lack of proton chemi-
cal shift dispersion is simultaneously one of the main reasons
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that NMR studies of Tau have been devoid of success. A
second obstacle for its NMR study is the sequence degeneracy
of Tau, where five amino acids make up for almost 50% of its
full length (Table 1). Moreover, the *C chemical-shift values of
these residues are extremely limited, leaving only the nitrogen
chemical shift as element of spectral dispersion (Figure 2).
Therefore, despite the fact that triple resonance experiments
are easily collected (relaxation properties of the protein are
very favourable despite its large size, and TROSY®"?? tech-
niques do not lead to any detectable signal enhancement), the
traditional triple-resonance  NMR strategy of connecting
through the combined Ca, Cp and CO carbon values a given
residue with its next neighbour is of limited value.

Despite these discouraging considerations, the lack of
carbon chemical shift dispersion and their coincidence with
random-coil values can be used in a constructive way if one
adopts them directly as the true values. When we first applied
this to those residues that are followed by a proline, where a
2 ppm shift towards the high field is expected™ we were able
to assign many of them, although some ambiguity persisted
for double of triple pairs."” Here, we have gone a significant
step further in the assignment process of Tau441. Clearly, the
basic hypothesis of our previous work—the random coil chem-
ical-shift values apply for all residues over the whole se-
quence—is maintained. The direct implication is that we know
the residue type directly from the Ca and Cp values. Neverthe-
less, because the information content of the spectra is so over-
whelming, and inspired by the colocalization process common-
ly employed in confocal microscopy, we introduced a visual
procedure in the form of product planes, centred directly
around the random-coil values. The advantage of this ap-
proach is to directly obtain subspectra of the original 'H,"”N
HSQC map, precluding the need to go through an entire list of
peaks to find those that match the required residue type both
at the level of their Ca and Cf chemical-shift values. Potential
pitfalls are that residues could be missed if their carbon chemi-
cal-shift values fall outside the specified windows, or because
magnetization transfer in the Ca or Cf3 directed experiment
has been hampered by relaxation losses. The experimental ap-
proach of residue specific labelling does not suffer the same
limitations, but residue specific labelling requires several sam-
ples and special efforts to overcome isotopic scrambling. The
product plane approach can be performed for all residues
starting from a single set of triple resonance experiments re-
corded on a unique sample, but the equivalent of spectral
scrambling cannot be prevented, as we have shown with the
example of Lys and Met. A less obvious advantage of the ex-
perimental residue specific labelling is that the resulting spec-
trum can be acquired with any resolution that the operator de-
cides, simply by collecting more increments in the indirect di-
mension. The product planes, on the other hand, are limited
by resolution in the indirect nitrogen dimension of the corre-
sponding 3D experiments, which in most cases comprises sub-
stantially fewer than 128 complex points.

The main advantage of the product plane approach is the
possibility to derive not only the residue type corresponding
to a given correlation peak, but also the residue type of the
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preceding residue from the carbonyl relayed triple-resonance
spectra. Whereas this has been obtained for the [] and [i—1]
residue experimentally by the double labelling of an antibody
Fc fragment,”” the approach is clearly not applicable to all
amino acid pairs. The assignment of doublets, of course, is
equally a major part of the traditional triple-resonance strategy,
but there, the main effort is to connect the correlation peaks
further to obtain stretches of amino acid residues that are then
mapped onto the protein sequence. Here, we did not attempt
to go further, but used the fact that Tau441 contains 79
unique pairwise patterns and another 49 residue pairs that
occur only twice in the protein; this provides a starting basis
for at least a partial assignment of the protein.

Comparing the spectra of the full-length protein and its
fragments to divide the assignment problem is clearly limited
to the case of natively unstructured proteins. We have used
the Tau352 spectrum for the elimination of cross peaks in
those cases in which the initial assignment was ambiguous, as
shown for the two (T)A(P) cross peaks in Figure 2. Other iso-
forms of Tau could be used in a similar way, but we have
opted to divide the full-length Tau protein into short peptides,
and recompose the HSQC spectrum of Figure 2 as a superposi-
tion of the HSQC spectra of the short peptides. Central to our
approach is the statement that the same amino acid stretch in
the isolated peptide or in the full protein should give an iden-
tical HSQC spectrum when the individual amino acids sample
the same conformational space in both contexts. That this will
actually be the case was not obvious at all, as especially the ni-
trogen chemical shift is extremely sensitive to the time-aver-
aged spatial environment of the amide group. Strikingly, em-
pirical prediction methods that use the peptide or database
derived chemical shift parameters still have the most problems
with nitrogen chemical shifts as well.?**! The consequence of
this extreme sensitivity is that in the case of a good agree-
ment, we can safely say that the amino acids indeed sample
conformational space in a very similar way, be they embedded
in a short peptide or in the full protein. Disagreements, on the
other hand, indicate structural differences between the isolat-
ed peptide and the equivalent amino acid stretch in the full-
length protein, and therefore point to regions in the protein
that should be examined in more detail by other NMR
methods.

Peptides should be sufficiently small allowing for their
straightforward chemical synthesis, purification and NMR analy-
sis. An additional reason for a limited length is that they
should not adopt a stable structure (stressing our initial hy-
pothesis that the protein is natively unfolded). They should not
be too short, however, because we expect some spectral
border effects for those residues that are at the N or C termi-
nus of the peptide and, hence, do not have the same chemical
environment as their equivalents in the full-length protein. Our
present work indicates that these border effects generally do
not exceed two residues at both termini. Because we had pre-
viously synthesized a number of peptides of 13 to 17 amino
acids containing potential phosphorylation sites,*® we first
used these and extended them with some additional peptides
from the N terminus or third microtubule binding repeat
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(Figure 1). NMR analysis led to the conclusion of absence of
stable secondary structure elements in all of them. The second
stage of the procedure consists in the recording of 'H,"”N
HSQC spectra on these peptides in the same buffer conditions,
pH and temperature as for the full-length protein. Present
cryogenic probe heads® ? installed on a 600 MHz spectrome-
ter enable such spectral recordings within one night, if the
peptide concentration is in the millimolar range or larger. The
graphical superposition of the peptide spectra with the full-
length Tau HSQC completes the procedure and the triple-reso-
nance spectra can be used to verify rather than determine the
identical assignment of the correlation peaks. The superposi-
tion of the Lys224-Lys240 peptide and Tau441 spectra (Fig-
ure 5A) indeed shows a perfect agreement for the isolated
Ala227 and Arg230 correlation peaks. The strips extracted for
the Thr231-Ala227 stretch at the exact positions of the pep-
tide resonances (Figure 5C) show that the sequential walk is
indeed possible and thereby confirm that the superposition is
valid. However, the CBCA(CO)NH strip extracted for Thr231
shows the difficulty that we would face if we had to use the
same information for the ab initio assignment of full-length
Tau. We indeed observe three Ca and two Cf peaks, but have
no indication how to combine them into meaningful pairs.
This situation is even worse for the strip of Val228, the 'H,"°N
correlation peak of which is in the crowded central region of
the HSQC spectrum.

How far has the approach described here brought us, and,
more importantly, what have we learned from the obtained as-
signments? First, we have succeeded in the assignment of a
significant fraction of the residues occurring in unique pat-
terns. Moreover, some more residues could be assigned on the
basis of their unique presence or absence in the Tau352 spec-
trum or from the peptide mapping. Taken together with the
assignments of those residues that are followed by a proline,
we presently cover about 30% of the sequence without any
ambiguity, and a further 10% with only two choices for the as-
signment (Figure 1). Overall, these assignments are distributed
quite evenly over the sequence, although certain regions such
as the quadruply occurring Pro(Gly); quartet clearly have not
yet been assigned unambiguously. This extent of the assign-
ment should allow us to probe the interactions of Tau with
such molecular partners as tubulin or heparin at the level of
the individual residues.

As for the attempt to detect stretches of residual structure,
one can question whether our approach, which is based on
the validity of the random-coil chemical-shift values, can give
any indication of this, as we should miss those assignments
corresponding to residues that are in a locally well-defined
structure and therefore escape from their respective product
plane. The same objection can be made on the second ap-
proach, where we assume an identical environment of a given
residue in a short unstructured peptide or full-length protein.
For this latter approach, though, a discrepancy between the
peptide and protein spectrum is easily detected. For the prod-
uct plane strategy, we actually have one specific example
where we did note a clear discrepancy: the isolated peak at
(7.82, 127.2) ppm is a Leu, based on the spectrum of a Leu se-
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lective labelled sample (data not shown), but its carbon Ca
and Cp frequencies were found at 56.6 and 43.4 ppm. Because
both values deviate substantially from the random-coil values
of 55.1 and 42.4 ppm, the correlation peak does not show up
in the Leu product plane, and we at first thought we had de-
tected a “hotspot” of residual structure. Closer examination,
however, revealed that the cross peak represents the C-termi-
nal Leu441. As for the other resonances assigned, next to the
Lys labelled sample we have produced two further selectively
labelled samples with Leu and Val. The coincidence of the
product planes with the HSQC spectra recorded on the respec-
tive selectively labelled samples, further demonstrates the val-
idity of our initial assumption. An even more striking example
is given by the (lle)lle278 doublet. Unique in the sequence and
moreover present in the second repeat encoded by the alter-
natively spliced exon 10, this motif is part of the PHF:* peptide
that was previously shown to promote aggregation by the for-
mation of B-structure.”” Despite the compatibility of this pep-
tide with an extended structure in the PHFs, the Ca and Cf
chemical-shift values of the second 1le278 are 60.9 and
38.7 ppm, which is less than 0.2 ppm from their random-coil
value. The a posteriori justification of our conclusion that Tau
lacks well-defined secondary-structure elements is that we
have succeeded in the assignment of a substantial fraction of
its NMR signals based on two methods that assume this lack
of structure from the start. Subtle deviations from the random-
coil carbon values, however, that do not exceed our 0.5 ppm
limit do exist, and we are currently trying to interpret them in
conjunction with the information content in the nitrogen
chemical-shift values.”**' Furthermore, it should be noted that
the resonances in the repeat regions are generally weaker in
intensity than their counterparts in the N- or C-terminal region
of the protein. A full relaxation analysis of this phenomenon is
currently in progress, but it is already clear that those residues,
despite their sampling of the whole conformational space that
defines the “random coil” conformation, do sample this space
on a slower time scale. Therefore, it will be interesting to see
whether this factor of dynamics will equally contribute to the
propensity of fibrilization, on top of the recently determined
structural criteria that govern aggregation.®”

In conclusion, we have demonstrated here that the basic
assumption of the validity of the random coil chemical-shift
values can be successfully exploited to assign, at least partially,
this at first sight impossible spectrum. The introduction of
product planes allows a graphical view of the different resi-
dues and can easily be applied to the preceding residues
when one derives them from the carbonyl relayed triple-reso-
nance spectra. The HSQC spectrum of the shortest Tau352 iso-
form is at least to first order a subspectrum of that of Tau441,
although we cannot exclude that subtle conformational differ-
ences cause deviations beyond the border effects. Peptide
mapping proved possible, and allowed us to ascertain that the
same residues embedded in the full-length protein or in a
short peptide sequence sample the in same conformational
space. Importantly, our present level of coverage and the valid-
ity of the random-coil values confirm that, at the level of the
individual amino acids, this important protein belongs to the
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class of natively unfolded proteins. The results presented form
the basis for future structural studies of disease-related muta-
tions of Tau, and of its interactions with its diverse molecular
partners.

Experimental Section

Expression and purification of the recombinant Tau protein: Ex-
pression and purification of the uniformly labelled samples was as
previously described.” Residue specific labelling was obtained by
adding "N-labeled Lysine, Leucine or Valine (100 mg) to M9
medium (1 L) supplemented with the other unlabelled amino acids
(50 mg) before induction. Induction delays were kept to 2 h, in
order to minimize isotopic scrambling.

Peptide synthesis and purification: Peptides were synthesized by
using a classical Fmoc strategy on a Pioneer™ peptide continuous
flow synthesizer with intermediate capping after each coupling
step. Cleavage of peptide from the resin and side-chain-protecting
groups were performed by using TFA mixtures that contained
either 2.5% triisopropylsilane or 1% triisopropylsilane/2.5% etha-
nedithiol for peptide containing Cys or Met residues. Crude pepti-
des were then purified by RP-HPLC on a C18 Nucleosil column by
performing a linear gradient of acetonitrile. Fractions were checked
both by RP-HPLC and MALDI-TOF mass spectrometry. NMR samples
of peptides were prepared at a concentration of 4 mm in the same
buffer that was used for recombinant Tau protein.

NMR spectroscopy: All NMR spectra were recorded at 20°C on a
600 MHz Bruker DMX spectrometer (Bruker, Karlsruhe, Germany)
equipped with a cryogenic triple resonance probe head with
actively shielded z-gradient. Spectral windows were 7800 Hz for
proton and 2000 Hz for nitrogen, centred at 4.8 and 115.2 ppm, re-
spectively, and sampled with 1024 and 47 complex points. All
spectra were recorded with 8 scans per increment. The 30.7 ppm
Ca window in the HNCA and HN(CO)Ca spectra was centred at
54.5 ppm and was sampled with 31 complex points. Similarly, the
20 ppm CO window was centred at 175.4 ppm and was sampled
with 21 complex points. Finally, the 70.5 ppm combined Cf3 and
Ca window in the CBCANH and CBCAcoNH spectra was centred at
40.2 ppm and was sampled with 72 complex points. All spectra
were processed in the SNARF program (F. van Hoesel, Groningen,
the Netherlands), with 2048 complex points in the proton dimen-
sion and 512 complex points in the indirect nitrogen and carbon
dimensions. The final 3D spectra were treated as a three-dimen-
sional matrix, or, alternatively, a collection of 'H,”°N planes. The
latter can be considered as two dimensional matrices Aij], with i
ranging from 1-2048 and j from 1-512, containing an index k cor-
responding to the carbon frequency of the plane. The summation
plane S[ijl is defined by S[ijl=% A¥[ijl, where the summation is
over the indices k that are within the specified carbon range. Simi-
larly, the point-by-point multiplication plane P[ijl of two sum
planes S' and S? is defined by PIi,l=S'[i,]1x Si,]. Normalization of
the intensity in the latter product planes was consistently done
with respect to the Ca sum plane.

The homonuclear peptide spectra for peptide assignment and
structural verification were recorded with DQFCOSY or Water flip-
back NOESY and TOCSY sequences, with mixing times of 500 ms
and 69 ms for the latter. 'H,”"N HSQC spectra of the peptides at
natural abundance were recorded with 256 scans per increment,
and 256 points in the nitrogen dimension.
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Hoechst 33258 Selectively Inhibits Group |
Intron Self-Splicing by Affecting RNA Folding

Matthew D. Disney,™ “ @ Jessica L. Childs,”™ “? and Douglas H. Turner*?

Fungal pathogens are increasing in prevalence due to an in-
crease in resistant strains and the number of immunocompro-
mised humans. Candida albicans is one of these pathogens, and
~40% of strains contain a group | self-splicing intron, which is a
potential RNA drug target, in their large subunit rRNA precursor.
Here, we report that Hoechst 33258 and derivatives thereof are
selective inhibitors of C. albicans group I intron self-splicing with
an ICs, of 17 um in 2 mm Mg?*. Chemical probing of the intron
in the presence of Hoechst 33258 reveals that the folding of sev-

Introduction

The increasing occurrence of fungal infections and antifungal
resistance makes discovering new therapeutics against fungi
increasingly important.™ RNA is one class of potential drug tar-
gets in fungi and other pathogenic organisms because many
RNAs play critical roles in cellular processes. For example, un-
translated regions in mRNAs can regulate translation of the
message,”” tRNAs are primers for HIV reverse transcriptase,”
and it has been suggested that ribosomal RNA catalyzes pep-
tide-bond formation."” Several compounds that are clinically
used to treat bacterial infections inhibit protein synthesis by
binding to rRNA.®? |t is likely that other essential RNA activi-
ties can be inhibited by intervention with small molecules.

Candida albicans is a significant contributor to mortality in
immunocompromised humans, including those infected with
HIV.' About 40% of C. albicans and all Candida dubliniensis
strains contain a group | intron in their large subunit (LSU)
rRNA precursor."” This group | intron is an attractive RNA drug
target because self-splicing is necessary for maturation of ribo-
somes."? In addition, group | introns have not been found in
mammalian genomes, and assays for self-splicing are easily
performed.">

Here, we report that Hoechst 33258 and derivatives thereof
are effective inhibitors of group | intron self-splicing; Hoechst
33258 has an IC5, of 17 um in vitro in a buffer that contains
2mm Mg?*. Inhibition is also selective because addition of
2.9 mm nucleotide solution from Torula Yeast bulk RNA does
not affect the IC;, of Hoechst 33258. Chemical mapping, in the
presence and absence of Hoechst 33258, of a ribozyme de-
rived from the C. albicans group | intron shows that the folding
of the intron is primarily affected in the P4/P6 domain. In par-
ticular, Hoechst 33258 protects a nucleotide adjacent to the
J4/5 loop from chemical modification and enhances the reac-
tivity of several nearby nucleotides; this suggests that this
region is the molecule’s binding site.

ChemBioChem 2004, 5, 1647 - 1652 DOI: 10.1002/cbic.200400159 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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eral nucleotides in the P4/P6 region of the intron is affected. A
nucleotide near the J4/5 region is protected from chemical modi-
fication in the presence of Hoechst 33258 and several nearby are
more reactive; this suggests that this region is the molecule’s
binding site. These results expand the available information on
small-molecule targeting of RNA and suggest that the RNA-
targeting scaffold provided by Hoechst may prove valuable in
designing compounds that inhibit the functions of RNA.

Results

Inhibition of self-splicing

Ethidium bromide, DAPI, pentamidine, and various Hoechst
derivatives were tested for inhibition of self-splicing in a buffer
containing 2mm Mg?T (Scheme 1, Figure 1, and Table 1).
Under these conditions, all tested compounds inhibit self-splic-
ing at concentrations less than 100 um. The most effective
compound is ethidium bromide, IC;,=3 pm, and the least ef-
fective is pentamidine, 1C;,=98 um. Ethidium bromide and
methidiumpropyl EDTA have been previously shown to inhibit
self-splicing and cyclization of the Tetrahymena thermophila

ribozyme,*'® and pentamidine is known to inhibit self-splic-
ing of the C. albicans"”'® and the Pneumocystis carinii group |
introns."?’

The effect of Mg** concentration on inhibition of self-splic-
ing by pentamidine and Hoechst 33258 was measured
(Table 1). Previous results have shown that the amount of
spliced precursor depends on Mg>** concentration; the per-
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Scheme 1. Structures of group | intron inhibitors, pentamidine (top) and
Hoechst derivatives (bottom). Starting from the methylated nitrogen of the
piperazine ring and ending with the terminal hydroxyl group of the phenol
ring, the pK,’s of unbound Hoechst 33258 are approximately 9.8, 3.5, 5.5, and
8.5, where 3.5 and 5.5 are for additional protonation of the benzimidazole
rings.*** Thus at pH 7.5, Hoechst 33258 has +1 charge, as shown.

[Hoechst]

—
Precursor = = - - - -

- -

Intron

- 5'Exon - 3'Exon

Figure 1. An autoradiogram of a gel for inhibition of self-splicing by Hoechst
33258 at 2 mm Mg?*. The concentrations from left to right are 0, 0.5, 2, 8, 32,
124, and 248 um.

Table 1. Inhibition of precursor self-splicing by small molecules.
[Torula Yeast Bulk RNA] in nucleotides
Compound [Mg?*] 0mm 29mmM 9.5 mm 29 mm
[mm] ICs [um] for C. albicans precursor
Ethidium Br 2 3405 8+2 1243 25+2
DAPI 2 34+10 69+17 156+4 270+19
Pentamidine 2 98+7 2554+15 295+70 445430
4 213429 250+50 290+30 440+80
10 320+50 440+14 532+£110 900+ 100
Hoechst 33258 2 17+£3 16+3 27+4 90+20
4 41+£5 39+5 54+4 125+20
10 8011 85+20 160+50 200440
Hoechst 5769121 2 65+4 20+2 34+5 -
Hoechst 34580 2 6.2+2 17+£2 2743 -
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centage of spliced product increases from ~30% at 1 mm
Mg?* to ~75% at 2 mm Mg**.'"¥ Increasing the Mg** concen-
tration from 2 to 10 mm increases the ICsy's for pentamidine
and Hoechst 33258 by about three- and fivefold, respectively
(Table 1). These results mirror those previously reported for
pentamidine inhibition of C. albicans self-splicing.'®

To investigate whether inhibition is due to specific or non-
specific binding to the intron, 1C5y's were measured in the pres-
ence of Torula Yeast bulk RNA (Table 1). At 2 mm Mg?*, ICs's
for ethidium bromide and DAPI increase by about two- and
eightfold in the presence of 2.9 or 29 mm nucleotide of bulk
RNA, respectively. At 2 mm Mg**, the IC,, for pentamidine in-
creases about three- and fivefold when a 2.9 or 29 mm nucleo-
tide solution of bulk RNA is added, respectively, whereas the
ICs, for Hoechst 33258 is unchanged at 2.9 mm and increases
approximately fivefold at 29 mm bulk RNA. Similar trends are
observed for Hoechst 33258 at 4 and 10 mm Mg?™.

Hoechst derivatives S769121 and 34580 were also tested for
inhibition of self-splicing (Scheme 1). These compounds are
better than Hoechst 33258 for inhibition of self-splicing at
2mm Mg®T in the absence of competitor RNA. Addition of
competitor RNA, however, increases the 1Csy's for inhibition of
self-splicing more for these derivatives than for Hoechst 33258
(Table 1). Thus, these compounds are less selective for inhibi-
tion of self-splicing than Hoechst 33258.

Chemical probing of ribozyme structure in the presence of
Hoechst 33258

A ribozyme™ construct was used to probe the effects of

Hoechst 33258 binding to the catalytic fragment of the LSU
rRNA precursor. Ribozyme structure in the presence of the 5
exon mimic, GACUCU, was chemically mapped in the presence
and absence of Hoechst 33258. The 5 exon mimic was added
to allow the ribozyme to fold into the conformation required
for splice site recognition. Hydroxyl radicals generated from
peroxynitrous acid® were used to cleave solvent accessible
phosphodiester bonds, and diethyl pyrocarbonate (DEPC)?"?
was used to modify A’s, G's, and U's.

Hydroxyl radical mapping of the ribozyme between nucleoti-
des 11 and 362, shows that many nucleotides in the P4, P5,
and P5abc regions are more accessible to cleavage by hydroxyl
radicals when Hoechst 33258 is present (Figures 2 and 3). The
increased solvent accessibility of this region is particularly in-
teresting because experiments with the T. thermophila ribo-
zyme have shown that this region folds independently of the
rest of the intron® and is the first to fold.?**

The entire ribozyme between nucleotides 11 and 362 was
also probed by DEPC. Both enhanced and reduced modifica-
tions are observed with Hoechst 33258. Nucleotides in which
the modification is enhanced at least twofold are situated in
J4/5, J5/5a, at the bottom of P6, and in L8 (Figures 3 and 4).
Nucleotides in and adjacent to the J4/5 region are both en-
hanced and protected from chemical modification. In particu-
lar, modification of U195, A196, and A197 is enhanced. In con-
trast, G193 in the P5 helix is protected from modification by
DEPC; this suggests that a Hoechst 33258 binding site is near

ChemBioChem 2004, 5, 1647 - 1652
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2
this nucleotide (Figures 3 and 4). Enhanced modification of nu-
cleotides in the J4/5 internal loop of the intron is particularly
interesting. By analogy to the T. thermophila intron, the J4/5
loop recognizes the exocyclic amine of the G:U pair at the
splice site and thus contributes to binding of the 5 exon sub-
| strate, recognition of the splice site, and stabilization of the
| | transition state.”™ Thus, altering the folding of nucleotides in
| this region can disable the ribozyme. These results show that
| Hoechst 33258 affects the global folding of the intron and, in
| particular, nucleotides directly involved in tertiary contacts.
1

0.1 1
[Hoechst 33258] um

Figure 2. Relative reactivity of phosphodiester bonds for nucleotides in the

C. albicans group I intron that are susceptible to increased hydroxyl radical
cleavage at 10 mm Mg?* as a function of Hoechst 33258 concentration. The
change in cleavage was determined by dividing the number of radioactive
counts for a nucleotide of interest by the number of radioactive counts from a
nucleotide in which the cleavage was not affected by addition of peroxynitrous
acid.

ChemBioChem 2004, 5, 1647-1652 www.chembiochem.org
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Self-splicing inhibition in the presence of competing J4/5
mimic

To test the hypothesis that the J4/5 region in the intron is a
binding site for Hoechst 33258, IC,'s for inhibition of self-splic-
ing by Hoechst 33258 were measured as a function of con-
centration of a short oligonucleotide mimic of this region
(Table 2). Addition of 15 and 30 pum J4/5 mimic oligonucleotide
increases the ICs, by 13 and 38 pum, respectively. Within experi-
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Figure 4. Relative reactivity of nucleotides in the C. albicans group I intron that
have increased or decreased modification by DEPC at 10 mm Mg** as a func-
tion of Hoechst 33258 concentration. The change in cleavage was determined
by dividing the amount of radioactive counts for a nucleotide of interest by the
number of counts for a nucleotide in which the cleavage was not affected by
addition of DEPC.

mental error, this is the increase that is expected if a 1:1 com-
plex forms between Hoechst 33258 and the J4/5 mimic when
the binding constant for that complex is much tighter than for
the complex between Hoechst 33258 and ribozyme. In con-
trast, addition of 15 and 30 pum tRNA™™ only increases the ICy,
by 3 and 14 um, respectively, which is essentially negligible
within experimental error, even though tRNA™ has ~2.5-fold
more nucleotides than the J4/5 mimic (Table 2).

Table 2. ICy,’s [um] for inhibition of C. albicans’ group | precursor self-splic-
ing by Hoechst 33258 in the presence of competing RNA in H2Mg buffer.

Competing RNA 0 um 15 um 30 um
J4/5 Mimic®™ 17+£3 30+1 5510
tRNAP" 1743 20+6 31£10

[a] The sequence of the J4/5 mimic is: 5'CGGGGAAGGCCUGGAAACGG-
GUUAAUCCCG; the unpaired nucleotides are underlined.

To determine if the J4/5 mimic or tRNA™™ affects self-splic-
ing, the rate of precursor self-splicing was measured in the
presence of either 30 um J4/5 mimic or tRNA™, The rate of
splicing was similar in the presence and absence of oligonu-
cleotide (data not shown).

Discussion

RNA is used relatively rarely as a therapeutic target, despite
the fact that there are many potential RNA drug targets in
cells. Group | introns are one class of potential RNA drug tar-
gets in fungi because the activity of these introns is essential
for the assembly of active ribosomes.'? Several compounds in-
hibit group | intron splicing in vitro and in vivo, including 5’
fluorocytosine,l"?” pentamidine,"” aminoglycosides,’®*>" and
other molecules"®3?7® Several small-molecules are known to
inhibit functions of other RNAs, for example, HIV TAR RNA.B%4
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Understanding the mode of action of small molecules that in-
hibit group | intron splicing can provide a foundation for de-
signing small molecules to inhibit RNA function and potentially
serve as therapeutics.

The Hoechst dyes studied here are based on a relatively
simple scaffold that allows for synthesis of derivatives. The
pK,'s of the benzimidazole sites in unbound Hoechst 33258
are ~3.5 and ~5.5, which does not add any additional charge
at neutral pH, so the overall charge at neutral pH is 4+ 1.4
This may minimize nonspecific binding to nucleic acids, which
is expected for highly charged cations.***! The IC,, for self-
splicing changes little upon addition of 9.5 mm nucleotide
from Torula yeast bulk RNA (Table 1) or 2.3 mm nucleotide
from phenylalanine tRNA (Table 2). Even though the charge is
+1, the ICy, is 17 pum for inhibition of self-splicing in the pres-
ence of 2 mm Mg**, which is similar to intracellular Mg** con-
centrations.*® These results suggest that Hoechst is a good
scaffold that can allow for selective binding of RNA. The results
also give insight into future design of RNA binding ligands by
using this scaffold. For example, Hoechst $769121 and Hoechst
34580 are both better inhibitors of self-splicing than Hoechst
33258. These compounds, however, are less selective inhibitors
of self-splicing (Table 1). This position can also be derivatized
with oligonucleotides, however,””*® which can potentially in-
crease specificity. Derivatization of the Hoechst scaffold in
other positions may allow further enhancement of binding and
selectivity.

The type of motif that may be targeted by Hoechst scaffolds
is suggested by the chemical modification studies (Figure 3).
The only nucleotide in the entire ribozyme that is protected
from DEPC modification by Hoechst 33258 is in the P5 helix
near the J4/5 internal loop; this suggests that J4/5 and/or the
P5 helix is the binding site. Increased modification is observed
for nucleotides in this and in distant regions. The effects in the
distant regions may be due to additional binding sites but
likely reflect perturbations in tertiary structure. The J4/5 region
is the docking site for the P1 helix. Presumably, Hoechst 33258
binding inhibits P1 docking, thus altering the tertiary structure
of the catalytic core. The observation that competition by a
30 nucleotide mimic of the P4-J4/5-P5 motif increases the ICs,
for inhibition of self-splicing by Hoechst 33258 is also consis-
tent with this region being a binding site. Interestingly, this
binding site differs from those proposed for pentamidine."®
Aminoglycosides have been shown to bind to and inhibit self-
splicing of the td group | intron. Mapping experiments show
that the J4/5 internal loop is one of the sites for aminoglyco-
sides binding.B"

Other studies have shown that Hoechst 33258 binds to in-
ternal loops or bulges in RNA. For example, in HIV TAR RNA
Hoechst 33258 recognizes a bulged U residue.*>*® RNA un-
translated regions and aptamers have also been shown to
bind to Hoechst 33258 and these sequences have conserved
pyrimidine rich internal loops.”"*? These studies and the ones
reported here show that Hoechst 33258 binds RNA in or near
sites that are not canonically base paired. While further experi-
ments are needed to thoroughly define the selectivity of
Hoechst 33258, the results suggest that it provides a useful

ChemBioChem 2004, 5, 1647 - 1652



www.chembiochem.org



Inhibition of Group I Intron Self-Splicing

scaffold for binding to internal loops in RNA. It is likely that
related compounds with tighter binding and higher specificity
towards RNA can be made. For example, steric blocks could be
introduced that eliminate binding to Watson-Crick paired DNA
while retaining binding to RNA internal loops.

This study shows that Hoechst 33258 binds to the C. albi-
cans group | intron and inhibits self-splicing. Binding appears
to be to a functionally important internal loop. Preliminary ex-
periments indicate that Hoechst 33258 also exhibits activity
against C. albicans and C. dubliniensis strains that harbor a
group | intron in their LSU rRNA precursor. Hoechst 33258 and
derivatives thereof have potential as broad-spectrum antifun-
gals, since other fungi with group | introns in essential genes
include several Candida species,"""*** P, carinii,**** and Asper-
gillus nidulans.®® Sequencing of the genomes of many human
pathogens is likely to reveal group | introns that are potential
therapeutic targets in other organisms.

Studies of molecular recognition of RNA by Hoechst 33258
and derivatives thereof could lead to development of im-
proved therapeutics that target RNA. Several aminoglycosides
bind bacterial rRNA and inhibit protein synthesis.”” Bacteria
have gained resistance to these drugs, however, through a
variety of mechanisms.®® For example, bacteria can alter the
structure of antibiotics by phosphorylation, thus rendering the
compound ineffective at binding its cellular target. Bacteria
can also change their rRNA sequence such that the antibiotics
no longer bind.”*® Insights into new chemical scaffolds that
recognize RNA in a sequence-specific manner could lead to
the design of new therapeutics that inhibit growth of resistant
strains. These new scaffolds could be designed such that they
are not substrates for bacterial kinases but are ligands for
mutated ribosomes.

Experimental Section

Buffers: HXMg buffer is Hepes (50 mm; 25 mm NaHepes), KCl
(135 mm), and MgCl, (“X”mwm) at pH 7.5 TBE buffer is Tris
(100 mm), Boric Acid (90 mm), and EDTA (1 mm) at pH 8.4. Stop
buffer is urea (12 m), Na,EDTA (12 mm), and 0.1X TBE buffer.

Instruments and general protocols: All radioactivity was quanti-
fied on a Molecular Dynamics phosphorimager with ImageQuaNT
version 4.1 software. Oligonucleotides were synthesized on an Ap-
plied Biosystems 392 solid-phase synthesizer by using standard
phosphoramidite chemistry®®” with monomers purchased from
Glen Research (Baltimore, MD). For the oligonucleotide that is a
mimic of the J4/5 region in the C. albicans ribozyme, the 2" hydrox-
yl groups on the phosphoramidite monomers were protected as
the triisopropylsilyloxymethyl (TOM) ether;®? all other monomers
were protected as the tertbutyldimethylsilyl (TBDMS) ether.®® The
J4/5 mimic oligonucleotide was purified on a denaturing 20% poly-
acrylamide gel, and isolated from the gel by electroelution.® Sam-
ples were desalted with a Sep-Pak column (Waters Corp.) as de-
scribed.® The purity of each oligonucleotide was greater than
95% as determined by analytical kinase® or HPLC. The C. albicans
precursor and ribozyme were as transcribed and purified as de-
scribed.!’339

Chemical mapping experiments: A 50 nm solution of ribozyme
was refolded in H10Mg buffer at pH 7.5 and 55°C as described.!'”

ChemBioChem 2004, 5, 1647-1652 www.chembiochem.org
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After the solution was cooled to 37°C, a mimic of the ribozyme's
5 exon substrate, GACUCU, was added to give a final concentra-
tion of 5 um, and the solution was incubated for 30 min at 37°C to
allow equilibration. Various concentrations of Hoechst 33258 were
added and the samples incubated at 37°C for at least 1 h.

For structure probing, ribozyme was chemically modified by addi-
tion of 10% (v/v) DEPC; DEPC modifies A, G, and U nucleotides at
pH 7.5.222 Samples were incubated at 37°C for 20 min and pre-
cipitated with 2.5 volumes of ethanol in the presence of carrier
tRNA (10 pgmL™") and resuspended in 200 pL of sterile water. To
remove Hoechst 33258, which inhibits reverse transcriptase, the so-
lution containing RNA was extracted at least three times with
100 pL of phenol/chloroform/isoamylalcohol (25:24:1) that was sat-
urated with TE buffer. A final ethanol precipitation of the aqueous
layer was used to isolate the ribozyme. After most of the solvent
was decanted off, the remaining solvent was evaporated in vacuo.

Ribozyme structure was also probed by cleavage with hydroxyl
radicals generated from peroxynitrous acid.*® Ribozyme was re-
folded and incubated with Hoechst 33258 as described above,
then a 2.5% volume of peroxynitrous acid was added and the sam-
ples incubated at 37°C for 6 min. After the incubation period, sam-
ples were immediately placed into a dry ice-ethanol bath. The
samples were ethanol precipitated in the presence of carrier tRNA,
extracted, and isolated as described above.

Sites of modification were detected by primer extension®" by
using AMV Reverse Transcriptase (Life Sciences) according to man-
ufacturer’s protocol except that samples were annealed in
NaOOCCH; (435 mm) instead of water.®® The ribozyme was se-
quenced by the Sanger method with reverse transcriptase.”™ The
change in modification was determined by normalizing the signals
from the position of interest to a nucleotide where the amount of
modification is not affected by Hoechst 33258.

Splicing assays: Splicing assays were completed as described.!'**”
In a typical experiment, 2 nm of precursor was refolded in buffer
by incubating at 50°C for 3 min. The sample was placed at 37°C
for at least 2 min to allow the temperature to equilibrate, and then
3 uL of this solution was added to 3 pL of a solution containing
2 mmMm pG and inhibitor in buffer. Samples were incubated at 37°C
for 1 h and a ?/; volume of stop buffer was added to quench the
reactions. For splicing experiments with competing RNA, precursor
was refolded in buffer as described above, and then a solution
containing competing RNA in buffer was added. Products were
separated on a denaturing 5% polyacrylamide gel and quantified
with a phosphorimager.™™ The IC,'s were determined as de-
scribed.®
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Structural Investigation of the HIV-1 Envelope
Glycoprotein gp160 Cleavage Site 3: Role of
Site-Specific Mutations**

Lucia Falcigno,” Romina Oliva,” Gabriella D'Auria,”® ® Massimiliano Maletta,”
Monica Dettin,” Antonella Pasquato,’ Carlo Di Bello,' and Livio Paolillo*®

Proteolytic processing of HIV gp160 to produce gp120 and gp41
is performed by PC enzymes. This process is a prerequisite for the
virus infectivity, since both gp120 and gp41 patrticipate in the
virus HIV-1 entry mechanism. The structure of the gp120/gp41
junction remains to be elucidated, and the structural features re-
quired for molecular recognition between HIV-1 gp160 and pro-
teolytic enzymes have not been clarified. Furin is the best PC can-
didate for the gp160 proteolytic processing known to date.

In previous studies on model peptides, we have shown the rele-
vance of an N-terminal helix for the proper recognition of the

Introduction

The HIV-1 envelope glycoprotein gp160 is synthesized as an in-
active precursor in a late Golgi compartment,!’ and is then
cleaved to give the non-covalently associated gp120 and gp41
glycoproteins. Proteolytic processing of the HIV gp160 is a pre-
requisite for the virus infectivity. Both gp120 and gp41 indeed
participate into the virus infectivity process, gp120 mediating
the interaction of the viral particle with CD4 receptor-corecep-
tor complexes, and gp41 carrying out the fusion of viral and
cellular lipid membranes.?

The intracellular processing of the HIV envelope gp160 gly-
coprotein is carried out by proprotein convertases (PCs), newly
discovered mammalian subtilases. Furin was the first PC
enzyme shown to cleave gp160 intracellularly into gp120/
gp41® and is the best candidate to date for the gp160 proteo-
lytic processing.”

Analogously to prohormones, viral glycoproteins present
multibasic cleavage sites and, more specifically, consensus se-
quences of the Lys/Arg-Xaa-Lys/Arg-Arg type. The proteolytic
cleavage of the HIV-1 glycoprotein gp160 precursor occurs at
the carboxyl side of the Arg508-Glu-Lys-Arg511 sequence
(site 1) in over 85% of cases,” although a second putative
cleavage site—Lys500-Ala-Lys-Arg503 (site 2)—is present eight
residues upstream. Site-directed mutagenesis studies’® showed
that basic residues within the site 1 recognition sequence are
necessary for the proteolytic processing. The role of the non-
physiological site is still hypothetical, however.

While the first PC structure—for mouse furin, which is highly
homologous (sequence identity 98%) with the human
form”—has recently been reported, the structural features re-
quired for molecular recognition between HIV-1 gp160 and
proteolytic enzymes have not yet been clearly assessed. As the
structure of the gp120/gp41 junction remains to be elucidated,
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gp160 processing site by furin. Here we analyze the effect of
point mutations in peptides lacking a regular N-terminal helix. To
this end, we present the structure—activity characterization of
three peptide analogues of the HIV gp160 processing site that all
present mutations in proline at positions P3 and/or P2, while
sharing the same N-terminal sequence, containing helix-breaking
p-amino acids. Conformational analysis of the peptides was car-
ried out in solution by NMR techniques, and furin’s efficiency in
cleaving them was measured. Structural findings are presented
and discussed in relation to the different exhibited activity.

current hypotheses rely on protein structure predictions and
conformational studies of model peptides.

We have already reported on the structural analysis of a
fragment spanning the Pro498-Gly516 sequence: p498.% The
19-residue peptide p498, spanning the junction between
gp120 and gp41, and containing sites 1 and 2, was shown by
Brakch et al.”’ to be recognized and duly digested by furin at
site 1;'% this suggests that contributions of specific secondary
structure motifs from surrounding amino acids can be repro-
duced even in a middle-sized peptide. In our study we found a
loop exposing the physiological cleavage site 1, and a helix at
the N-terminal side.

More recently we reported on the structure and activity of
the 23-residue peptide h-REKR, the key features of which were
the introduction of a large helical sequence replacing that of
site 2 and located at the N terminus.""! We showed that the
propensity of the peptide to be processed by furin is high and
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not significantly affected by such modification, in relation to
the full-native analogue p498.

“Helix + loop” thus seems to be a suitable secondary struc-
ture motif for digestion by furin. These results supported the
hypothesis that the processing site in gp160 may be enclosed
in a loop, preceded by a helix helping in orienting it correctly.

Here we have undertaken a structure-activity study in a
series of analogues designed to bear helix-breaking amino
acids at the N terminus of the processing site (Scheme 1).

randem -508-————u516— gp160
D-P-K-G-V-T-V-T-V-T-v-t-F-T-R-\ -I{-Riﬁ.- /-G-1-G*#
site 1

...F3PZPL PI'P2'...2

Scheme 1. Amino acid sequence of the analogues 1-4. X and Z symbols, re-
ported in gray, indicate Proline mutations (see Table 1). An arrow is used to
indicate the cleavage locus for the recognized processing site 1. [a] Schechter
and Berger nomenclature."?

These analogues (1-4, Table 1) are 23-mer peptides contain-
ing the native gp160 sequence Arg508-Gly516, containing
site 1, at the C terminus, and, at the N terminus, model se-
quences indicated for simplicity as “random” (r-). In analogues
2-4, mutations in prolines are also made at positions P3 and/
or P2' (according to the nomenclature of Schechter and
Bergen)'.

Table 1. Names and sequences of analogues with digestion experiment re-
sults; p498 reproduces the native gp160 sequence.””’ The non-native N-termi-
nal residues are given in italics and indicated by r- (random). The processing
site residues are reported in bold. Mutations in prolines are shown in gray.

Name Sequence Substrate
processing
by Furin®

p498 (498-516 gp160) P'TKAKRRVVQREKRIAVGIG™ 100%

1 r-REKR™ D'PKGVTVTVTVtVTREKRLAVGIG®  21%
2 r-RPKR D'PKGVTVTVTVtVTRPKRLAVGIG®  100%
3 r-REKR-Pro20 D'PKGVTVTVTVtVTREKRLAPGIG®  29%
4  r-RPKR-Pro20 D'PKGVTVTVTvtVTRPKRUAPGIG®  77%

[a] Digestion percentages after 3 h incubation with human furin at 37°C.

The random N-terminal sequence of analogues 1-4 contains
two p-residues (val11 and thr12) and corresponds to the Asp5-
Thr18 sequence of the peptide D15 in a series of analogues
designed and characterized by Krause and colleagues."”
Krause and co-workers showed, by circular dichroism (CD)
analysis, that the double Val-Thr p-amino acid substitution dra-
matically decreases the amount of helical structure and that
no propensity for ordered secondary structure appears to
exist.

In our analogues, mutations were also made at positions P3
and P2’ in order to gain insight in the role of these substrate
positions. From modeling studies, protein engineering, and
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comparative analysis of native substrates, it is indeed known
that furin is highly specific towards positions P1, P2, and P4,
whereas the role of the P3 and P2’ positions is still not clear.
Proline residues were inserted in such positions, to introduce
structural constraints.

Digestion experiments with furin, performed on our pep-
tides showed that they all are recognized by furin, but with
significantly different efficiencies.

The introduction of helix-breaking amino acids into the N
terminus in analogue 1 (with the full-native C-terminal se-
quence) dramatically reduces the cleavage efficiency. Muta-
tions with prolines (analogues 2-4) seem, instead, to affect the
activity significantly. In particular, the proline mutation at P3
seems to enhance the cleavage efficiency.

The previously reported™ NMR conformational analysis of
analogue 1 (namely r-REKR) failed to demonstrate a well de-
fined secondary structure, in particular for the N-terminal
region, where spectral overlapping prevents unambiguous
assignment of structurally diagnostic NOEs.

Here we present the structure-activity analysis of three
other analogues of the series incorporating proline substitu-
tions (analogues 2-4). In particular, these analogues 2-4 share
the same N-terminal (r-) sequence with the following muta-
tions: analogue 2 (r-RPKR) presents the E509P mutation at P3,
analogue 3 (r-REKR-Pro20) presents the V513P mutation at P2/,
and analogue 4 (r-RPKR-Pro20) presents both the E509P and
V513P mutations at P3 and P2".

Conformation analysis, carried out by NMR techniques and
by molecular modeling, is presented and related to the differ-
ent exhibited activities.

Results
Cleavage of synthetic peptides by furin

Digestion experiments with furin were performed. All peptides
were incubated with furin for 1 h and for 3 h at 37°C. Products
were identified by high-performance liquid chromatography
(HPLC) purification followed by a MALDI mass spectroscopic
analysis. The degree of substrate conversion was determined
by integrating the peak area of the uncleaved substrate and
comparing it with the peak area of the furin-untreated sample.

The digestion results are summarized below (see also
Table 1).

The substrate r-REKR (analogue 1), containing an N-terminal
segment designed to adopt a random conformation, reaches
21% conversion after 3 h incubation and only 9% digestion
after 1 h. The mutations introduced in the r-REKR sequence
(analogues 2-4) also gave different and interesting results:

1) Analogue 2, with Glu16—Pro substitution (P3 position), is
extensively digested by furin after 1 h (91%) and it is the
best synthetic substrate among the peptide analogues
under investigation.

2) Analogue 3, with the modification Val20—Pro at the P2’
position, is processed with comparable efficiency to ana-
logue 1, with no proline mutation.

ChemBioChem 2004, 5, 1653 - 1661
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3) Analogue 4, with both point mutations described above,
shows 40% conversion over 1 h and 77% conversion after
3 h incubation.

Analogue 2 (r-RPKR): conformational analysis

NMR data: NMR analysis was performed in a TFE/H,0 (90:10,
v/v) solution. The complete sequential assignment was ach-
ieved by the standard procedure proposed by Wiithrich.'!
Proton chemical shifts are presented as Supporting Informa-
tion (Table S1).

0.4
. 0.2
3 o
&4
-0.2
-0.4
-0.6
DI K3 VWS VT W9 vil VI3 RIS KIT A9 Gl G23
residue
{1 0
b) DPEGVTVTVTVTVTRPKERAVGIG
iy L+ —_— e—— -
Ay diit1) - = —_—
dy (EIF]) - -
ey (1L+2)
o 1.i+2) - -
—EE——

rfJ\|J.J'_‘|

Figure 1. a) Chemical shift deviations from the random-coil values for aCH pro-
tons!"®! of analogue 2. For Gly4 and Gly21 both the aCH and the a'CH chemical
shift deviations are reported. b) Summary of analogue 2’s most relevant NOE
effects in TFE/H,0 (90:10). Val11 and Thr12 are p-amino acids.

Deviations of the aCH chemical shifts from random-coil
values are reported in Figure 1a. The negative deviations ob-
served for the Val5-Thr8 segment point to a helical or turn
structure in this region."” In the C-terminal segment Arg15-
Val20, positive deviations are observed instead, pointing to an
extended local conformation, probably due to the presence of
the Pro16. The NOE pattern (Figure 1b) shows a few medium-
range contacts (three o-f;,; [3-6, 5-8, 7—10] and one a;-
NH,,, [6—10]), diagnostic of a helical conformation, in the N-
terminal region.

In the C-terminal segment, starting from Pro16, a pattern of
stronger a,-NH,,; contacts, relative to the corresponding NH-
NH,,,, is observed, which is diagnostic of an extended confor-
mation. A couple of a-NH,,, contacts, pointing to the pres-
ence of turns, are also observed in the N-terminal tail. A set of
262 experimental constraints from NOE data (130 intraresidual,
103 sequential, and 29 medium-range) was determined for

ChemBioChem 2004, 5, 1653-1661  www.chembiochem.org
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structure calculations. These constraints were imposed as
upper bounds on interproton distances, in order to sample the
conformational space, by torsion angle dynamics (DYANA
program)."”

Structure calculations: A first set of 100 conformers was calcu-
lated with the DYANA program. One hundred additional struc-
tures were then calculated by the redundant dihedral angle
constraints (REDAC) strategy, in order to improve the conver-
gence."® The REDAC structures are indeed more compatible
with the experimentally obtained data (for details see the Ex-
perimental Section). The 30 DYANA structures with the lowest
target function values were then subjected to restrained

Figure 2. The best backbone superposition of the 2-12 (left) and 14-22 (right)
segments in the ten selected AMBER structures: a) analogue 2, b) analogue 3,
and c) analogue 4. The mean structures are shown as gray ribbons. Proline
mutations are shown in black and p-amino acids in white.

1655



www.chembiochem.org



BIO

energy minimization by use of the SANDER module of the
AMBER 6.0 package."*? The best 10 structures in terms of the
agreement with experimental restraints, out of those with a re-
sidual restraint energy lower than —138 kcal mol™', were select-
ed to represent the analogue 2 solution structure (Figure 2a).
The whole N-terminal fragment, from Pro2 to p-Thr12, assumes
a well defined conformation (average root mean square devia-
tion (rmsd) on backbone 1.554-0.56 A calculated from the best
10 structures).

In particular, the residues from Thr6 to Thr10 are involved in
an a-helix (mean global rmsd on backbone 0.69+0.46 A) in all
ten structures, interrupted by the pair of adjacent p-amino
acids, oVal11-pThr12. A type | -turn is further present on resi-
dues Asp1-Gly4 in five out of the ten selected structures.

The C-terminal side, from Arg15 to lle22, appears globally
quite extended although it is less defined than the N-terminal
one (mean global rmsd on backbone of Arg15-lle22 1.81+
0.50 A). On the C-terminal residues Val20-Gly23, a non-canoni-
cal four-residue bending is observed.

The region pThr12-Arg15 instead presents large variability.

Analogue 3 (r-REKR-Pro20): conformational analysis

NMR data: Analogue 3 has a large N-terminal random se-
quence,™ followed by the gp160 native sequence Arg508-
Gly516 presenting the mutation V513P (Table 1).

NMR analysis in a TFE/H,0 (90:10, v/v) solution allowed a
complete sequential assignment. Proton chemical shifts are
presented as Supporting Information (Table S2).

At the N terminus, the chemical shift deviations reported in
Figure 3a point to a helical or turn structure in the Val5-Thr8
segment."” In the C-terminal Glu16-Val20 segment, weak posi-
tive deviations are observed instead, pointing to an extended
local conformation, very probably due to the presence of the
Pro20. The NOE pattern (Figure 3b) shows a few medium-
range contacts diagnostic of a helical conformation, in the
Thr4-pVal10 region, two a,—f,,; contacts (4-7, 6—9) among
them. Several medium-range contacts are also present in the
11-17 region.

A set of 233 NOE experimental constraints (128 intraresidual,
78 sequential, and 27 medium-range) was used for structure
calculations. These constraints were imposed as upper bounds
on interproton distances in order to sample the allowed con-
formational space by torsion angle dynamics (DYANA pro-
gram).l"”

Structure calculations: The molecular model of analogue 3 was
calculated with the procedure already outlined for analogue 2
(see also the Experimental Section). The ten best structures
among those with a residual restraint energy lower than
—143 kcalmol™ were considered to represent the analogue 3
solution structure. These structures belong to one conforma-
tional family (mean global backbone rmsd on residues 2-22:
3.44+1.39 A). The mean global backbone rms deviations in
the 2-14 and 15-22 regions are 1.92+0.85A and 138+
0.88 A, respectively. Figure 2b shows the mean AMBER struc-
ture representative of the entire conformational family, super-

1656

Adyen

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

L. Paolillo et al.

0.6
0.4 ]
0.2 1 i : T
”U[] il . e plolin la
= ] " P20 |
-0.2 i
-0.4
=0.6
1 Ki V5 V7 Vo vil VI3 RI5 KIT Al9 G21 G23
residue
(I8 i
b) DEKGVTVTVTVTVTREKRAPGIG
[:"h':\'tf_il'F] ] (= = e —
dygtici+l) — — — -— . [
rflipx‘un'._!'+| ] — - e — —
hnlid42)
gL i42)
u",l_\'|l-.r.+_-"‘]

dyplii+3)

Figure 3. a) Chemical shift deviations from the random-coil values for the aCH
protons" of analogue 3. For Gly4 and Gly21 both the aCH and the a'CH
chemical shift deviations are reported. b) Summary of analogue 3’s most rele-
vant NOE effects in TFE/H,0 (90:10). Val11 and Thr12 are p-aminoacids.

imposed on all the selected structures. It presents a quite un-
usual N-terminal conformation, also including the residues b-
Val11 and bp-Thr12: one turn of an a-helix spans the Thr6-Val9
segment, followed by two consecutive (-turns, one on resi-
dues p-Val11-Thr14 and one on Thr14-Lys17, enclosing a -
turn around Arg15. At the C terminus, the expected [-turn
around Pro20-Gly21 is not found; instead, a large non-canoni-
cal bending involving residues Lys17-Gly21 is observed, with
the presence of Glu16-Arg18 and Ala19-Gly21 main-chain hy-
drogen bonds. In this large bending, the residues from Lys17
to Pro20 assume a quite extended conformation. (Pro20 forms
a distorted equatorial y-turn in half of the structures). A fairly
tight network of main-chain hydrogen bonds involves those
residues located around the cleavage site 1, in agreement with
the low-temperature coefficients for the Thr14-Arg18 amide
protons (data not shown).

Analogue 4 (r-RPKR-Pro20): conformational analysis

NMR data: Analogue 4 has the previously mentioned large N-
terminal random sequence,"™ followed by the gp160 native se-
quence Arg508-Gly516 presenting the double mutation E509P
and V513P (Table 1).

Proton chemical shifts are reported as Supporting Informa-
tion (Table S3).

The aCH chemical shift deviations for each residue number
are reported in Figure 4a. Negative deviations for the Val5-
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Figure 4. a) Chemical shift deviations from random-coil values for the aCH pro-
tons'"® of analogue 4. For Gly4 and Gly21 both the aCH and the a'CH chemical
shift deviations are reported. b) Summary of analogue 4’s most relevant NOE
effects in TFE/H,0 (90:10). Val11 and Thr12 are p-amino acids.

Thr8 segment point to a helical or turn structure in this
region." In the C-terminal segment Arg15-Gly21, positive de-
viations are observed instead, pointing to an extended local
conformation, very probably due to the Pro16 and Pro20
substitutions.

On the basis of the chemical shift comparison, analogue 4
would thus be expected to exhibit an N-terminal conformation
closely resembling that of analogue 2, from Aspl1 to Pro16,
and a C-terminal conformation very similar to that of analogue
3 in the Arg18-Gly23 segment. The Arg15-Arg18 segment
would then be expected, on the basis of the aCH chemical
shift deviations, to be found in an extended conformation.

The NOE pattern (Figure 4b) shows a few medium-range
contacts diagnostic of a helical conformation in the Thré-
pThr11 region (among them one a-N;,; [7-10], two 0,33
[6-9, 8-11], and one o,-N;_, [6-10]).

A set of 300 experimental constraints from NOE data (148
intraresidual, 121 sequential, and 31 medium-range) was used
for structure calculations.

Structure calculations: In analogy with the previously described
cases, the ten best structures (among those with a residual re-
straint energy lower than —100 kcalmol™) were selected to
represent the analogue 4 solution structure. They belong to
one conformational family (mean global backbone rmsd on
residues 2-22: 3.52+0.88 A). The mean global backbone
rmsds are 2.444+1.06 A and 2.194+0.56 A in the peptide re-
gions 2-14 and 15-22, respectively. The mean AMBER structure
representative of the entire conformational family is shown in
Figure 2¢, superimposed on the selected structures. One a-
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helix turn is present in the Thr6-Val9 segment, while the two
p-residues p-Val11 and p-Thr12 contribute to a folded structure
through a kink characterized by H-bonds formed by b-Val11
with both Val7 and Thr8 and dihedral angles typical of a type |
B-turn around residues Thr10-pVal11. Two y-turns—axial and
equatorial, respectively—around Val13 and Thr14 invert the di-
rection of the chain. At the C terminus, the expected fB-turn
around Pro20-Gly21 is not found, whereas a fairly extended
conformation is observed for the Arg15-lle22 segment.

Discussion

The results obtained from the furin digestion experiments
demonstrate the importance of the N-terminal conformation
and of the P3 and P2’ residues in determining the efficiency of
the enzyme. These results can be summarized as follows:

1) When no mutation occurs in or close to the cleavage site,
but different sequences are exhibited at the N terminus
(see analogues p498,® h-REKR," r-REKR,) the efficiency
of cleavage seems to be driven by degree of order of the
N terminus.

2) In the case of mutations (analogues 2-4), proline mutation
at the P3 position seems to enhance the cleavage efficien-
cy, while proline mutation at P2’ seems not to affect it (or
to reduce it if a proline is already present at P3).

D-Residues

All studied analogues contain a pair of adjacent p-amino acids:
p-Val11 and p-Thr12.

Several studies have shown that the replacement of amino
acids by their enantiomers induces destabilization of ordered
secondary structures.">?"?? The substitution of amino acids by
their enantiomers is thus advantageous for structure-activity
studies, to probe the relationship between conformational do-
mains and bioactivity, for example, as it affects only the struc-
ture without changing properties such as side-chain hydropho-
bicity, functionality, or charge distribution.

The incorporation of an adjacent pair of p-amino acids was
shown to enhance the effect of structure disturbance. In partic-
ular, Krause and colleagues analyzed, by CD, NMR and HPLC
methods, the helix-destabilizing abilities of the 19 standard
proteinogenic counterpart p-amino acids, when inserted as
pairs in a 16-mer model amphipathic a-helix.?" They showed
that all b-amino acids have a helix-destabilizing effect, which is
strongly dependent on their side-chains and not related to the
structure propensity of the corresponding L-amino acids. Ac-
cordingly, the p-isomers of bulky and B-branched amino acids,
particularly p-Val and p-Thr, were shown to be the most effec-
tive in destabilizing the amphipathic helix. From the NOE pat-
tern, Krause and colleagues suggested that p-residues might
induce turn-like structures in the helix, causing kinks.*"

Our NMR study confirms the propensity of the Asp1-Thr14
segment to adopt a helical conformation in the presence of
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TFE, as well as partial helix disruption (by induction of a kink)
due to the insertion of the p-amino acid pair.

From our structure elucidations it appears that the last L-res-
idue before the double p-insertion (Thr10) and the first p-resi-
due of the pair (val11) exhibit dihedral angles in unusual re-
gions of the Ramachandran map, while the dihedral angles of
the second p-residue (thr12) and of the following L-residue
(Val13) are consistent with an a; region (data not shown). Such
an unusual conformation for Thr10-val11 backbones seems to
stabilize helix capping between their backbone amide protons
and the carbonyls of residues three or four positions upstream,
inserted in the helix turn. This can be seen in Figure 5, which

shows a superposition of the
N-terminal regions in the three
analogues’ mean structures.
(The rmsd for the backbone su-
perposition  of  Pro2-thr12
ranges from 12 to 22A).
These structural features help
to explain the helix-disrupting
ability of two consecutive b-
residues inserted into a stretch
of L-amino acids.

Furin-substrate binding mode:
The crystal structure of mouse
furin, highly homologous to
the human form (sequence
identity 98 %), has been recent-
ly determined at a 2.6 A resolu-
tion.”! A tetrapeptide analogue
inhibitor (decanoyl-Arg-Val-Lys-
Arg-chloro-

methylketone) is bound in its
catalytic site, occupying the
substrate P1-P4 positions (ac-
cording to Schechter and Berg-
er's nomenclature”?).

As already hypothesized on
the basis of homology models
for the furin catalytic domain
(Siezen and co-workers®?¥ and our own laboratories®®'"), the
furin binding region can be described as a narrow channel,
able to accommodate several substrate residues around the
multibasic sequence (see also Siezen et al.?*). The furin catalyt-
ic triad (Ser368-His194-Asp153) is located at the bottom of
the channel, together with several surface-exposed acidic resi-
dues, making specific electrostatic interactions with the basic
amino acids at positions P1, P2, and P4.

As in the case of the substrate positions currently under in-
vestigation, the inhibitor Val side chain at P3 in the mouse
furin structure extends into the bulk solvent, pointing outside
the binding site, in agreement with the lack of specificity ob-
served at this position. A proline can be easily accommodated
at P3, as shown in Figure 6a in the form of the furin-inhibitor
structure, bearing a mutation in Pro at P3, as in peptide ana-
logues 2 and 4.

Figure 5. A superposition of the
mean N-terminal region structures
of analogues 2 (purple), 3 (green),
and 4 (blue): ribbon representa-
tion. The backbone H-bonds be-
tween 7-10 and 7-11 residues are
shown in green.
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Figure 6. Furin catalytic region shown as a purple Connolly surface, with cata-
lytic triad residues (Ser368-His194-Asp153) in red. a) The structure of mouse
furin-tetrapeptide inhibitor, with a proline mutation modeled at position P3.

b) The model of human furin with bound eglin c inhibitor, modified to mimic
the gp160 sequence around the processing site: V-Q-R-E-K-RLA-V. The Val resi-
due at P2’ interacts with the hydrophobic W328-Y329 residues (in green) in the
enzyme binding region.

A model of the human furin-eglin c inhibitor complex was
built in order to model the P2’ position, absent in the mouse
furin structure. The inhibitor sequence was modified in order
to mimic the gp160 processing site: namely, Val-GIn-Arg-Glu-
Lys-ArgAla-Val.®! This model shows that residues W328 and
Y329 are located in a very favorable position for interaction
with the hydrophobic Val residue at P2’, thus defining the pref-
erence for a medium-sized hydrophobic residue at such a posi-
tion (Figure 6b).

Conclusion

In this paper we discuss the activity and conformational prop-
erties of three peptide analogues related to the HIV-1 gp160
processing site. These peptides were designed to exhibit a
common N-terminal random sequence and proline mutations
at positions P3 and/or P2’, in order to elucidate the relative im-
portance of these structural features in the gp160 processing.

A proline at P3 has been shown to increase the rate of mo-
lecular recognition in our unstructured peptides (analogue 2
vs. 1) while proline mutation at P2’ does not seem to affect
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the cleavage efficiency (analogue 3 vs. 1), but reduces it if a
proline is already present at position P3, as in analogue 2 (ana-
logue 4 vs. 2).

It is known that proline residues are present at position P3
in the canonical protein inhibitor BPTI** and in some furin
substrates, such as human pro-factor IX and rat pro-endopepti-
dase.” However, P3 does not seem to be a conserved position
in furin substrates (although hydrophilic, particularly basic, resi-
dues are favored). Moreover, from the current furin model the
side chains of residues located at P3 indeed do not point
toward the furin catalytic region and, in addition, the furin sub-
site S3 does not appear to be a distinct site.

On the contrary, no proline substitution at P2" was observed
for any furin substrate analyzed, where a large predominance
of hydrophobic residues was observed instead (specifically, a
Val is found in 12 out of the 37 total analyzed cases; see Naka-
yama®). In our model for the furin catalytic domain, a hydro-
phobic interaction between the substrate residue Val47, at P2/,
and the furin sub-site residue Y222 (4 A away) is indeed ob-
served.

According to Bode and Huber,” the binding loops contain-
ing the proteolytic site for Ser-protease substrates exhibit a
quite characteristic extended main-chain conformation, from
P3 to P3’, when bound to proteases. Such a conformation ex-
poses the side chains flanking the scissile bond (except for P3)
in such a way that they protrude from the supporting scaffold
toward the enzyme’s active site. When free, however, sub-
strates’ proteolytic sites are usually quite different in structure;
they thus undergo a conformational change in order to facili-
tate the binding into the proteinase active site.”” Globally, the
structural effect of prolines in the mutants under study ap-
pears to be to induce an extended conformation in a segment
of four-six adjacent residues. Residues preceding prolines
show, as expected,”™ a marked preference for the P-region.
This is apparent from the aCH chemical shift deviation dia-
grams, in which residues preceding prolines always exhibit
strong positive deviations from random-coil values, indicative
of extended conformations.

The high efficiency of the cleavage of analogue 2, compara-
ble to that of the p498 native sequence, thus seems to be gov-
erned at first by the C-terminal conformation, which could play
an important role in promoting recognition. The presence of
proline at P3 indeed introduces constraints on the dihedral
angles of the adjacent residues P4-P2’ toward the expected
values for recognition, according to the Bode and Huber
model.”” Therefore, the proline mutation at P3 should entropi-
cally favor the adoption of the correct orientation by the
substrate.

In analogue 3, the observed activity is probably due to a bal-
ance between the entropic gain due to the Pro residue at posi-
tion P2’ and the loss of a specific interaction required in such
position. Indeed the presence of the proline at P2’ induces the
correct dihedral angles for the P2-P2’ residues, and particularly
for the Ala residue at P1’, although less efficiently than at P3.
Therefore, according to the Bode and Huber model,” the pro-
line mutation at P2’ could be structurally favored. At the same
time, the proline mutation at P2’ is enthalpically unfavorable,
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as hydrophobic interactions between the Val residue at P2’
and the furin subsite S2’ are lost.

Analogue 4 exhibits an intermediate activity. It shares with
the most active analogue, 2, the conformation of a large seg-
ment (Asp1-Arg18) enclosing the site 1 processing residues. At
the same time, the presence of a proline at the P2’ position
with the subsequent loss of a hydrophobic interaction with S2’
may be invoked to explain the lower efficiency of cleavage in
relation to analogue 2. However, the severe structural con-
straint due to the presence of two prolines, separated by only
three residues, could also play a role.

Experimental Section

Synthesis: All the analogues, reported in Table 1, were synthesized
by solid-phase peptide synthesis on an automated peptide synthe-
sizer Model 431 A (Applied Biosystems, Forster City, CA, USA) by
standard Fmoc chemistry. Rink Amide MBHA Resin (0.49 mmolg™")
was employed as solid support. Amino acids were incorporated by
the use of 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate/1-hydroxybenzotriazole (HBTU/HOBt) reagents.
The following side chain protecting groups were used:

Thr: tBu,

Lys: tert-butyloxycarbonyl (Boc),

Arg: 2,2,5,7,8-pentamethyl-chroman-6-sulfonyl (Pmc), and
Asp and Glu: OtBu.

Double couplings were introduced in the sequence 1-13 and for
Gly23 insertion for analogue 4 synthesis; in the sequence 1-10 and
for Gly23 insertion for analogue 2 synthesis and for 1-10 sequence
and for Ala19 and Gly23 insertions in the analogue 3 synthesis.

The protected peptide resin was treated with H,0 (0.5 mL), ethane-
dithiol (EDT; 0.25 mL), thioanisole (0.5 mL), phenol (0.75 g), and tri-
fluoroacetic acid (TFA; 10 mL) over 90 min to cleave the peptide
from the solid support and to deblock the side chains. The crude
peptides were purified by reversed-phase high-performance liquid
chromatography (HPLC) on a semi-preparative column (Delta-
pak C,s, Waters, 15 um, 100 A, 7,8x 300 mm). HPLC analysis of the
purified analogue 4 (conditions: column, Vydac C,g; eluentA,
0.05% TFA in water, eluent B, 0.05% TFA in CH,CN; gradient, 19-
27% B over 16 min; flow rate, 1 mLmin~'; detector, 214 nm) gave a
95% purity grade peak at 7.3 min. The analysis of purified ana-
logues 2 and 3 was carried out on a C;g Luna column (Phenom-
enex, 5 um, 100 A, 4,6x250 mm) under the following conditions:
eluent A, TFA in water (0.05%), eluent B, TFA in CH;CN (0.05%);
gradient, 18-26% B over 16 min; flow rate, 1 mLmin™"; detector,
214 nm. Elution was reached at 10.3 min for analogue 2 and at
7.6 min for analogue 3. Integration of the chromatographic read-
outs gave 98% purity for analogue 2 and 99% purity for analogue
3. The homogeneity of the products was also confirmed by capilla-
ry electrophoresis analysis on an Applied Biosystems instrument
Model 270A. The identities of the products were confirmed by
MALDI spectrometric analysis (analogue 2: theor. value: 2350 Da,
exp. value 2349 Da; analogue 3: theor. value: 2380 Da, exp. value
2383 Da; analogue 4: theor. value: 2348 Da, exp. value 2349 Da).

Enzyme assay: Synthetic peptides were dissolved in H,0 at 1 mm
concentration. The solution (15 pL) of each peptide was subjected
to proteolysis in a reaction volume (85 pul) containing purified
human furin (10 pL, activity 153.5 pmoles AMCuL ™" enzyme x hour)

1659



www.chembiochem.org



BIO

in Tris acetate (50 uL, 100 mm, pH 7), CaCl, (2 uL, 100 mm), and
H,O (23 puL). The reaction mixture was incubated at 37°C for 1 h
and for 3 h. Products were identified by HPLC purification followed
by MALDI mass spectroscopic analysis. The degree of substrate
conversion was determined by integration of the peak area of
uncleaved substrate and comparison with peak area of a furin-
untreated sample.

NMR analysis: NMR characterization was performed in TFE/H,O
90:10 (v/v) at 298 K. The samples were prepared by dissolving each
peptide (about 5.0 mg) in [D5]TFE (0.75 mL, 99 % isotopic purity, Al-
drich) and H,0 (0.075 mL). Chemical shifts were referred to internal
sodium [D,]-2,2',3,3'-(trimethylsilyl)propionate (TSP).

For all the analogues, NMR experiments were carried out on a
Varian Unity-Inova 600 MHz spectrometer, fitted with a Sun Station
Ultra5, located at the Istituto di Biostrutture e Bioimmagini C.N.R.
(IBB), University of Naples “Federico II”. Spectra were also acquired
on an INCA (Consorzio Interuniversitario Chimica per L'Ambiente)
Varian Inova 500 MHz, located at the Centro Interdipartimentale di
Metodologie Chimico-Fisiche (CIMCF), University of Naples “Federi-
co II". Two-dimensional (2D) experiments, such as total correlation
spectroscopy (TOCSY),”? nuclear Overhauser effect spectroscopy
(NOESY),® rotating frame Overhauser effect spectroscopy
(ROESY),2" and double quantum-filtered correlated spectroscopy
(DQFCOSY)®? were recorded by the phase sensitive States-Haber-
korn method. The data file generally consisted of 512 and 2048
(4096 for DQFCOSY) data points in the w1 and w2 dimensions re-
spectively. TOCSY experiments were acquired with a 70 ms mixing
time, and the water resonance was suppressed by use of the WA-
TERGATE sequence.®® NOESY experiments were acquired with 100,
200, and 300 ms mixing times; ROESY experiments were all ac-
quired with a 100 ms mixing time, with use of a continuous spin-
lock. Off-resonance effects, due to the low power spin-lock field,
were compensated by means of two 90° hard pulses before and
after the spin-lock period.®?¥ The water resonance was suppressed
by low power irradiation during the relaxation delay and, for
NOESY, during the mixing time. Free induction decays (FIDs) were
multiplied in both dimensions with shifted sine-bell weighting
functions, and data points were zero-filled to 1K in w1 prior to
Fourier transformation. According to Withrich,™ identification of
amino acid spin systems was performed by comparison of TOCSY
and DQFCOSY, while sequential assignment was achieved by analy-
sis of NOESY spectra. Temperature coefficients of amide protons
were measured from one-dimensional (1D) spectra and from
TOCSY spectra, acquired with 4 K data points, in the 298-310 K
temperature range. NOE analysis was achieved by means of NOESY
spectra. NOE intensities were evaluated by integration of cross-
peaks in the 200 ms NOESY spectra, by use of the appropriate
VARIAN software and then converted into interproton distances by
use of the 1/r° relationship for rigid molecules."™ Geminal 6-¢'CH,
protons of Pro20 for analogue 3 and C-terminal NH, protons for
analogues 2 and 4, all with a distance of 1.78 A, were chosen as
references.

Computational methods: Torsion angle dynamics calculations
were carried out with the DYANA program.'” The library program
was modified for the N- and C-terminal residues. A total of 200
three-dimensional structures were obtained from interproton dis-
tances evaluated from NOEs (raised by 20-30%) as upper limits,
without use of stereospecific assignments. 100 conformers were
calculated with the standard parameters of the DYANA program.
All of these conformers showed good agreement with experimen-
tal constraints (lowest target function value is 0.57 A% for analogue
2, 0.39 A? for analogue 3, and 0.43 A? for analogue 4; the mean
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global backbone rmsd is 5.84 +1.40 A for analogue 2, 466 +1.01 A
for analogue 3, and 5.044 1.32 A for analogue 4). To improve con-
vergence, the redundant dihedral angle constraints (REDAC)!"®
strategy was also employed, and 100 more structures were calcu-
lated by carrying out five REDAC cycles for the analogues. Dihedral
angle constraints were created with an ang-cut for the target func-
tion (TF) equal to 0.8 A? in the first step, 0.6 A? in the second, and
0.4 A? in the third. In the fourth step, the structures were calculat-
ed with the constraints previously established. In the final step, no
other dihedral angle constraints were created and the structures
were minimized at the highest level by use of all the experimental
restraints.

The REDAC structures are indeed more compatible with the experi-
mentally obtained data. Each of these structures shows few viola-
tions greater than 0.2 A from the experimentally derived restraints
(2 vs. 262 for analogue 2, 4 vs. 233 for analogue 3, 5 vs. 300 for
analogue 4). For all the analogues, the 30 DYANA structures with
the lowest values of target function (average value =0.68 +0.07 A?
for analogue 2, 0.27+0.07 A% for analogue 3, and 0.77+0.17 A?
for analogue 4; mean global backbone rmsd =5.8641.68 A for an-
alogue 2, 3.8341.21 A for analogue 3, and 4.91+1.42 A for ana-
logue 4) were subjected to restrained energy minimization by use
of the SANDER module of the AMBER 6.0 package.'>* The 1991
version of the force field was used,®™ with a distance-dependent
dielectric constant &(r). The charge due to the ionizable groups
was reduced to 20% of its full value, in order to reduce possible ar-
tifacts due to the in vacuo simulations. A distance cutoff of 12 A
was used in the evaluation of non-bonded interactions. Distance
restraints were applied as a flat well with parabolic penalty within
0.5 A outside the upper bound; a linear function beyond 0.5 A
with a force constant of 16 kcalmol™" A~? was used. The restrained
energy minimization was carried out with a total of 2000 steps of
conjugated gradient minimization, after 200 of steepest descent,
for each analogue. The best 10 structures in terms of the fitting
with experimentally derived restraints were selected from those
with a residual restraint energy lower than: —138 kcalmol™' for an-
alogue 2, —143 kcalmol™' for analogue 3, and —100 kcalmol~' for
analogue 4 to represent the peptides’ solution structures. The mo-
lecular graphics program MOLMOL®® was employed to perform
the structural statistics analysis.

Modeling of the human furin-eglin c complex: A three-dimen-
sional model of the catalytic domain of human furin was built by
homology, with use of the WHAT IF software,”” starting from the
crystal structure coordinates of mouse furin (Brookhaven Data
Bank code: 1P8J)."" Note that the sequence identity between
mouse and human furin is strikingly high—98%—and that none of
the few observed mutations falls into functionally significant re-
gions, thus implying virtually identical catalytic regions.

The eglin ¢ coordinates were taken from a thermitase—eglin ¢ com-
plex structure (Brookhaven Data Bank code: 2TEC).®¥

The relative orientation between eglin ¢ and human furin was set-
tled by superimposition of the catalytic triad in the eglin-bound
thermitase onto the catalytic triad of human furin. The eglin back-
bone was not altered, while the side chains of the eglin residues
40-47 were substituted to resemble appropriate P6-P2’ residues of
gp160: that is, Val-GIn-Arg-Glu-Lys-ArglAla-Val. A simple rearrange-
ment of a few inhibitor side chains was required in order to fit the
modified eglin ¢ inhibitor into the furin binding site. The entire
complex was then regularized by energy minimization performed
with the INSIGHT/DISCOVER program (100 cycles of conjugate gra-
dients energy minimization).
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Loop Flexibility and Solvent Dynamics as
Determinants for the Selective Inhibition of
Cyclin-Dependent Kinase 4: Comparative
Molecular Dynamics Simulation Studies of CDK2

and CDK4

Hwangseo Park,*® Min Sun Yeom,”™ and Sangyoub Lee*®

The design and discovery of selective cyclin-dependent kinase 4
(CDK4) inhibitors have been actively pursued in order to develop
therapeutic cancer treatments. By means of a consecutive com-
putational protocol involving homology modeling, docking ex-
periments, and molecular dynamics simulations, we examine the
characteristic structural and dynamic properties that distinguish
CDK4 from CDK2 in its complexation with selective inhibitors.
The results for all three CDK4-selective inhibitors under investiga-
tion show that the large-amplitude motion of a disordered loop
of CDK4 is damped out in the presence of the inhibitors whereas
their binding in the CDK2 active site has little effect on the loop
flexibility. It is also found that the binding preference of CDK4-
selective inhibitors for CDK4 over CDK2 stems from the reduced

Introduction

Cyclin-dependent kinases (CDKs) are a family of heterodimeric
serine/threonine protein kinases comprising a catalytic CDK
subunit and an activating subunit (cyclin), and play critical
roles in cell-cycle progression. Because uncontrolled cell pro-
liferation is a cardinal characteristic of a cancer, an effective
CDK inhibitor capable of regulating tumor cell growth would
be expected to be a promising therapeutic agent for the treat-
ment of cancer.¥ Of the CDKs identified so far, CDK4/cyclin D
and CDKé6/cyclin D are two desirable targets for inhibitor
design, in view of the several lines of persuasive evidence for
the link between their activities and many types of cancer.”!
During the past decade, a number of CDK inhibitors with a
wide variety of potencies and specificities have been identi-
fied.*'® Although most of them are potent inhibitors of CDK1
and/or CDK2, several inhibitor scaffolds with a moderate selec-
tivity for CDK4—including aminothiazoles, benzocarbozoles,
and pyrimidine-based compounds'’-*—have also been identi-
fied. The difficulty in developing a new CDK4-selective inhibi-
tor is a consequence of the similarity in the amino acid resi-
dues constituting the active sites of the various CDKs and the
lack of a three-dimensional structure of CDK4. Nonetheless, the
crystal structures of other homologous CDKs in non-ligand-
bound and ligand-bound forms have provided much informa-
tion pertinent to the catalytic mechanism and rational design
of inhibitor drugs for CDK4.2*?® Indeed, a structure-based
drug design campaign has proved successful in designing new
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solvent accessibility in the active site of the former due to the for-
mation of a stable hydrogen-bond triad by the Asp99, Argi01,
and Thr102 side chains at the top of the active-site gorge. Besides
the differences in loop flexibility and solvent accessibility, the dy-
namic stabilities of the hydrogen bonds between the inhibitors
and the side chain of the lysine residue at the bottom of the
active site also correlate well with the relative binding affinities
of the inhibitors for the two CDKs. These results highlight the use-
fulness of this computational approach in evaluating the selectiv-
ity of a CDK inhibitor, and demonstrate the necessity of consider-
ing protein flexibility and solvent effects in designing new selec-
tive CDK4-selective inhibitors.

selective CDK4 inhibitors through the use of the known struc-
tural information for CDK2 and comparison of the active site
amino acid sequences of CDK2 and CDK4.12%=2

Supplementary to a tremendous amount of experimental
work, a few theoretical studies on CDKs, based on classical and
quantum mechanical calculations, have also been reported in
the literature. Carvalli et al., for example, have developed force
field parameters based on quantum chemical calculations on a
relevant model system for simulating the binding of ATP to
CDKs.B** Molecular dynamics (MD) simulation with the newly
calculated parameters showed that CDK1 should be dynamical-
ly more stable than CDK2, implying that differences in protein
structure flexibilities among CDKs should be considered in de-
signing their selective inhibitors. More recently, Sims et al. have
established a binding free energy model for CDK2 inhibitors
within the framework of the continuum solvent model.® This
approach proved successful in reproduction of the relative in-
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Selective Inhibition of CDK4

hibitory activities of flavopiridol analogues. On the basis of the
validated utility of the computational approach, they suggest-
ed new putative inhibitors potentially more potent than the
lead compound.

Consideration of protein flexibility is indispensable to the
critical evaluation of ligand-binding affinity,**=>% and the con-
formational plasticity of the catalytic domain is a hallmark of
protein kinases.”” Furthermore, recent theoretical and experi-
mental studies have shown that conformational changes of
CDKs play a critical role in ligand binding.”'~*¥ Here we there-
fore investigate the characteristic dynamic properties of CDK4
that distinguish it from CDK2 in complexation with its selective
inhibitors. For this purpose, comparative solution-phase MD
simulations have been carried out with the aid of the X-ray
structure of CDK2 and the homology-modeled CDK4, onto
which the three CDK4-selective inhibitors described in
Scheme 1 and Table 1 are docked. It is shown that CDK2 and

1 2 (CINK) 3 (PD 0183812)

Scheme 1. Molecular structures of the three CDK4-selective inhibitors under
investigation.

CDK4 have very different dynamic flexibilities in the disordered
loop region when the CDK4-selective inhibitors are bound to
their active sites. We have also examined the effects of the dif-

Table 1. IC50 values of the three inhibitors under investigation against
CDK2-cyclin A and CDK4—-cyclin D complexes.

Inhibitor 1Cso [um] Reference
CDK2-cyclin A CDK4-cyclin D

1 25 0.21 B

2 0.21 0.008 oel

3 >50 15 0ol

ference in solvent dynamics around the active sites of the two
CDKs on the relative strength of protein-ligand interactions in
the hope that comparative analysis of structural details would
provide information pertinent to the design of new potent
CDK4-selective inhibitors.
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© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Computational Methods

Homology modeling: The peptide sequence of human CDK4,
comprising 303 amino acid residues, was retrieved from the SWISS-
PROT protein sequence data bank (accession number: P11802).1!
Sequence alignment between CDK4 and CDK2 was then derived
by use of the ClustalW 1.82 package and the BLOSUM matrices for
scoring the alignments.*¥ From the best-scored sequence align-
ment, we obtained 3D structural models for CDK4 by use of the
MODELLER program in version 6v2.*” Since, for the purposes of
our study of enzyme inhibition, it is more relevant to consider a
model of an enzyme-inhibitor complex rather than that of apoen-
zyme, homology modeling of CDK4 was performed on the basis of
the X-ray structure of CDK2 in complexation with the potent inhib-
itor NU6102.% With respect to the structures of the gap regions,
the coordinates were built from a randomized distorted structure
located approximately between the two anchoring regions as im-
plemented in MODELLER 6v2. To obtain a reasonable structural
model for the target, we employed an optimization method involv-
ing conjugate gradients and molecular dynamics to minimize viola-
tions of the spatial restraints. To increase the accuracy of the struc-
tures of flexible loops, the loop modeling was also performed with
the enumeration algorithm.*® Of the ten calculated structural
models, the one with the lowest value of MODELLER objective
function was selected for use in the subsequent docking simula-
tions with the CDK4-selective inhibitors.

Docking experiments: To obtain starting structures for MD simula-
tions of the CDK-inhibitor complexes, all the inhibitors shown in
Scheme 1 were docked onto the active sites of CDK2 and CDK4
from which the inhibitor NU6102 had been removed. In this dock-
ing simulation we used the AutoDock 3.0.5 program,”” which has
been widely used in the literature, to find favorable binding modes
of ligands in enzymatic active sites. It combines a rapid energy
evaluation through precalculated grids of affinity potentials with
various search algorithms to find suitable binding positions for a
ligand. Although the protein structure has to be fixed, the program
allows torsional flexibility of a ligand. The protein atom coordinates
for CDK2 and CDK4 were taken from the X-ray structure in com-
plexation with the inhibitor NU6102" and from the final model of
homology modeling, respectively. Docking to the active sites of
the two CDKs was then carried out by use of the Lamarckian
genetic algorithm and the empirical scoring function, which has
the following form:
des
12 10
/

r-/Zaz)

AGg = Waaw Z Z (—U——U) + Whiond Z Z

qlqj

+Welec + WtorNtor + W50| Z Z 5 V + 5 V

M

here Woaw Whoonds Weieo Wior and W, are weighting factors of van
der Waals, hydrogen bonding, electrostatic interactions, torsional
terms, and desolvation energies of the inhibitors, respectively. The
hydrogen bond term has an additional weighting factor, E(t), repre-
senting the angle-dependent directionality. A sigmoidal distance-
dependent dielectric function as proposed by Mehler et al.*” was
used in computing the interatomic electrostatic interactions in the
CDK-inhibitor complexes. In the desolvation term, S; and V; are the
solvation parameter and the fragmental volume, respectively, of
atom i®" From the conformations obtained from 200 independent
docking runs, the results differing by less than 1.5 A in positional
root mean square deviation (rmsd) were clustered together. The
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most stable configuration of enzyme-inhibitor complex was then
selected for further analysis.

Molecular dynamics simulations: It has been found that the
AMBER force field is appropriate for investigating dynamic proper-
ties of CDKs,®*¥ so MD simulations of CDK2 and CDK4 and their
complexes with the inhibitors shown in Scheme 1 were carried out
with the aid of the SANDER module in AMBER 7°% and the force
field reported by Cornell et al.,*¥ starting from the most stable of
the CDK-inhibitor complexes found in the preceding docking sim-
ulation. To be consistent with the standard AMBER force field, we
computed the electrostatically derived atomic charges of all three
inhibitors under study by the RESP method®™ for the fully opti-
mized geometries at the RHF/6-31G* level of theory. Missing force
field parameters for the inhibitors were estimated from similar
chemical species in the AMBER da-

H. Park, S. Lee et al.

though a cutoff distance of 12 A was used for short-range electro-
static and van der Waals interactions, all electrostatic interactions
beyond this distance were accounted for by use of the particle-
mesh Ewald summation with an interpolation order of 4.

Results and Discussion
Homology modeling of CDK4

Figure 1 displays the sequence alignment of CDK4 with CDK2,
used as the target and as the template, respectively, in compa-
rative protein structure modeling of CDK4. We note that the
amino acid sequences are completely different in the disor-

tabase.

alyJocp,.. disordered loop
We “S?d the X—ray. structure of  cpr2 1 ——mzNPQKUEKEI(.Eu._TYwmnmlkma,EwmnﬂmrmEo———up';Tp.m_Er;LL 55
CDK2 'in complexation with the —  .pp, 1 MATSRYEPVAEIGVGAYGT VWYKARDPHSGHFVALKSVEVPNGGGGEGGLE ISTVREVALL 60
inhibitor NU6102%" to determine i N e WNENRG. O e iy S o Do
the protonation states of the Asp,
Glu, and Lys residues. The side ATP-binding site
chains of the Asp and Glu resi- CPKZ 56 KELN---HPNIVKLLDVIHT----- ENKLYLVFEF LHQDLKKFMDASALTGIPLPLIKSY 107
dues, for example, were assumed ~CDK4 61 RELERFEHPNVVELMDVCAT SRTDRE IKVTLVFEHVDQDLRTYLDKAPPPGLPRET IKDL 120
to be neutral if their carboxylate e ek RLRL R W de ey inkdeke ook ek L
oxygens of OD or OE atoms were T loo
located within 3.5 A of a hydrogen  ¢DK2 108 LFQLLOGLAFCHSHRVLHEDLKPONLLINTEGAIKLADFGLARAFGVEVRTYTHEVVILW 167

bond-accepting group, including  ¢DK4 121 MRQFLRGLDFLHANCIVHRDLKPENILVTSGGTVKLADFGLARLYSYQM-ALTEVVVELW 179
the backbone aminocarbonyl ETE TR T R TR T T e e T o2 R ek
oxygen. Similarly, the lysine side
chains were assumed to be ion- .y 168 YRAPETLLGCKYYSTAVDIWSLGCIFAEMVTRRALFPGDSE IDQLFRIFRTLGTPDEVVW 227
ized unless the NZ atom was in L i . g

L. CDEA 180 YRAPEVLLOST-YATPVIMWSVGCIFAEMFRREKPLFCGHSERDQIGKIFDLIGLPPEDDW 238
proximity to a hydrogen bond do-

X ~ dekokkok ek ek k- kk. ARk kAkh ke hk k-okRk Akd ookk ok Rk Kk k
nating group. In this way, Glu2,
Glu42, Asp206, and Lys75 were
found to be neutral. while the rest CDK2 228 PGVISMPDYKPSFPKWARQDFSKVVPPLDEDGRSLLSQMLHYDPNKRIS AKARLAHPFFQ 287
of the side chains of Asp, Glu, and ~ CDK4 239 PRDVSLP--RGAFPPRGPRPVQSVVPEMEESGAQLLLEMLTFNPHKRISAFRALQHSYLH 296

Lys residues were ionized. The " ot

same procedure was used for

whkE - * & Rk kk ook R RRR &k &

the homology-modeled CDK4 to  c¢DK2 288 -DVTKPVEPHLRL 298
assign the protonation states of its  ¢pkd4 297 KDEGHPE----- 303
Asp, Glu, and Lys residues. &

The all-atom models for six CDK-

Figure 1. Sequence alignment of CDK2 and CDK4. Asterisk and colon represent identity and similarity, respectively,

inhibitor complexes were neutral-
ized by addition of counter-ions
and were then immersed in a rec-
tangular box containing 11891
TIP3P® water molecules for CDK2 and 13737 for CDK4. After 1000
cycles of energy minimization to remove bad steric contacts, we
equilibrated all six CDK-inhibitor complex systems beginning with
20 ps equilibration dynamics of the solvent molecules at 300 K.
The next step involved equilibration of the solute with a fixed con-
figuration of the solvent molecules for 10 ps at 10, 50, 100, 150,
200, 250, and 300 K. The equilibration dynamics of the entire
system was then carried out at 300 K for 100 ps. Following the
equilibration procedure, 1.5 ns MD simulations were carried out
with a periodic boundary condition in the NPT ensemble at 300 K
by Berendsen temperature coupling®™ and at constant pressure
(1 atm) by isotropic molecule-based scaling. The SHAKE algo-
rithm,®” with a tolerance of 107°, was applied to fix all bond
lengths involving hydrogen atoms. We used a time step of 1.5 fs
and a nonbonding interaction cutoff radius of 12 A; the trajectory
was sampled every 0.15ps (100 step intervals) for analysis. Al-
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between the corresponding residues.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

dered loop region (residues 37-44 for CDK2 and 39-46 for
CDK4), indicating a significant difference in their behavior in re-
sponse to ligand binding. Structural evaluation of the final
model for CDK4 with PROCHECK®™ indicates that the back-
bone @ and ¥ dihedral angles of 76.6%, 21.0%, and 2.4% of
the residues are located within the most favorable, the addi-
tionally allowed, and the generously allowed regions of the
Ramachandran plot, respectively, with no residues in the disal-
lowed region. This good stereochemical quality is not surpris-
ing in view of the high sequence identity (44%) and similarity
(63%) between the template and the target as illustrated in
Figure 1.

Figure 2 compares the X-ray structure of the CDK2-NU6102
complex and the final model of the CDK4-NU6102 complex.
Common to both CDKs is the fact that, of the flexible loops,

ChemBioChem 2004, 5, 1662 - 1672
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Figure 2. Comparative views of: a) the X-ray structure of CDK2, and b) the final model of
CDK4 in their complexes with NU6102. Carbon atoms of the inhibitor and the enzymatic
groups are shown in green and orange, respectively. The Gly loops (brown), disordered loops

(yellow), ATP-binding regions (pink), and T loops (blue) are also indicated.

only the Gly loop is involved in a direct interaction with the in-
hibitor. As might be expected from the difference in amino
acid sequences, however, significant conformational differen-
ces around the disordered and the T loops are observed. How-
ever, the template and the target possess very similar folding
structures on the whole and are superimposable over the main
chain atoms. As in the crystal structure of the CDK2-NU6102
complex, the inhibitor is bound around the ATP-binding site
(consisting of residues 93-102 in CDK4). The hydrophobic and
hydrophilic residues (Ala33, Val72, Asn145, Leu147, Ala157, and
Asp158) in the active site of CDK4 are identical to those in
CDK2 (Ala31, Valé4, Asn132, Leu134, Ala144, and Asp145). The
residues Val14, Ala16, and Thr19 in the N-terminal Gly loop
and His95, Val96, Asp97, Arg101, and Thr102 in the ATP-bind-
ing sites of CDK4 are also components of the active site, but
these are different from the corresponding Glu12, Thr14, Val17,
Phe82, Leu83, His84, Lys88, and Lys89, respectively, in CDK2.
This may serve as a key piece of information for the design of
a new CDK4-selective inhibitor, as confirmed in part in the de
novo design program of Honma et al.?%

Docking experiments

To check the usefulness of the AutoDock 3.0.5 program in pre-
paring a starting structure of the CDK-inhibitor complex for
MD simulation, we examined its accuracy in predicting binding
modes of CDK inhibitors against 20 X-ray structures of recently
reported CDK2-inhibitor complexes. As shown in Table 2, the
rmsd between the bound conformations (X-ray) and the most
stable conformations generated with AutoDock in most cases
fell under 3.0 A, except in the cases of very small inhibitors
with fewer than 15 heavy atoms, as in 1PXI and 1PXJ. More-
over, 13 of the remaining cases produce a 1.5 A hit. These vali-
dation results indicate that the most stable AutoDock configu-
ration of a CDK-inhibitor complex may be a reasonable choice

ChemBioChem 2004, 5, 1662-1672 www.chembiochem.org
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as a starting point for investigation of its dynamic
properties in aqueous solution.

Figure 3 shows the lowest-energy AutoDock con-
figurations for compounds 1, 2, and 3 in the active
sites of CDK2 and CDK4. The inhibitor 1 has a similar
binding mode in both CDKs, as it is small enough to
be fully accommodated in the active sites. This indi-
cates that its binding preference should be explained
by the relative strengths of various interaction terms.
In contrast, an increase in the inhibitor length leads
to differences in binding modes for the inhibitors 2
and 3 in the active sites of CDK2 and CDK4, in partic-
ular at the terminal aliphatic groups. In CDK4, the
terminal hydroxy moieties of the two inhibitors each
form a hydrogen bond with the ATP-binding site side
chains (Arg101 and Thr102). In CDK2, on the other
hand, the hydroxy group of 2 is hydrogen-bonded to
the Lys129 side chain residing at the top of the C-ter-
minal domain, while that of 3 is directed toward the

Table 2. Validation results for AutoDock 3.0.5 in the prediction of binding
modes in various X-ray structures of CDK2—inhibitor complexes.

PDB code rmds of top score PDB code rmds of top score
1E1X 1.88 TH1S 1.05

1G5S 1.09 1P2A 0.95

1GIH 0.86 1PXI 6.66

1HOO 239 1PXJ 6.97

1HO1 2.69 1PXK 2.02

1HO6 2.28 1PXL 1.31

1HO7 1.31 1PXM 0.68

TH1P 1.49 1PXN 1.38

1H1Q 1.04 1PXO 1.47

TH1R 0.82 1PXP 0.85

backbone of Lys88. This discrepancy in the binding modes is
due to the difference in the structural arrangements of the
side chains of the two residues at the end of the ATP-binding
site. Indeed, the Arg101 and Thr102 side chains in CDK4 are as-
sociated through a strong hydrogen bond at the entrance to
the active site, while those of Lys88 and Lys89 in CDK2 are
kept apart from each other and directed toward the C-terminal
domain and the backbone atoms of the ATP-binding site,
respectively.

MD simulation

We checked the reliabilities of the MD simulations by examin-
ing whether the protein structures in the CDK-inhibitor com-
plexes remained stable under the simulation conditions descri-
bed in the previous section. For this purpose, we calculated
the rmsd from starting structures (rmsd,.;) for all backbone C,
atoms as a function of simulation time, as shown in Figure 4.
The rmsd,,;, values remain within 1.5 A for CDK2 and within
2.5 A for CDK4; this demonstrates the conformational stabili-
ties of protein structures. However, the rmds,,; value of CDK4

1665



www.chembiochem.org



CHEMBIOCHEM

H. Park, S. Lee et al.

Figure 3. Superimposition of the docked conformations of inhibitors 1 (gray), 2 (violet), and 3 (orange) in the active sites of: a) CDK2, and b) CDK4. The Gly loops

and ATP-binding regions are indicated in brown and pink, respectively.
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Figure 4. Time dependence of the root mean square deviations from starting structures (rmds,,;) for: a) CDK2, and b) CDK4 in complexation with the three

inhibitors under investigation.

is higher than that of CDK2 by 0.5-1.0 A depending on the in-
hibitor structures, indicating that the former enzyme under-
goes a larger conformational change than the latter when they
are stabilized in aqueous solution in complexation with the in-
hibitors. This is consistent with the recent computational find-
ing that a homology-modeled protein structure is dynamically
unstable relative to a high-resolution crystal structure.*® How-
ever, the structural relaxation of CDK4 occurs in the early
stages of simulation, and the time evolution of rmds,, for
CDK4 exhibits more stable behavior than that of CDK2 during
the later part of simulation. Judging from these dynamic prop-
erties, it seems necessary to carry out a more detailed analysis
on the MD trajectories of CDK4-inhibitor complexes under
study as compared with those of the CDK2 counterparts.
Because the ligand binding site of a CDK is located in the
cleft between the small N-terminal lobe and the larger C-termi-
nal lobe, involving the contact of the apex of the Gly loop and
the starting point of the T loop, the inhibitor binding is likely
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to affect the relative motion of Thr14 (Ala16) with respect to
Gly147 (Gly160) in CDK2 (CDK4). Figure 5 compares the proba-
bility distributions of the associated interatomic distances
between CA atoms for non-ligand-bound and ligand-bound
CDKs. In CDK2 we note that the most probable distance be-
tween the CA atoms of Thr14 and Gly147 decreases from 5.7 A
in the resting form to 5.1-5.3 A in the enzyme-inhibitor com-
plexes. Similarly, in CDK4 the distribution of the distance
between the CA atoms of Alal6 and Gly160 shows a sharp
peak around 5 A in the enzyme-inhibitor complexes, whereas
the distribution in the resting form has a broad spectrum be-
tween 4.5 and 6 A. These results indicate the connection be-
tween binding of CDK inhibitors and the closing of a flap in-
volving Gly loop and T loop. This kind of flap-closing due to in-
hibitor binding has also been observed in binding of fullerene-
based inhibitors in the active site of HIV-1 protease."

From an X-ray crystallographic analysis of CDK2, Wu et al. re-
cently showed that the disordered loop comprising residues

ChemBioChem 2004, 5, 1662 - 1672
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Figure 5. Calculated probability distribution functions for the distances: a) between the CA atoms of Thr14 and Gly147 in CDK2, and b) between those of Ala16 and

Gly160 in CDK4.

37 through 44 is exceptionally flexible, considering the high inhibitors, however, the disordered loop of CDK2 shows much
temperature factor and the absence of electron density at the  more flexibility than that of CDK4, with associated difference in
apex of the loop.”® However, such a high-amplitude motion  B; values of 50-250 A2 This implies that, upon binding of the

seems to be damped out upon
binding of inhibitors, as can be
judged from the decreases in the
associated temperature factors in
a variety of X-ray crystallographic
data for CDK2-inhibitor com-
plexes. Moreover, the loop flexi-
bility has been shown to de-
crease substantially as the inhibi-
tor potency increases to nano-
molar levels.” The specificity of
a CDK inhibitor may thus be re-
lated to the difference in mallea-
bility changes at the disordered
loops of CDK2 and CDK4 upon
binding of the inhibitor. Figure 6
compares the calculated B-factors
of the C, atoms of the two CDKs
in both non-ligand-bound and
ligand-bound forms by the fol-
lowing relation:

B = 8/3752<A’i>2 (2)

where (Ar) is the RMS atomic
fluctuation of the C, atom of resi-
due i. Consistent with the X-ray
crystal structures of CDK2 and its
various enzyme-inhibitor com-
plexes, the calculated B-factors of
CDKs show a major peak in the
region of residues 40-43. In the
resting forms, the disordered
loops of CDK2 and CDK4 have B;
values that differ by less than
10 A? (see Figure 6a). In the com-
plexes with the CDK4-selective

ChemBioChem 2004, 5, 1662 - 1672
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E56

Figure 7. Stereoviews of representative MD trajectory snapshots of: a) CDK2-1, and b) CDK4-1 complexes, including solvent molecules found near the active site.
The inhibitor atoms involved in intermolecular hydrogen bonds are designated by red letters. Each dotted line indicates a hydrogen bond.

CDK4-selective inhibitors, high-amplitude motions of the flexi-
ble residues of CDK4 should be damped out to a greater
extent than in CDK2. It can therefore be argued that a potent
CDK4-selective inhibitor, when bound to the active site in
CDK4, should keep the disordered loop more motionally re-
stricted than in other homologous CDKs. This hypothesis may
be supported further by the experimental finding that a high-
amplitude motion of the disordered loop preceding the
PSTAIRE helix (residues 45-51) is responsible for the binding of
cyclin, which is indispensable for kinase activities of all CDKs.*"
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Figure 7 compares representative MD trajectory snapshots
of CDK2 and CDK4 in complexation with the inhibitor 1. Con-
sistent with the X-ray crystal structures reported by lkuta
etal.,®" the inhibitor amide moiety forms a bidentate hydro-
gen bond with the backbone amide group of Leu83 in CDK2
and Val95 in CDK4, both located in the middle of the ATP-bind-
ing site. A stable hydrogen bond is also established between
the inhibitor carbonyl oxygen (012) and the side chains of
Lys33 in CDK2 and Lys35 in CDK4. Another structural feature
common to the two enzyme-inhibitor complexes is that the

ChemBioChem 2004, 5, 1662 - 1672
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terminal bicyclic group of the inhibitor is stabilized by interac-
tion with the terminal residues of ATP-binding site, with the
Gly loop, and with water molecules from bulk solvent. In view
of the overall similarity in the binding modes of 1 in the active
sites of CDK2 and CDK4, differential strengths of the corre-
sponding interactions between protein and inhibitor groups
are believed to be responsible for the observed difference in
inhibitory activities toward the two CDKs.

Table 3 lists the dynamic time averages and standard devia-
tions of the interatomic distances associated with the hydro-
gen bond interactions in the two CDKs in complexation with
the three inhibitors under investigation. We note that the bi-
dentate hydrogen bonds involving the amide group of 1 are
dynamically stable in both CDKs, with similar hydrogen bond
lengths in most parts of the simulation. In contrast, the N—
H--O hydrogen bonds between the lysine side chain at the
bottom of the active site and the O12 atom of the inhibitor
have a much higher dynamic stability in the CDK4-1 complex
than in the CDK2-1 complex. For example, the Lys35--012 hy-
drogen bond is maintained for 94% of the simulation time
with an associated interatomic distance of 1.92 A on average
in the former complex, as compared to the corresponding
81% of residence time and 2.06 A of average hydrogen bond
length in the latter. In this comparison, we use 2.2 A as the
length defining a hydrogen bond, as suggested by Jeffrey."? It
is thus apparent that the experimentally observed selectivity of
1 in favor of binding to CDK4 is largely due to the formation
of a stronger Lys35--012 hydrogen bond in CDK4 in relation to
the Lys33--012 counterpart in CDK2. Because both Lys33 of
CDK2 and Lys35 of CDK4 reside in proximity to the disordered
loop, the increased strength of the Lys35--012 hydrogen bond
accounts for the decrease in dynamic flexibility of the loop on
going from CDK2-1 to CDK4-1 complexes.

Consistent with the low inhibitory activity of 2 against
CDK2—with an associated 1C,, value above 50 pm!"®—one end
of the inhibitor 2 is exposed to bulk solvent without a signifi-

Table 3. Dynamic time average and standard deviation of the interatomic
distances' associated with the hydrogen bond interactions in the two cdks
in complexation with the three inhibitors under investigation.
Complex Hydrogen bond Average Standard deviation
CDK2-1 L83 H--018 2.1 0.19
L83 0--H19 1.90 0.13
K33 HZ--012 2.06 0.28
CDK4-1 V96 H-018 2.03 0.21
V96 O--H19 1.94 0.17
K35 HZ--012 1.92 0.16
CDK4-2 V96 O--Wat8948 H 1.97 0.48
Wat8948 O--H11 2.25 0.42
CDK2-3 K33 HZ--011 2.28 0.40
CDK4-3 K35 HZ--011 1.97 0.32
CDK4-1 D99 OD--T102 HG 1.74 0.14
D99 OD--R101 HH 1.81 0.12
CDK4-2 D99 OD-~T102 HG 1.71 0.11
D99 OD--R101 HH 2.05 0.23
CDK4-3 D99 OD-~T102 HG 1.73 0.10
D99 OD--R101 HH 1.94 0.18
[a] All interatomic distances are given in A.
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cant interaction with the backbone atoms of the ATP-binding
site. As shown in Figure 83, solvent molecules diffuse into the
active site to interact with protein and inhibitor groups, pre-
venting tight binding of the inhibitor in the CDK2 active site.
In contrast, the approach of solvent molecules to the ATP-
binding site is restricted in the CDK4-2 complex, in which the
benzyl, indole, and pyrimidine moieties of 2 are bound to its
backbone and side chain atoms (Figure 8b). Such a reduction
in solvent accessibility on going from CDK2 to CDK4 active
sites can be attributed to the differences in the structure and
arrangement of the side chains at the ends of the ATP-binding
sites. While the Lys88 and Lys99 side chains in the CDK2-2
complex are exposed to bulk solvent, those of Asp99, Arg101,
and Thr102 in the CDK4-2 complex form a cyclic hydrogen
bond at the top of the ATP-binding site, protecting 2 from
solvation in the CDK4 active site. As a consequence of the
reduced solvent accessibility, the hydrophobic side chains of
Ala157 and Phe159 approach the inhibitor from the C-terminal
domain to form a hydrophobic pocket accommodating the
inhibitor benzyl group, further facilitating tight binding of 2 in
the CDK4 active site.

Despite the reduced solvent accessibility in the CDK4 active
site, one water molecule (Wat8948 in Figure 8b) is found be-
tween the inhibitor and the ATP-binding site in the CDK4-2
complex. As shown in Table 3, this structural water molecule
receives and donates hydrogen bonds from the inhibitor
amine moiety (connecting the indole and pyrimidine rings)
and to the backbone carbonyl oxygen of Val96, respectively.
Such a water-bridged hydrogen bond is established in the
early stage of simulation and maintained during the entire
course of simulation. From this dynamic stability and the differ-
ence in binding modes of 2 in the active sites of the two
CDKs, it is obvious that the solvent-mediated hydrogen bond
plays a role in positioning the inhibitor in such a way as to be
stabilized in the CDK4 active site rather than being repelled to
bulk solvent as in the CDK2-2 complex. Thus, the limited sol-
vent accessibility and the formation of a solvent-bridged hy-
drogen bond may be invoked to explain the selectivity of 2 in
favor of binding to the CDK4 active site.

The structural features revealed in typical MD trajectory
snapshots of CDK2 and CDK4 ligand-bound with the inhibitor
3 are also consistent with its selective inhibition of CDK4."® As
shown in Figure 93, the side chains of Lys88 and Lys89 at the
top of the active site in the CDK2-3 complex are far part from
each other, facilitating the diffusive intrusion of solvent mole-
cules into the active site. In contrast, the side chains of Asp99,
Arg101, and Thr102 in the CDK4-3 complex are associated
through a stable cyclic hydrogen bond, forming a blockade to
the active site entrance in a similar way as in the CDK4-2 com-
plex (Figure 9b). The number of water molecules around the
inhibitor decreases on going from CDK2-3 to CDK4-3 com-
plexes, so that the inhibitor should be bound more tightly in
the latter than in the former, presumably due to a reduced
potency-lowering effect of solvent molecules. The n-propanol
and cyclohexamine moieties of 3, for example, are oriented
along the narrow active site gorge involving the hydrogen-
bond triad, Lys22, and GIn98 in the CDK4-3 complex, while
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Figure 8. Stereoviews of representative MD trajectory snapshots of: a) CDK2-2, and b) CDK4-2 complexes including
solvent molecules found near the active site. Each dotted line indicates a hydrogen bond.

they are exposed to bulk solvent in the CDK2-3 counterpart.
From the similarities in the binding modes of the [2,3-d]pyrido-
pyrimidine backbone of 3 and its lateral position in the active
sites of the two CDKs, however, the solvent effects on the in-
hibitory selectivity should be less critical for 3 than 2. This may
account for the relatively low selectivity of the former in rela-
tion to the latter.'® )

As a consequence of the differences in solvent dynamics
and binding modes of 3 in the active sites of the two CDKs,
the hydrogen bond between the inhibitor carbonyl oxygen
(O11) and the side chain of the lysine residue at the bottom of
active site is established more strongly in the CDK4-3 complex
than in the CDK2-3 counterpart (see Table 3). Indeed, the
O-+-H—N hydrogen bond length in the former is kept shorter
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than in the latter for 79% of the
simulation time with the asso-
ciated difference in average
length of 0.31 A. This result is
consistent with that for the in-
hibitor 1, implying that the rela-
tive strength of a hydrogen
bond of an inhibitor group with
Lys35 in CDK4 with respect to
that with Lys33 in CDK2 can be
correlated with the inhibitor se-
lectivity for CDK4. Both lysine
residues are located at the
bottom of the ATP-binding site
and the starting point of the dis-
ordered loop, so that the
strength of the hydrogen bonds
can be affected by the solvent-
induced changes in lateral posi-
tion of an inhibitor and the loop
flexibility in the CDK-inhibitor
complexes.

We finally address the dynam-
ic stabilities of the hydrogen-
bond triad involving Asp99,
Arg101, and Thr102 of CDK4 in
its complexes with the three in-
hibitors. It is noteworthy that
such a triad cannot be formed in
CDK2 because the side chains of
Lys88 and Lys89 are kept apart
from each other and are directed
toward the C-terminal domain
and the backbone atoms of the
ATP-binding site, respectively. In
all three cases of CDK4-inhibitor
complexes, the triad is formed in
the initial stage of simulation
and maintained during most of
the simulation time. Another
common feature is that some
trajectory snapshots exhibit a
short, strong hydrogen bond be-
tween Asp99 and Thr102 with associated interatomic distances
of ~1.5 A, suggesting the possible involvement of a low-barri-
er hydrogen bond® in the CDK4 active site. As can be seen in
Table 3, on the other hand, the stability of the Asp99--Arg101
hydrogen bond is affected substantially by a change of inhibi-
tor. The hydrogen bond remains stable in the CDK4-1 com-
plex, but becomes less stable on moving to the CDK4-2 and
CDK4-3 complexes. If we compare the binding modes of the
three inhibitors shown in the representative MD trajectory
snapshots, we may deduce that the Asp99--Arg101 hydrogen
bond becomes unstable with increasing size of the inhibitor
groups residing at the top of active site. This substantiates the
important roles played by the hydrogen-bond triad in ligand
binding.
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a)

b)

Figure 9. Stereoviews of representative MD trajectory snapshots of: a) CDK2-3, and b) CDK4-3 complexes including
solvent molecules found near the active site. Each dotted line indicates a hydrogen bond.

Conclusion

The influences of protein structure flexibility and environmen-
tal solvent molecules on protein-ligand association are well
appreciated. In this study, we have investigated the selective
inhibition of CDK4 from such perspectives by means of a com-
bined computational protocol involving homology modeling,
docking experiment, and solution-phase MD simulations. The
overall folding structure of the homology-modeled CDK4 is
very similar to that of CDK2, with little difference in local loop
structures. We find that the high-amplitude motion of the dis-
ordered loop of CDK4 is damped out in the presence of its se-
lective inhibitors, whereas their binding in the CDK2 active site
has an insignificant effect on the loop flexibility. In the active

ChemBioChem 2004, 5, 1662-1672 www.chembiochem.org
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site of CDK4, the terminal resi-
dues of the ATP-binding site
(Asp99, Arg101, and Thr102)
form a stable hydrogen-bond
triad, making the entrance of
the active-site gorge narrow,
whereas in CDK2 the corre-
sponding residues are kept apart
from each other. Due to this
structural feature of CDK4, the
diffusive intrusion of solvent
molecules into the active site is
restricted, and the CDK4-selec-
tive inhibitors are kept stable in
the active site. In contrast, the
inhibitors bound in the CDK2
active site are exposed to the
bulk solvent, which has the
effect of weakening the associ-
ated enzyme-inhibitor interac-
tions. Consistently with the dif-
ferences in loop flexibility and
solvent accessibility, the relative
strengths of hydrogen bonds
between the inhibitors and the
side chains of the lysine residues
at the bottoms of the active
sites prove to be a significant
determinant for the inhibitor
selectivity between CDK4 and
CDK2. The results found in this
study may serve as a key piece
of information for the structure-
based design/discovery of new
CDK4-selective inhibitors.
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Locked Nucleic Acids and Intercalating Nucleic
Acids in the Design of Easily Denaturing Nucleic
Acids: Thermal Stability Studies

Vyacheslav V. Filichev,” UIf B. Christensen,™ " Erik B. Pedersen,*®

B. Ravindra Babu,” and Jesper Wengel™

Intercalating nucleic acids (INA®s) with insertions of (R)-1-O-(1-
pyrenylmethyl)glycerol were hybridized with locked nucleic acids
(LNAs). INA/LNA duplexes were found to be less stable than the
corresponding DNA/LNA duplexes when the INA monomer was
inserted as a bulge close to the LNA monomers in the opposite
strand. This property was used to make “quenched” complements
that possess LNA in hairpins and in duplexes and are conse-
quently more accessible for targeting native DNA. The duplex be-
tween a fully modified 13-mer LNA sequence and a complemen-
tary INA with six pyrene residues inserted after every second base
as a bulge was found to be very unstable (T,,=30.1°C) in com-

Introduction

In the last two decades many attempts have been made to im-
prove the characteristics of native nucleic acids, such as hy-
bridization affinity, stability towards cellular nucleases and the
ability to penetrate the cell membrane." A variety of modified
oligonucleotides are used now in biophysical and biochemical
studies.”” However, if the modified oligonucleotides have effi-
cient hybridization properties towards single-stranded DNA
(ssDNA) or ssRNA, they usually bind even more strongly to a
complementary sequence of their own type, as is the case for
peptide nucleic acids (PNA)®! and locked nucleic acids (LNA).™
The high self-affinity limits the number of sequences of DNA
and RNA that can be targeted with the synthetic oligonucleo-
tides, due to the formation of stable intra- and intermolecular
secondary structures.

It has been reported that DNA possessing N*-ethyl-cytosines
or 2,6-diaminopurines and 2-thiouracils instead of cytosines,
adenines and thymines forms considerably less stable base
pairs than natural bases.” The lower level of secondary struc-
ture was shown to allow hybridization with complementary
native DNA probes.”™ Pseudo-complementary nucleic acids
constructed from PNA with modified bases were used for se-
quence-specific targeting of double-stranded DNA (dsDNA) by
double duplex invasion.*®¥ A minimum content of A/T base
pairs (40%) is a limiting factor for the invasion and excludes
many gene sequences to be targeted. Therefore, the design of
modified oligonucleotides for binding with native DNA and
RNA without cross self-complexation is still a challenge in the
chemical biology of nucleic acids.

Here we suggest an alternative approach that could over-
come the problem of “quenched” complementary sequences
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parison with the unmodified double-stranded DNA (T,,=48.7°C)
and the corresponding duplexes of LNA/DNA (T,,=81.6°C) and
INA/DNA (T,,=66.4°C). A thermal melting experiment of a mix-
ture of an LNA hairpin, with five LNA nucleotides in the stem,
and its complementary DNA sequence gave a transition with an
extremely low increase in optical density (hyperchromicity). When
two INA monomers were inserted into the stem of the LNA hair-
pin, the same experiment resulted in a significant hyperchromici-
ty comparable with the one obtained for the corresponding
DNA/DNA duplex.

of modified nucleic acids. During recent years, special attention
has been paid to the design of oligonucleotide probes with
the ability to discriminate between ssDNA and ssRNA, which
has been explored in the development of nonradioactively la-
belled oligonucleotides, antisense and antigene technologies.
We suppose that so-called easily denaturing nucleic acids
could be constructed from DNA- and RNA-discriminating mole-
cules. If these structures are placed opposite each other in the
complementary regions, it would be thermodynamically more
favourable to target native nucleic acids than each other due
to different binding ability towards A-type and B-type helices.

Recently, we reported the synthesis and hybridization prop-
erties of two discriminating nucleic acids: LNA® and intercalat-
ing nucleic acids (INA®).”' LNA is a class of oligonucleotide
analogues containing one or more conformationally locked
nucleotide monomers with a 2'-0,4-C-methylene linkage
(Scheme 1). LNA (both as fully modified and as LNA-DNA or
LNA-RNA mix-mers) has shown unprecedented high-affinity
hybridization towards complementary DNA and RNA. LNA
binds better to RNA (AT,=42 to +10°C per modification)
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Scheme 1. Chemical structures of LNA and INA P monomer. B=nucleobase.

than to DNA (AT,,=+1 to +8°C per modification).*? Howev-
er, LNA probes can “quench” each other and form very stable
hairpins or duplexes.” Contrary to the LNA case, the bulge
insertions of (R)-1-O-(pyren-1-ylmethyl)glycerol (monomer P,
Scheme 1) into oligodeoxynucleotides (INA) induced increased
affinity for complementary ssDNA (AT, +1.0 to +11.0°C), but
reduced affinity for an identical sequence of ssRNA (AT,, —2.0
to —7.0°C).7

Combining LNA and INA thus seems a very promising ap-
proach to developing easily denaturing nucleic acids that
could also be helpful in solving the problem of undesired self-
hybridizations. Furthermore we think that INA is a good choice
because it shows high sensitivity to mismatch when inserted
into DNA duplexes.’®

Here we report the design and thermal-stability studies of
single- and double-stranded oligodeoxynucleotide probes pos-
sessing LNA and INA targeting native DNA.

Results and Discussion
Duplexes possessing LNA and INA in opposite strands

NMR has been used to determine the structure of DNA/LNA
duplexes, and it was found that one LNA monomer in the
duplex was sufficient to induce a change in the furanose-ring

E. B. Pedersen et al.

conformation of the flanking 2'-deoxynucleotides from a
South-type conformation, typically found in B-type DNA/DNA
duplexes, to a North-type conformation, typically found in A-
type RNA/RNA duplexes.” It was therefore expected that inser-
tions of the INA monomer P as a bulge into regions with an A-
type duplex structure would induce a decreased duplex stabili-
ty, whereas the opposite should be observed for regions with
B-type duplex structure. We studied the systematic insertions
of monomer P as a bulge at all possible sites of an 11-mer
DNA/LNA duplex (Table 1).

Target I, which does not contain any LNA monomers, was
used as a reference for hybridizations with probes 2-12
(Table 1) which contain P monomers as a bulge at all possible
positions, except at the 3’-end. Increased duplex stabilities
were observed for target | with probes 2-12 in all cases when
compared with unmodified probe 1. In fact, probe 3 gave a
remarkably stable duplex with an increase of 10.1°C in the
thermal melting temperature.

For target ll, which possesses a single LNA molecule in the
middle of the sequence, we observed that insertion of the INA
monomer P in regions oriented one base-pair away from the
position of the LNA monomer (probes 5-12), induced an in-
crease in duplex stability when compared with the unmodified
dsDNA. In fact, the stabilizations observed were nearly identical
with those detected for targetl. This confirms that regions
away from the LNA monomer still have a B-type structure.

Target lll, which has three evenly placed LNA monomers,
was supposed to induce A-type, RNA-like duplex structure in
most parts of the duplex. This expectation is in agreement
with the NMR structure determination on a similar duplex with
three LNA monomers.®! An increased melting temperature
(+14.3°C) was observed for target Illl towards DNA probe 1
when compared with unmodified dsDNA (1-1).

In comparison with LNA/DNA (targets Il and Il towards 1),
destabilisation of INA/LNA complexes was only detected when
monomer P was placed as a bulged opposite neighbour to an
LNA moiety in the complementary strand (2 and 3 towards II,
and 2, 3, 5-8 and 13 towards
lll). However, only in three cases

Table 1. Thermal stabilities of oligodeoxynucleotides possessing INA and LNA in opposite strands.’ of the INA/LNA duplexes (2/1I,
Prob s T 53 3/ll, 13/lll) was the T, lower
robes equence, argets, 5'—3’
3,15, | 9 il i than the T, of both the corre-
TGTGATATGCT TGTGAT-ATGCT TGTGAT'ATGCT sponding INA/DNA duplexes (2,
T, AT [ T [°C] T, [°C] T [°C) AT, [°C1 | 3, 13 towards I) and the corre-
1 ACACTATACGA 424 - 474 - 56.7 - sponding LNA/DNA duplexes (Il
2 ACACTPATACGA 476 52 448 —26 529 -38 and Il towards 1).
3 ACACTAPTACGA 525 10.1 465 -09 545 -22 From the study on targets
4 ACACPTATACGA 444 20 478 04 57.8 11 L. it b luded th
5 ACACTATPACGA 4838 6.4 520 46 55.2 ~15 —l 1t can be concluded that
6 ACAPCTATACGA 506 8.2 54.2 6.8 55.1 -16 effective destabilization of INA/
7 ACACTATAPCGA 503 7.9 54.8 74 53.1 -36 LNA duplexes can be achieved
8 ACPACTATACGA 450 26 503 29 537 -3.0 by insertion of INA monomer as
9 ACACTATACPGA 444 20 492 1.8 572 05 . - ohb LNA
10 APCACTATACGA 475 5.1 520 48 63.5 68 an opposite neighbour to LNA.
1 ACACTATACGPA 496 7.2 543 6.9 62.7 6.0 This result is in line with a recent
12 ACACTATACGAP 487 6.3 53.8 6.4 60.4 37 finding that shows that intercala-
13 ACAPCTATPACGA 548 124 60.0 12,6 529 -38 tors exhibit significantly lower af-
[a]l P denotes INA monomer, T* denotes locked nucleotide of thymine; [b] The difference in T, of duplexes finity for LNA-containing duplex-
with modified and corresponding unmodified probes. es.” Increased stability is ob-
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served for duplexes with several LNAs; if not, all LNAs have
INAs as opposite neighbours (see T, of probes 2-6, 8-12 to-
wards Il in comparison with 1ll).

With the proper combination of INA monomers P and LNA
monomers in the duplex, this method seems a promising tool
for the design of easily denaturing nucleic acids which could
be used for targeting native DNA.

Duplexes from LNA and INA mix-mers and fully modified
LNA towards INA

The next step was to check the thermal stability of duplexes
possessing LNA monomers and INA in the same strand
(Table 2). To our surprise, the duplexes with probe 15 towards
targets V and VI were even more stable than the correspond-
ing reference duplexes 14/V, 14/VI, 15/IV. In the latter case, all
the INAs had an LNA as an opposite neighbour, but the neigh-
bouring LNAs in the same strand as the INAs were detrimental
to the denaturing effect. The significant stabilization is proba-
bly due to several LNAs as opposite neighbours in the duplex.
However, a small destabilization was still observed for 15
against V (3.7°C) and against VI (4.6°C) when compared with
LNA/LNA complexes without monomer P insertions (16 to-
wards V and VI). For duplexes with two to six pyrene insertions
in one strand (probes 17-22), there were only minor changes
in duplex stabilities when the wild-type target IV was com-
pared with target V, which has four LNAs.

The best results in our design of easily denaturated nucleic
acids were obtained when the fully modified LNA sequence VII
was used. Its duplexes with sequences 20-22, which possess
from four to six pyrene pseudonucleotides, had thermal melt-
ing temperatures that were even lower than that of the wild-
type dsDNA (14 towards IV). On the other hand, by using the
same wild-type duplex as a reference, considerable increases
in melting temperatures were observed when VII and 20-22
were hybridized with their complementary ssDNA (14 and IV,
respectively). The dramatic decrease in thermal stability of the
complex formed by INA and fully modified LNA VII was ob-
served when the number of P monomers in the INA strand
was increased from three, in probe 18 (T, 60.5°C), to four, in

20 (T,, 36.7°C). The position of the INA monomer is important.
For example, when monomer P was moved from the nearest
bulged position at the 5’-end, in probe 19, to the middle of
the sequence, in probe 20, thermal stability of the INA/LNA
complex changed from T,,=62.7°C (19/VIl) to 36.7°C (20/VII).
It can be expected that very close insertions of the pyrene
moiety P in the strand cause both synthetic problems during
oligosynthesis, and difficulties of solubility in water for the final
oligomer. On the other hand, destabilization of the complex
formed by fully modified LNA and INA was achieved by repeti-
tive insertion of P. Therefore, from our point of view, the INA
monomer should be inserted after every second base as a
bulge in deoxynucleotide strand in order to have an optimum
design of easily denaturing nucleic acids when using fully
modified LNA.

Based on the thermal stability studies, one can expect that
the formation of LNA/DNA (VII/14) and INA/DNA (22/IV) du-
plexes is thermodynamically more favourable than formation
of LNA/INA (VII/22) on mixing of all these strands together. It
is considered appropriate that the T, of the complex VII/22
(30.1°C) should be lower than the physiological temperature
(37°C). Such an easily denaturing nucleic acid duplex is there-
fore considered a good candidate for competing for duplex
formation with wild-type dsDNA. It has been shown that
double duplex invasion could be done without significant
problems on dsDNA of the same length as the probes,"” but
there is still a problem with targeting and sequence-specific
recognition of considerably long, nonsupercoiled dsDNA (50-
150 base-pairs) under physiological conditions when using
short invaders. The known successful attempts of targeting
against dsDNA have been accomplished by PNAP“Y or LNA™
on breathed plasmid DNA (more than 250 base-pairs) by using
unnatural salt concentration. It is well known that thermally in-
duced breathing of a long DNA duplex results, at physiological
temperatures, in localized DNA melting of 10 base-pairs or
more, which is similar in size to some transcriptional starting
sites.'? We suppose that these positions could be available for
duplex invasion on nonsupercoiled dsDNA. However, studies
involving the biologically relevant design of using easily dena-
turing nucleic acid duplexes are needed to establish the scope
of the above-proposed approach.

Table 2. Thermal stabilities, T,, [°C] of oligodeoxynucleotides possessing INA and LNA in the design of easily denaturing nucleic acid duplexes.””
Probes Sequence, 5'—3' Targets, 3'—5’
v \' Vi Vil
TTTACTACCGACG TTT*AMC'TA'CCGA'CG TTT'PAMC'TA'PCCGA'CG (TTTA MeCTAMC"*CGAYCG)"
14 AAATGATGGCTGC 48.7 58.2 66.3 81.6
15 AAATGPATGGMC'PTGC 64.9 78.4 77.8 >90
16 AAA'TGATG'GMC'TGC 63.1 82.1 82.4 n.d.”
17 AAATGPATGGCPTGC 57.8 58.5 66.4 66.4
18 AAAPTGATPGGCTPGC 61.1 65.1 58.5 60.5
19 APAATPGATPGGCTPGC 67.5 66.8 65.7 62.7
20 AAATPGATPGGPCTPGC 59.7 59.7 59.7 36.7
21 AAPATPGATPGGPCTPGC 65.4 61.4 59.3 374
22 APAAPTGPATPGGPCTPGC 66.4 68.0 61.7 30.1
[a] P denotes INA monomer. T, MC", A", G* denote locked nucleotides of thymine, 5-methylcytosine, adenosine and guanosine, respectively; [b] n.d., not
determined.
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In fluorescence in situ hybridization (FISH) experi-
ments, the partial denaturation of chromosome is
achieved by adding formamide."® The challenge in
FISH is the detection of single copy sequence tracts.
This requires both very high binding affinity and spe-
cificity of short oligonucleotides as well as extremely
sensitive, non-time-consuming hybridization detec-
tion." We believe that easily denaturing nucleic acid
duplexes containing fully modified LNA together
with its complementary INA-rich strand could be an

A %] —=

1.10

A) T,-DMA+A -DNA —

E. B. Pedersen et al.

B) T,-DNA+A;-DNA —

T,-DNA PLLNA+A,-DNA —
ToLNA+A-DNA — PZLNA
Ay-DNA /
T,-ONA — o »
—~ T o
A7
. 7 = =
s < 1.10 /
/-f','./’r/ 4
1.00

attractive design for FISH.

DNA hairpins

For “quenched” LNA, due to formation of stable hair-
pins, we decided to apply the findings of using LNA
and INA for the design of easily denaturing nucleic
acid duplexes to making LNA-hairpins that are more
accessible for targeting native DNA. The hairpin-
forming oligo T,-DNA (see Table 3 for sequence key),
which possesses either LNA or INA monomers, was
used in the present investigation.

On heating the unmodified hairpin T,-DNA alone

1.20
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in a thermal melting experiment, a clear transition
was observed at 37.2°C (Figure 1A, blue line, and
Table 3), which was ascribed to opening of the hair-
pin to ssDNA. In a similar experiment with a hairpin
containing LNA nucleotides in the stem, a higher
transition temperature was expected due to in-
creased stability, as judged from the reported elevat-
ed stabilities of LNA/DNA duplexes.*® To test this hypothesis,
T,-LNAs (Table 3), analogous to T,-DNA, were synthesized with
five DNA nucleotides in the stem being replaced with the cor-
responding LNA monomers (T and MCY). For this modified
hairpin, only an incipient transition from hairpin to ssLNA
could be observed above 80°C (Figure 1A, brown line).

An equimolar mixture of T,-DNA and A,-DNA (Figure 1A,
black line) gave a transition at the same temperature as the
one observed for T,-DNA alone (Figure 1A, blue line), but the
increase in optical density (hyperchromicity) was much stron-
ger for the transition of the T,-DNA/A,-DNA mixture. The in-
creased hyperchromicity of the mixture could be best ex-
plained by the melting of a T,-DNA/A,-DNA duplex, because

40 50 60 70O 80 B0

T['C] —=

30 40 50 60 70 80 B0
T[C] —=

Figure 1. Melting curves for hairpin probes with ssDNA targets detected at 260 nm. See
Table 3 for a sequence key and Experimental Section for details. The hyperchromicity of
T,-DNA/A,;-DNA duplex in Figure 1A-C is used as a reference system.

A,-DNA had no transition above 20°C (Figure 1A, green line).
This is in agreement with earlier reports that adenine com-
pared to thymine in the loop, destabilized a hairpin."™ From
melting curves it was impossible to estimate the ratio of T,-
DNA distribution between its hairpin structure and its duplex
structure with A,-DNA.

Due to the high stability of the T,-LNA hairpin and the insta-
bility of the A,-DNA hairpin, no transitions were expected to
be found in the temperature range 20-80°C for a mixture of
these two oligomers. It was therefore puzzling to find a transi-
tion at 37.3°C with a very low hyperchromicity (Figure 1A, red
line). This extra transition for the T,-LNA/A,-DNA mixture can
be best understood by comparison with the properties of pal-

indromic sequences that have
been extensively studied by

Table 3. Transition temperatures, T,, [°C] for hairpin probes possessing INA and LNA with ssDNA targets.”” NMR. For example, it has been
shown that the self-com-
Probes Sequence, 5'—3’ . A DNA Targets, 3:?)A ONA plementary sequence 5
target CTATTAAAAAATAG CTATTAAPAAAATAG CGCGTTAACGCG has two tran-
e B 2 2 sition states, at 33°C (du-
?:gl:/)x GATAATTTTTTATC 37.2 37.2 403 plex=hairpin) and at 48°C
T, LNA GAT-AATTTTTTEAT Mect >80 373 447 (hairpin=random coil)." For
P2-LNA GPAT-AATTTTT'T-AT" MecCt (81.1) 46.4 49.9 the 5-CGCGTTAACGCG se-
PS-LNA GATL;L\PA1'|'|'|'rLTLL;L\TL LM;CLL (71.4) 433 51.9 quence, complete conversion
P-P-LNA GPAT-APATTTTTT-AT- MeC (69.1) 53.6 61.8 .
from hairpin to duplex has
[a] P denotes INA monomer. T* and MC* denote locked nucleotides of thymine and 5-methylcytosine, respec- never been observed by NMR.
tively. This may indicate quenching
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of the equilibrium at temperatures lower than the first transi-
tion temperature.

By comparison with the nature of the palindromic sequen-
ces, the melting of the T,-LNA/A,-DNA mixture at 37.3°C is
best explained by a transition from LNA/DNA duplex to a mix-
ture of T,-LNA hairpin and A,-DNA single strand (Scheme 2).
The low hyperchromicity for the transition seems to indicate
that the conversion from a mixture of A,-DNA and T,-LNA hair-
pin to DNA/LNA duplex was incomplete.

3

w
w1

moiety into the DNA-rich and not into the LNA-rich stem of T,-
LNA hairpin, because this design gave the best result for easily
denaturing nucleic acids.

As the transition temperature of T,-LNA was too high to be
determined, it was encouraging to observe thermal transitions
for the monopyrene-modified oligomers P> and P*-LNA at
81.1°C and 71.4°C, respectively, and for the double-pyrene-
modified oligomer P-P-LNA at 69.1°C. As the hyperchromicity
was extremely low for these three transitions, one should be

very cautious about the inter-

31 pretation; this is symbolized by

w1

MecL_ G MenL c using parentheses for these
ol _ a T T A oL A transitions in Table 3. Irrespec-
A - T T T T A T tive of whether these transitions
™ - A ™ - 2 A Tz 2 were due to opening of hairpins

L ° ° . . .
ot - a 37.3%C ™ -2 i >80 ™ 2 or to melting of undefined inter-
T -A A - T* 2 t A molecular complexes, to us they
T - A L T - g
T - A T - A A T A indicated that these pyrene
T - A MenL _ o A T A modified oligomers could be
A-T 3 50 g A g more accessible for duplex for-
A -T AL A mation with their complementa-
T - A T4~LNA A T
P T T ry ssDNA targets than T,LNA
A - T Hairpin A .
cC-cC c G C itself.
For the oligomer P-LNA, with
T,-LNA/A,-DNA A4~DNA T4-1LNA A4=DNA the |INA monomerP inserted

Duplex

Scheme 2. Proposed duplex resulting from hairpin/single-strand to single-strand/single-strand transformation.

For palindromic oligomers, it has been suggested that the
transition from duplex to hairpin took place through formation
of a cruciform structure formed after creation of an initial
bulge in the centre of the duplex upon melting."” Once the
cruciform was formed, little energy was needed to propagate
the mobile junction formed and to complete the separation of
the two hairpins. We can argue for a similar mechanism in our
case and also for the same type of mechanism operating in
the opposite direction, because identical melting curves for up
and down temperature modes were obtained.

As the duplex-hairpin transition depends on the nature of
two complementary strands, it is assumed that the T,-LNA hair-
pin is more easily transformed into a duplex if the DNA com-
plement has a better binding affinity. This was indeed found to
be the case when the INA monomer P was inserted into the
middle of the A, region in the A,-DNA (Table 3). For the oligo
A,PA,-DNA in its duplex with T,-LNA, melting was detected at
44.7°C. Furthermore, a significant increase in the hyperchro-
micity was observed for this duplex when compared with the
T,-LNA/T,-DNA duplex (Figure 1D green line, and 1A red line,
respectively). The higher hyperchromicity indicates that the T,-
LNA/A,PA,-DNA duplex has a greater ability to be formed.

From the above finding (Tables 1 and 2) that insertions of
monomer P opposite to the LNA monomer decreases the melt-
ing temperatures of LNA containing duplexes, it was deduced
that proper insertions of monomer P in the stem of a T,-LNA
hairpin could reduce its thermal stability and make it prone to
targeting A,-DNA. We decided to incorporate the pyrene

ChemBioChem 2004, 5, 1673-1679  www.chembiochem.org
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after the first nucleotide in the
stem, a considerably stronger
hyperchromicity was observed
on melting of the duplex with
A,-DNA (Figure 1B, red line) than for T,-LNA/A,-DNA mixture
(Figure 1A, red line). The hyperchromicity was approximately
half that observed for the T,-DNA/A,-DNA duplex which is
shown in Figure 1A-C as a reference. An increase in the transi-
tion temperature was also observed, as should be expected
because of the stabilising effect of monomer P on hybridiza-
tion to DNA (Table 2). With respect to both the transition tem-
perature and hyperchromicity, a similar result was found for
the oligomer P>-LNA with a P monomer insertion close to the
loop of its hairpin form when mixed with A,-DNA (Figure 1C,
red line). With two P monomer insertions in the stem region,
the resulting oligo P-P-LNA showed an even higher transition
temperature for its corresponding duplex with A,-DNA (Fig-
ure 1C, blue line). More strikingly, the hyperchromicity was
nearly the same as the one for the unmodified duplex. This is
a clear demonstration that monomer P insertions into LNA
with secondary structures can make this type of LNA more ac-
cessible to targeting and at the same time increase the duplex
stability with the target. The latter was deduced from higher
transition temperatures for the LNA probes with monomer P
insertions (Table 3).

We attempted to further stabilize the duplexes with the LNA
probes by inserting monomer P into the complementary DNA
target. The pyrene moiety was inserted in the region of DNA
corresponding to the loop in the LNA probes. As seen from
Table 3, the highest transition temperature was found for two
P monomer insertions in the LNA probe. Stabilizing the duplex-
es by extra P monomer insertion in the target also improved
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the hyperchromicity as was observed for the A,PA,-DNA oligo
when it formed complexes with P>-LNA and P*-LNA probes
(Figure 1D, blue and red lines).

Here we would like to mention that instead of synthesizing
long, fully modified LNA, which could form hairpins, one
should rather divide the strand into LNA-rich and INA-rich re-
gions. This will allow such sequences to target native DNA.

Conclusion

The previous finding that bulged insertions of (R)-1-O-(pyren-1-
ylmethyl)glycerol into deoxynucleotide strands reduces the
transition temperatures of RNA/DNA duplexes was also found
to be true for LNA/DNA duplexes. It was very effective when
pyrene moiety P was inserted into oligodeoxynucleotide as a
bulge opposite to an LNA monomer. This finding was used to
make single-stranded and double-stranded modified comple-
mentary nucleic acids that are less stable than their corre-
sponding complexes with native DNA. The best result was ob-
tained with fully modified 13-mer LNA and the complementary
INA possessing six P monomers as bulges after every second
base pair. The hairpin-forming LNA was more accessible to tar-
geting ssDNA if pyrene P moieties were inserted in the DNA-
rich stem opposite LNA. The hyperchromicity of the thermal
transition was considerably increased when compared with the
mixture of LNA-hairpin with ssDNA. We think that our design
of easily denaturing nucleic acid duplexes using locked and in-
tercalating nucleic acids will be useful for targeting native DNA
in biological studies.

Experimental Section

Oligonucleotide synthesis by using LNA and INA monomers: In-
corporation of LNA and INA monomers into oligodeoxynucleotides
(ODNs) were performed on a 0.2 umol scale and was followed by
purification of the ODNs with DMT-on by HPLC as previously de-
scribed.”®7? MALDI-TOF analysis was performed on a Voyager Elite
Biospectrometry Research Station from PerSeptive Biosystems. All
modified oligonucleotides gave satisfactory composition with a
purity of over 93%, except for fully modified LNA (above 80%),
which was verified by capillary gel electrophoresis.

Measurement of transition temperatures: Transition analyses
were carried out on a Perkin Elmer UV/VIS spectrometer Lambda 2
with a PTP-6 (Peltier Temperature Programmer) device by using
PETEMP rev. 5.1 software and PECSS software package v. 4.3. Melt-
ing temperatures (T,, °C) were determined as a first derivative of
melting curves, which were obtained by recording absorbance at
260 nm as a function of temperature at a rate of 1°C min~". Ther-
mal stability studies presented in Tables 1 and 3 and in Figure 1
were performed in hybridization buffer (10 mm Na-phosphate,
120 mm NaCl, 1 mm ethylenediaminetetraacetate (EDTA), adjusted
to pH 7.0) at a concentration of 3.0 um of each strand. A medium
salt buffer (10 mm Na-phosphate, 100 mm NacCl, 0.1 mm EDTA, ad-
justed to pH7.0) and 1.0 um concentration of each strand were
used in experiments presented in Table 2. The solutions were
heated to 90°C, maintained for 5 min at this temperature, and
then gradually cooled before melting experiments. All melting
temperatures are reported with an uncertainty +0.5°C, as deter-
mined from multiple experiments.
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Fast Detection of Single Nucleotide
Polymorphisms (SNPs) by Primer Elongation
with Monitoring of Supercritical-Angle

Fluorescence

Alexander Krieg, Stephan Laib, Thomas Ruckstuhl, and Stefan Seeger*™

We describe the rapid detection of single nucleotide polymor-
phisms (SNPs) by real-time observation of primer elongation. The
enzymatic elongation of surface-bound primers is monitored by
detecting the increase of surface-bound fluorescence caused by
the incorporation of Cy5-labelled deoxycytidine 5'-triphosphate
residues (Cy5-dCTPs) into the corresponding strand. In order to
discriminate against the fluorescence from unbound Cy5-dCTPs,
the detection volume was restricted to the surface by collecting
supercritical-angle fluorescence. The efficiency of enzymatic
double-stranded DNA synthesis is governed by the complemen-

Introduction

The decoding of the human genome by the Public Human
Genome Project™ and the private group of Venter” revealed
that the sequence not only contains over 3.2 billion bases but
also 30000-40000 genes with a broad spectrum of genetic
variation, mostly caused by single nucleotide polymorphisms
(SNPs). An SNP occurs every 2 kilobases on average but can
also occur with higher frequency in some areas of the
genome.®™ These variations play an important role in the out-
break of hereditary diseases such as Alzheimer's® or multiple
sclerosis™ and are of particular interest in pharmaceutics due
to their influence on drug response.®® For these reasons, new
genotyping methods are required that combine high through-
put and sensitivity to identify SNPs."® Existing methods are
either based on probe-target hybridisation'? or enzymatic
reactions such as cleavage,*' digestion,"™ minisequenc-
ing"®" and primer elongation."® The most commonly used
methods are hybridisation on DNA chips''®*” and in solution
(Tagman, molecular beacons).?"?? Probe annealing is often ac-
companied with the problem of cross-hybridisation, that is,
probe-target pairing can occur even though the sequences
are not fully complementary. Consequently mismatches are fre-
quently overlooked. Patil etal. found that, by hybridisation,
only 65% of the SNPs investigated were detectable within
97 % accuracy.””

For detection by hybridisation the mismatch needs to be lo-
cated near the centre of the probes, which are 20-40 nucleo-
tides long. In contrast, for SNP methods based on primer elon-
gation the mismatch needs to be located near the end of the
probe (primer). The advantage of primer elongation lies in the
high sensitivity of the enzyme towards mismatches, thereby al-
lowing SNP detection with high accuracy."® Primer elongation

]
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tarity of the primer and template. An SNP in the sequence of the
primer obstructs its elongation increasingly with decreased dis-
tance of the mismatch to the 3' end of the primer. By real-time
fluorescence detection during primer elongation, SNPs can be de-
tected within a few minutes, which is significantly faster than in
experiments where the fluorescence is measured after completion
of the reaction. We demonstrate the efficiency of the method by
detecting an SNP in the ErbB2 gene that is involved in causing a
higher risk of breast cancer.

is commonly carried out in solution and, after sample purifica-
tion, is measured by MALDI-TOF mass spectrometry.?*2”
Sample-purification steps can be circumvented by using the
Good assay, whereby DNA charge tagging increases the sensi-
tivity of the MALDI-TOF measurement.” Drawbacks of SNP de-
tection by MALDI-TOF mass spectrometry are the high cost of
the instrumentation and the considerable time consumption,
as measurement is not started until completion of the enzy-
matic primer elongation. In the template-directed dye-termi-
nator incorporation (TDI) assay, the primer is tagged with a
dye. This primer is elongated by only one base, a dye-tagged
dideoxynucleoside 5'-triphosphate (ddNTP), which causes a
measurable fluorescence decrease due to energy transfer be-
tween the dyes.”*3? In this case, the synthesis of a dye-tagged
primer is necessary, which increases the cost. In all SNP-detec-
tion methods the relevant DNA sequence needs to be extract-
ed from the genome by PCR. Comparisons of the methods can
be found in refs. [31-34].

In this study, we report a new method to detect SNPs by
primer elongation at a glass/water interface. At this interface,
the primer is annealed to surface-bound single-stranded DNA
(ssDNA). A polymerase synthesises a complementary strand
containing Cy5-labelled deoxycytidine 5'-triphosphate residues
(Cy5-dCTPs) with an efficiency that strongly depends on the
sequence of the primer. The major advantage of immobilizing
the primer is the possibility of observing the formation of fluo-
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Rapid Detection of SNPs

rescently tagged double-stranded DNA (dsDNA) in real time,
thereby revealing information about the primer sequence
within a few minutes. Using this technique, we found that the
increase of surface-bound fluorescence is dependent on the
occurrence of SNPs and their location in the primer sequence.

Results and Discussion

To detect the incorporation of the Cy5 label into the dsDNA in
the presence of high concentrations of fluorescently labelled
nucleotides in solution, it is necessary to confine the detection
region strictly to the interface. This was accomplished by the
detection of supercritical-angle fluorescence (SAF) with the
custom-made biosensor described in ref. [35]. Briefly, the cov-
erslip/analyte interface is illuminated orthogonally from below
through the glass with the focussed beam of a HeNe laser. A
parabolic glass lens collects the SAF signal, that is, the fluores-
cence emitted into the angular region above the critical angle
of refraction, which amounts to ~61° for a glass/water inter-
face. By detecting only supercritical emissions, the detection
volume is restricted to a surface distance well below 100 nm
and bulk fluorescence is for the most part rejected.®® The sur-
face confinement obtained by using the SAF emissions is even
more efficient than that achieved with common biosensors
based on total-internal-reflection fluorescence (TIRF).2” A sche-
matic diagram of the SAF biosensor is shown in Figure 1. The

Coverslip with reaction vessels

Parabolic
glass lens

Annular
aperture

Laser | ".j,y
| .

V Detection
aperture
PMT

Figure 1. Schematic diagram of the SAF biosensor. PMT = photomultiplier tube.

core element of the setup is a parabolic lens that captures the
fluorescence at large surface angles, in principle, up to 90°
with respect to the surface normal.®¥ It has been demonstrat-
ed that, with this element, SAF collection and TIRF excitation
can be combined in order to further reduce the detection
volume.P**) This characteristic allows the real-time detection
of labelled dNTPs incorporated during complementary-strand
synthesis of surface-bound dsDNA.

As the template for primer annealing, we immobilised
ssDNA that was 80 nucleotides long (for sequences of DNA
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strands, see Table 1) on to aminosilane-coated coverslips. An
additional Cg spacer was introduced between the DNA strand
and the 5-end-labelled amino group to minimise interaction
between the polymerase and surface (for the linker's chemical
composition, see Table 1). The primers (21 bases long) were

Table 1. Sequences of primers and target DNA used in these studies.

Name Sequence (5'-3)

SNP-1 TTA GAG GTA ATAAGA GATGAA
SNP-2 TTA GAG GTA ATAAGA GATGGT
SNP-3 TTA GAG GTA ATA AGA GAT CAT
SNP-4 TTA GAG GTA ATAAGA GAA GAT
SNP-5 TTAGAG GTAATAAGA GTT GAT
Mismatch-2&3 TTA GAG GTAATAAGA GATAGT
Corresponding primer TTA GAG GTA ATA AGA GAT GAT

TITTITTITTITTTC GCTCTCCCTTGT CTC
TCTCTG CCCCCCCCCGTTTITTITTGTTTA
TCATCT CTTATTACCTCTAA
ACCCACTCCTGT GTG GAC CTG GAT GAC AAG
GGC TGC CCC GCC GAG CAG AGA GCCAGC CCT
CTGACGTCC ATC GTCTCT GCG GTG GTT GGC
ATT

ACCCACTCCTGT GTG GAC CTG GAT GAC AAG
GGC TGC CCC GCC GAG CAG AGA GCCAGC CCT
CTGACGTCCATCATCTCT GCG GTG GTT GGC
ATT

AAT GCC AACCACCGC AGA GAC

AAT GCC ACC CAC CGC AGA GAT
—0—P(0,)—(CH,)e—NH,

DNA target

ErbB2-G-Valine

ErbB2-A-Isoleucine

Primer-Valine
Primer-Isoleucine
Chemical composition
of the linker

chosen to have either a corresponding sequence to the un-
bound end of the template or to contain mismatches at differ-
ent sequence positions. The remaining sequence of the tem-
plate was chosen to have no correspondence to the primer se-
quence and to contain five guanine residues. In the case of
successful corresponding strand synthesis, five Cy5-dCTPs are
expected to be incorporated into the dsDNA at the inter-
face.""

For the spotting of SNPs, we employed two different proce-
dures referred to as method 1 and method 2. In method 1,
primer, dNTPs and polymerase (exonuclease-free Klenow frag-
ment) were added consecutively. After 30 min of primer an-
nealing, Cy5-dCTPs, dATPs, dGTPs and dTTPs were added and
10 min later synthesis was started by addition of the polymer-
ase (dATP =deoxyadenosine 5'-triphosphate, dGTP =deoxy-
guanosine 5'-triphosphate, dTTP=deoxythymidine 5'-triphos-
phate). In method 2, all reagents, that is, primer, polymerase
and dNTPs, were added at once, thereby allowing simultane-
ous primer annealing and formation of dye-labelled dsDNA.

Figure 2 shows typical time courses of the surface fluores-
cence obtained with method 1. After the hybridisation we
measured a signal of ~4 kHz (photoelectrons per second),
which equals the background intensity obtained with a blank
glass/water interface. Addition of the dNTP mix (dATP, dGTP,
dTTP, and Cy5-dCTP) caused a rapid increase of the fluores-
cence to 100440 kHz and the signal remained at this level af-
terwards. This count rate can be attributed to the relatively
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Figure 2. Time course of the SAF intensity with method 1.

high concentration of Cy5-dCTPs (3.3x 10" molL™") showing a
nonspecific interaction with the coated surface. Addition of
the polymerase leads to a substantial increase in the fluores-
cence signal over approximately 30 min in cases of primer
elongation or to no further increase when a primer is used
with an SNP at position 2 (in the 3'—5" direction, SNP-2). We
repeated the experiment by using a primer with a mismatch at
position 1 (SNP-1), a primer with mismatches at positions 2
and 3 (Mismatch-2&3) and with the corresponding primer. The
use of the corresponding primer led to a fluorescence increase
of more than 400 kHz (see Figure 3), whereas a different se-
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Figure 3. SAF intensity after addition of polymerase for the corresponding
primer and those with mismatches at position 1, position 2 and positions 2 and
3. Each experiment was repeated three times. The count rate obtained prior to
primer elongation was subtracted.

quence caused no or only minor increase in the signal. Accord-
ingly, SNPs in the primer are detected with high reproducibility.
Within a few minutes after addition of the enzymes, we were
able to render an accurate judgement about the presence of a
mismatch. With method 1, the time needed for an entire ex-
periment was approximately 1 h.
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In order to speed up the detection of SNPs, we adopted
method 2. In this case, primer, dNTPs and polymerase were ap-
plied to a template-coated coverslip simultaneously. This ap-
proach is reasonable since hybridisation reactions under com-
parable conditions were found to be completed within approx-
imately 5 min.*" A possible drawback of method 2 is that the
intensity increase observed after addition of Cy5-dCTPs could
superpose on the increase caused by primer elongation. The
rapid, nearly cascaded jump in the intensity means this prob-
lem can be easily circumvented by neglecting the data ob-
tained during the first minute after adding the dNTPs. Conse-
quently, the measurement was started 60 s after pipetting of
the reagents. We investigated primers of corresponding se-
quence and those with SNPs at positions 1-5 and repeated
each experiment three times. Figure 4 gives the averaged fluo-
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Figure 4. Primer elongation with method 2. The plots give the average fluores-
cence intensity for the corresponding primer sequence and for primers with
SNPs at positions 5-1. Each experiment was repeated three times. The intensity
obtained immediately after addition of the reagents was taken as the back-
ground value and subtracted.

rescence intensity minus background fluorescence (count rate
of first data point) for primer elongation by using method 2.
Again, greatest elongation efficiency was observed with the
matching primer. Introduction of one mismatch interferes with
primer elongation increasingly from positions 5-1. Our results
therefore even give the correct order of the SNP position, al-
though this does not comply until the data are averaged.
Compared to method 1, a slower intensity increase was ob-
tained with method 2, as a result of simultaneous primer
annealing and enzymatic elongation. Nevertheless, with
method 2 a mismatch at positions 1-3 was detected in every
single experiment after a measurement time of only 5 min.

In cases where the mismatch was shifted too far towards
the centre of the primer, the annealing step could be inter-
fered with. However, with 21 bases, the primers are long
enough to bind to the template even when mismatches are in-
troduced near the 3’ end. The observed signal increase con-
nected with shifting the mismatch towards the centre proves

ChemBioChem 2004, 5, 1680 - 1685
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that the signal is dominated by polymerase activity and not by
hybridisation efficiency.

Efficient genotyping methods should cope with low
amounts of genetic material. We quantified the concentration
of primer DNA needed for SNP spotting. For this, we applied
method 2 to primer elongation and varied the concentration
of the fully corresponding primer. As may be seen from
Table 2, concentrations in the nanomolar region are sufficient

Table 2. Dependency of SAF intensity on primer concentration (correspond-
ing primer). The fluorescence increase was measured 33 min after adding
polymerase.

Concentration [Mm] Relative fluorescence

7.0x1077 1.00
7.0x1078 0.87
7.0x107° 0.67
14x107° 0.13
7.0x107'° 0

to yield a distinct signal. Higher primer concentrations do not
lead to a strong signal increase due to the saturation of the
templates. In order to further reduce the need for material, it
is, for example, possible to increase the fluorescence intensity
by high-density labelling.***!

We applied our approach by spotting an SNP involved in
human disease. The SNP occurring in the ErbB2 gene is respon-
sible for an increased onset risk of breast cancer*" Breast
cancers with valine encoded in the responsible ErbB2 codons
show an overexpression of ErbB2. The DNA sequences for the
expression of valine and isoleucine only differ by one base.
This SNP can have severe consequences. Women with valine
instead of isoleucine at position 655 in the amino sequence of
ErbB2 have a higher risk of breast cancer.

For detection of this particular SNP, we immobilised a 93-
base chemically synthesised sequence of the ErbB2 gene
(ErbB2-G-Valine) that would express valine at the position of in-
terest.*® We applied method 2 by adding the mixture of
primer, polymerase and dNTPs as described above. The em-
ployed primers where either complementary to valine (Primer-
Valine) or isoleucine (Primer-Isoleucine) at the end position
(position 1). We performed three real-time measurements for
each primer and obtained a significant fluorescence increase
for Primer-Valine and no increase for Primer-Isoleucine each
time. Figure 5 shows the averaged data of the experiments.

Additionally, we demonstrated that an equivalent result can
be obtained by immobilizing the sequence expressing isoleu-
cine (ErbB2-A-lsoleucine), which only differs from ErbB2-G-
Valine by one base. As shown in Figure 6, this time the fluores-
cence increase is only observed with Primer-Isoleucine.

Although the natural DNA sequence provides 20 incorpora-
tion sites for Cy5-dCTP, four times more than our artificially de-
signed target, the fluorescence increase caused by primer elon-
gation was approximately 50% lower. The fluorescence signal
cannot serve as a direct measure of the incorporated dyes, be-
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plots give the average fluorescence intensity for the corresponding Primer-
Valine sequence (squares) and the SNP Primer-Isoleucine sequence (circles).
Each experiment was repeated three times. The intensity obtained immediately
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Figure 6. Primer elongation of immobilised ErbB2-A-Isoleucine sequence. The
plots give the average fluorescence intensity for the corresponding Primer-Iso-
leucine sequence (squares) and the SNP Primer-Valine sequence (circles). Each
experiment was repeated three times. The intensity obtained immediately after
addition of the reagents was taken as the background value and subtracted.

cause quenching of proximate dyes reduces the fluorescence
yield. The chosen dye distance with a Cy5-dCTP incorporation
every 10 bases in the artificial DNA strand is higher than the
average distance of guanines occurring in natural DNA. How-
ever, the reduced signals proved to be clearly sufficient to
detect SNPs.

Conclusion

We have introduced a rapid detection method for SNPs by
primer elongation at a solution/coverslip interface. By transfer-
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ring the method to the surface, we are able to measure the en-
zymatic reaction in real time. The SAF biosensor provides ex-
treme surface-selective detection and high sensitivity. Com-
pared to hybridisation, the presented method allows SNP de-
tection with higher accuracy and higher speed. By using tem-
perature gradients® or electrical fields,”® the accuracy of the
hybridisation method can be improved, but the cost and com-
plexity of the systems grow likewise, whereas the method de-
scribed here involves easy handling and provides reliability.

A commercial system like the Affymetrix GeneChip requires
16-24 h of hybridisation before read-out, whereas real-time
measurements allow the detection of SNPs within a few min-
utes. This time need does not include the preparation time for
immobilizing the single-stranded target DNA. However, for the
screening of a particular SNP in the sequence of a multitude of
DNA samples (primers), the preparation step (=~1.5 h) can be
paralleled and therefore makes a minor contribution to the
overall time need.

Currently, we are enhancing the system for quasisimultane-
ous detection on DNA chips.®" For screening large libraries of
DNA samples it is not necessary to obtain smooth binding
curves for every spot. Rather, a few kinetic data points will suf-
fice to judge the occurrence of a mismatch.

Experimental Section

Fixation of template DNA on aminated cover slips (Genorama SAL,
Asper Biotech, Estonia): The cover slips were glued onto a measur-
ing cell containing six reaction chambers. A spotting solution (Gen-
orama, Asper Biotech) containing amino-labelled ssDNA (7 x
1077 m; Microsynth, Switzerland) was applied (see Scheme 1). After
1 h, the solution was removed and the chambers were treated for
30 min with ammonia solution (1%; Suprapur, Merck, Germany),
then rinsed three times with hot twice-distilled water.

| I
Sh—0—5j N—
si-o-s-c1sn
: l

Q
i i
Si—0— 5I+C+N c— C—'N C‘]EO—F'—O—OHQD
H, ! [12
Q

Scheme 1. Reaction scheme for the coupling of aminated ssDNA to a coverslip coated with 3-aminopropyltrimethoxy-

silane pretreated with 1,4-phenylene-diisothiocyanate. Oligo = oligonucleotide.

Annealing (method 1): The primer (1077 m) solvated in the hybridi-
sation buffer for PCR/DIG ELISA (150 pL; Roche, Germany) was
added and exposed for 30 min. After removal of the solution, the
chambers were washed twice with cold twice-distilled water.

Elongation (method 1): A mixture of Cy5-dCTP (3.3x 107" m; Amer-
sham biosciences Pa55021), dATP, dGTP and dTTP (3.3x10 °m
each; MBI Fermentas, Germany) was solvated in Klenow reaction
buffer 10x (150 pL; consisting of 0.5m tris(hydroxymethyl)amino-
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methane (Tris)/HCI (at pH 7.5), 0.1m MgCl,, 0.1mm dithiotreitol,
0.5 mgmL™~" bovine serum albumin) and pipetted into the cham-
ber. After 10 min, elongation was started by addition of 1 Unit (de-
fined by supplier) of exonuclease-free Klenow fragment (70057Y,
Amersham biosciences) solvated in Klenow reaction buffer (10 pL).

Annealing and elongation in one step (method 2): All reagents (see
method 1) were added at once.
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Effect of Silver Nanoparticles on the Electron
Transfer Reactivity and the Catalytic Activity of

Myoglobin

Xin Gan, Tao Liu, Jun Zhong, Xinjian Liu, and Genxi Li*™

Silver nanoparticles (11 +1.5 nm) could greatly enhance the elec-
tron-transfer reactivity of myoglobin (Mb) and its catalytic ability
toward hydrogen peroxide (H,0,). Direct fast electron transfer be-
tween Mb and a pyrolytic graphite (PG) electrode was achieved,
and a pair of well-defined, quasireversible redox peaks was ob-
tained. The cathodic and anodic peaks were located at —329
and —281 mV, respectively. Meanwhile, the catalytic ability of the
protein toward the reduction of H,O, was also studied, and a
H,O, biosensor was subsequently fabricated. Its detection limit

Introduction

Nanoparticles (NPs) have emerged as a new kind of inspective
material and have quickly come to play important roles in dif-
ferent areas. In an extraordinarily short time, NPs, such as Au,
CdSe, TiO,, and carbon nanotubes, have been widely exploited
in the study of electronics (quantum-dots), catalysis," biomod-
eling,”? biolabeling,””’ sensing,” surface-enhanced Raman scat-
tering (SERS),”! photonics,™ and optoelectronics™ due to their
special characters induced by the size of the particles.

Due to its serviceability, novelty, and variety, nanoscale sci-
ence has greatly intersected biological study and has recently
attracted much attention due to its application in many fields
in biology. For example, Alivisatos and Nie et al. used function-
alized nano-CdS particles as a fluorescence probe for the deter-
mination of proteins.’*"® Bergemann et al. developed a group
of magnetic nanoparticles in the application of cell and drug
targeting, gene-transfection studies, and DNA extraction.”
Meanwhile, lots of findings with gold NPs have been ob-
tained,"” such as enhancing DNA immobilization and its spe-
cific sequence-hybridization detection”™ and supporting the
nanowiring of redox enzymes."® The direct electrochemistry
response of hemoglobin has been obtained at gold NP-cystea-
mine-modified gold electrode."* Moreover, the detection limit
in surface plasmon resonance (SPR)-based real-time biospecif-
ic-interaction analysis has also been enhanced by gold
NPS_[]Of,g]

Although more and more nanomaterials are available, only a
few kinds of NP have been used in biological studies. Silver
NPs, which are easy to synthesize, have attracted our attention
due to their quantum characteristics of small granule diameter
and large specific surface area as well as their ability to quickly
transfer photoinduced electrons at the surfaces of colloidal
particles.™

As an oxygen-transport protein found in cardiac and red
skeletal muscles, myoglobin (Mb), which has a molecular

1686

was 1.0x 10°°m with a sensitivity of 0.0205 uA per um of H,0,.
The apparent Michaelis-Menten constant was calculated to be
1303 um. Flocculation assay showed that the protein maintained
plasmon layers surrounding the surface of silver nanopatrticles
and avoided silver-nanopatrticle aggregation. On the other hand,
UV-visible spectroscopy studies revealed that silver nanoparticles
could induce a small change of the heme-group environment of
the protein; this contributed to the enhancement of the electron-
transfer reactivity and the catalytic activity.

weight (M) of 17000 and a single electroactive iron heme as
a prosthetic group,'? is often used as a model to study the
structure and function of heme proteins. However, since the
heme group in Mb is buried deeply in the peptide chains, the
electron transfer (eT) process between the protein and elec-
trode is much more inhibited than other in heme proteins,
such as hemoglobin and cytochrome c; thus Mb has poorer eT
kinetics and redox properties."™ So far, some electron shuttles
have been employed to obtain good electrochemical commu-
nication between Mb and electrodes. Now we claim that NPs
might be a competent material for making such shuttles. Ex-
perimental results have revealed that a fast eT rate of Mb can
be obtained with the help of silver NPs, and a pair of well-de-
fined redox peaks can be observed at a pyrolytic graphite (PG)
electrode. The catalytic ability and sensitivity of Mb have also
been improved by the silver NPs.

Results and Discussion

The redox reactivity of Mb at a bare PG electrode surface is
too small to measure. But, with the effect of silver NPs, the
protein can make a direct fast eT with the substrate electrode.
As is shown in Figure 1 (solid curve), when a Mb-silver NP-
modified (Vy/Veoioia 7:1) electrode is inserted in 0.1m phos-
phate buffer solution (PBS) at pH 6.0, a pair of well-defined,
quasireversible redox peaks can be observed. In contrast, there
is no peak observed at a bare PG electrode (Figure 1, dotted

[a] X. Gan, T. Liu, J. Zhong, X. Liu, Prof. Dr. G. Li
Department of Biochemistry and
National Key Laboratory of Pharmaceutical Biotechnology
Nanjing University
Nanjing 210093 (P. R. China)
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Figure 1. Cyclic voltammograms of 0.1 m PBS at pH 6.0 obtained at the bare
PG (dotted curve) and Mb-silver NPs/PG electrode (solid curve) with VN poid
7:1. Scan rate: 200 mVs™'.

curve). No peak exists in this potential range with a PG elec-
trode modified just by silver NPs. Therefore, these two peaks
arise from the redox reactions of Mb immobilized at the elec-
trode surface. The cathodic and anodic peak potentials are lo-
cated at —329 and —281 mV, respectively. The formal potential
(E%) is calculated to be —305 mV, which is similar to a previous
report.'” The peak separation is 48 mV; this indicates a fast,
quasireversible, one-electron, heterogeneous eT process.

The pH value of the background solution plays an important
role in the electrochemical reactions of Mb modified on the
electrode surface. Experimental results reveal that the formal
potential (E”) of Mb will shift negatively with increasing pH
value. Moreover, the relation between E” and pH value is line-
arly proportional in the range from 4.0 to 10.0 (Figure 2), with
a linear regression equation of y=-5.6018—49.1804x, r=
0.998. The slope of the plot is —49.1804 mV per one point
change in pH; this might imply that the redox reaction is a
coupling of a single electron with a single proton.!"

200
250
-300 |

-350
Eimv ] .

-500

-550 L L L U U

Figure 2. Effect of pH on the formal potential (E°) of Mb.
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Figure 3 shows the relationship between the peaks currents
() of Mb and the scan rate (v). Both the cathodic and anodic
peaks currents are linearly proportional to the scan rate; this is
the characteristic of thin-layer electrochemical behavior. (Linear
regression equations: y=0.1746 + 0.00521x, r=0.999; y=

A)
1 pA
T T T T T T T T T T T
-800 -600 -400 -200 0 200
E/mV (vs.SCE) ———
B) j
44
i Pa
2
04
HHpA ]
24
4 Pc
64
T T T T T T T T T T T 1
0 200 400 600 800 1000

vinvs' ———

Figure 3. A) Cyclic voltammograms of 0.1 m PBS obtained at the Mb-silver
NPs/PG electrode with Vy/V oiig 7:1 at scan rates of 50, 200, 400, 600, 800,
1000 mV's~' (from inner to outer). B) Relationship between scan rate (v) and
the cathodic (Pc) and anodic (Pa) peak current (1) of Mb.

—0.1251-0.00594 x, r=0.999.) The slopes obtained by linear
regression of both log/,, and log /. versus logv are 0.916 and
0.914, respectively; this suggests that most ferrous Mb on the
electrode will convert to met-Mb on a positive direction CV
scan and vice versa. Meanwhile, Figure 4 shows that the catho-
dic peak potential E, is linear to In(v), with a linear regression
equation of y=-0.3689—0.03905%, r=0.999 in the potential
scan range from 300 to 1000 mVs~'. According to Laviron’s

Equation:['®
/ RT RT
E,=E 4+ ———————
P * anF " anF xIn (v) M
© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1687



www.chembiochem.org



BIO

-0.31
1, .
-0.32 "
n
-0.33 -
’ 032 .
033
-0.34 -
EIV 0341 .
0.35 57V 0351 "
1 0.36 .
-0.36 | 03 "
< T T T T -
12 938 04 00
-0.37 In(v) —— u

T T T T T T T T T T T T 1

T
-3.0 -25 -2.0 -1.5 -1.0 -0.5 0.0

In(y ———

Figure 4. The cathodic peak potential (E,) versus In(v) and its line fitting at
scan rates from 300-1000 mVs~' (inset).

Here a is the charge transfer coefficient and n is the number
of electrons, axn is calculated as 0.65. Given 0.3<a<0.7 in
general, we conclude that n=1 and a=0.65. So, the redox
reaction of Mb is a single eT process.

The eT rate of Mb at silver NPs co-modified electrodes has
also been calculated. Given a in Equation (1) being 0.65, K; is
calculated out to be 12.22 s, which is much higher than in
previous reports, for instance, 0.93 s™' gained at the pL-homo-
cysteine self-assembled gold electrode."® So silver NPs play a
very important role in the eT reaction of Mb. Silver NPs might
not only help the protein structure to keep its biological activi-
ty, but also act as a wire between the protein and electrode.

Silver NPs will also affect the amount of the protein ad-
sorbed. The surface adsorption amount (/) of Mb can be ob-
tained according to Equation (2):

I'=Q/nFA )

Here Q, n, and A stand for the reduction charge, the number
of transferred electrons, and the effective area of the electrode
surface, respectively. The relationship between the protein cov-
erage and the proportion of silver NPs and Mb is shown in
Table 1. The results clearly show that the proportion of protein

Table 1. Relationship between protein coverage (I' [molcm=2]) and VN,
proportion.

V! Veolioid 2:1 4:1 5:1 6:1 7:1 8:1 10:1

I (x1079) 1418 1699 1.865 2398 3.026 2614 1810

and silver NPs will affect the protein coverage at the electrode
surface. When the proportion of Vy/V o0 is 7:1, the adsorbed
amount of the protein is highest, so best electrochemical re-
sponse may be obtained. We thus selected this proportion for
this work.

1688
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When the proportion of Vy/Vioiq is 7:1, the surface cover-
age of Mb is 3.026 x 107" molcm ™2, which is much larger than
that of a previous report." So silver NPs can greatly increase
the amount of the protein at the electrode. This might be one
of the reasons that Mb exhibits good redox activity in this
work.

Therefore, although Mb exhibits a rather slow rate of hetero-
geneous eT at conventional electrodes,” because of the deep
burying of the electroactive prosthetic groups, adsorptive de-
naturation of proteins onto electrodes and unfavorable orien-
tations at electrodes, with the help of silver NPs a part of
redox peaks of Mb can be observed. Silver NPs might have de-
creased the electric resistance between protein and electrode
by relaxing the hydrophobic pocket of Mb and changing the
environment of the porphyrin ring; this may be supported by
the following studies.

UV-visible absorption spectra can give information about the
environment surrounding the heme group of Mb. The Soret
band of Mb is located at 409.0 nm,"? which is an intrinsic
heme-group property. Its position and shape can reflect the
identity of the axial ligand as well as the heme group environ-
ment.?" Previous studies have revealed that the Soret absorp-
tion band of Mb will decrease or even disappear if the axial
ligand has been changed.”? Figure 5 shows the UV-visible ab-

2.0+
180

178
1.5

2 100

1.0+ 146

160 —r T T )
40 405 i} 45 420
dmm —

0.5 -

300 350 400 450 500 550

Alnm ———

Figure 5. UV/vis absorption spectra of Mb in solution (the solid curve) and bio-
conjugates of Mb and silver NPs with V,,,/V o014 Proportions of 10:1, 8:1, 6:1,
4:1, and 2:1 (from outer to inner). Mb concentration: 0.3 mgmL~". Inset: en-
larged view of the absorbance peaks.

sorption of a series of different ratios of Mb and silver NPs.
With an increasing ratio of silver NPs, the Soret bands shift
from 409.0 nm to 409.3 nm; these values are very close to the
peak location of pure Mb, but the spectral absorbance of the
Soret band decreases gradually with the increasing proportion
of silver NPs. This result indicates that the heme environment
can gently change the Mb conformation, but not to the extent
of destroying it. In the natural state, the redox center of the
porphyrin ring is mostly located deeply inside the hydrophobic

ChemBioChem 2004, 5, 1686 - 1691
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pocket near the surface of the molecule.™® After silver NPs
have been dissolved in the solution of Mb, they may interact
with the Lys fragments outside the hydrophobic pocket of the
heme group, inducing the tethered pocket to relax and the
inner porphyrin ring to become dome-shaped close to the sur-
face of hydrophobic pocket. This rearrangement influences
Mb’s UV-visible absorption spectrum, and results in a good
electrochemical response of Mb.

The interaction between the protein and silver NPs has also
been assessed by flocculation assay. It is been known that just
the addition of electrolytes into a silver colloid will cause silver
NPs to flocculate®™ The aggregation can be conveniently
monitored photometrically by the decrease in the plasmon ab-
sorption band of silver NPs at about 422.5 nm. Figure 6 shows

1.44 Silver NPs+NaCl+Mb
— - - Silver NPs
124 N Silver NPs+NaCl
1.0
Mb Concentration
0.8
A
0.6
0.4
0.2
0.0

T T T T T T T T T T T T T
300 350 400 450 500 550 600
Alnm ——

Figure 6. Flocculation assay of silver NPs, silver NPs with NaCl, and the NPs
with NaCl and Mb at different concentrations (0.20, 0.16, 0.13, 0.1, 5.0x 1072,
1.0x 1072 5.0%x 107, 1.0x 107 and 5.0x 10~* mgmL~" from top to bottom at
the peak). Silver NPs concentration: 1.20x 107" m.

the flocculation assay of silver NPs, silver NPs with NaCl, and
the NPs with NaCl and Mb at different concentrations. It shows
that the original absorption band of silver NPs at 422.5 nm de-
creases sharply after electrolytes are added to the silver colloid.
However, as more Mb is added to the solution, the aggregative
extent of the silver NPs decreases. Therefore, the plasmon res-
onance layers of silver NPs, which are supposed to be de-
stroyed by electrolytes, can remain because of the new special
links formed between the added protein and the NPs. Mb has
been bound to the silver NPs, blocking their active sites to the
binding of electrolytes; thus, the electrolytes have a reduced
effect on the aggregation of silver NPs. Accordingly, the ab-
sorption band of silver NPs regresses gradually, and finally
maintains its absorption as normal at the Mb concentration of
0.1 mgmL™". Since the concentration of Mb used in our study
is high above this concentration limit, no aggregation should
happen in our system.

Thus, we consider that there may be several possible factors
benefiting the fast eT between protein and electrode. Firstly,

ChemBioChem 2004, 5, 1686-1691  www.chembiochem.org
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the silver NPs system itself can transfer an electron, and its
conjugating with Mb may create a fast electron-conducting
tunnel, which will greatly facilitate the eT between protein and
electrode. Secondly, just as the measurements of UV-visible
spectra denoted, silver NPs partially change the inner micro-
environment of the heme group; this results in the opening of
the electroactive center and makes it closed to Mb surface.
Silver NPs may have jointed each other to provide a faster eT
tunnel through protein and electrode.

The main function of Mb in mammals is to transport
oxygen. However, it also has potential peroxidase activity to
catalyze the reduction of small molecules, such as H,0,®
NO,*” and so on. Figure 7 shows the cyclic voltammogram of

A g

124

164

T
-1000 -800 -600

T T T
400  -200 0 200
E/mV (vs.SCE)

1
—_—

Figure 7. Cyclic voltammograms obtained at the Mb-silver NPs/PG electrode
with VN oiiq 7:1 for 0.1m PBS at pH 6.0 with H,0, concentrations of 0 (solid
curve), 3x107°, 5x107°, 1x107% 2x107%, 4x107% 5x107% 6x10~*M (from
top to bottom).

the modified electrode in 0.1 m PBS at pH 6.0 containing differ-
ent concentrations of H,0,. A new obvious reduction peak can
be observed, and this catalytic peak increases with increased
H,0,. With catalytic peak current increasing, the anodic peak
of Mb decreases and even disappears; this may be attributed
to the oxidation of Fe" to Fe" by H,0, [Equation (3)]:

2MbHFe" + H,0, — 2 MbFe" + 2H,0 (3)

Comparably, no corresponding electrochemical signal is ob-
served with either a bare PG electrode or a PG electrode modi-
fied with just silver NPs under the same conditions. So the cat-
alytic peak must come from the enzymatic catalytic reaction of
Mb toward H,0..

A linear dependence of the reduction peak current and the
concentration of H,0, is found in the range of 3.0x107® ~7.0x
10~*m (Figure 8). The linear-regression equation is y=3.8239
+ 0.0205x, r=0.998. Its detection limit is 1.0x10™°m with a
sensitivity of 0.0205 pA per um of H,0,. When the concentra-
tion of H,0, is higher than 7.0x107*m, a platform emerges in
the catalytic peak current; this accords with the Michaelis—
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Figure 8. Relationship between H,0, concentration and the cathodic peak
current of Mb. Inset: its linear fitting program with [H,0,] from 3.0x 1075-
7.0x107* m.

Menten model. The apparent Michaelis-Menten constant (K2
is 1303 um as calculated by the Lineweaver-Burk equation:*”

11
—=

ISS lmax

app
KITI

Iax X C

(4)

Here I, I, and c stand for steady current, maximum current,
and H,0, concentration, respectively. It is well known that a
smaller K% represents a higher catalytic ability. Since this is
much smaller here than the 2280 um obtained with a cyto-
chrome c-Au-carbon paste electrode (CPE)*® or the 3690 um
of a horseradish peroxidase-Au-CPE,"*9 it is indicated that the
affinity of Mb and H,0, is much higher than that obtained
from other films or NPs.

From the above results, it can be deduced that silver NPs
have changed the environment of heme group, and may make
the redox center of Mb active. Moreover, silver NPs possibly
act like a network of eT tunnels, which promote the sensitivity
of the protein to its catalytic substrates. It could be used as a
potential sensitive biosensor in the trace determination of
H,0..

Conclusion

The eT reactivity and catalytic ability of Mb can be greatly en-
hanced with the help of silver nanoparticles. A good electro-
chemical response from Mb is obtained at the PG electrode
modified by Mb/silver NPs. The protein maintains the plasmon
layers of the silver NPs and prevents their aggregation. Mean-
while, silver NPs might greatly influence the environment of
the electroactive center of Mb. They also act as eT tunnels to
greatly facilitate electron transfer between the protein and
electrode. This modified electrode could also be used as an
alternative hydrogen peroxide biosensor.
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Experimental Section

Chemicals and apparatus: Horse heart Mb was obtained from
Sigma and used without any purification. AQNO; was purchased
from the Shanghai No.1 Reagent Factory (China). Other chemicals
were all of analytical grade. All solutions were prepared with
double-distilled water, which was purified with a Milli-Q purifica-
tion system (Branstead, USA) to a specific resistance of
>16MQcm ' and stored in the refrigerator at 4°C.

Electrochemical experiments were carried out with a VMP Potentio-
stat (Perkin—Elmer, USA) and a three-electrode system. A one-com-
partment glass cell with a modified PG working electrode, a satu-
rated calomel reference electrode (SCE), and a platinum-wire auxili-
ary electrode were used for the measurements, with a working
volume of 10 mL. All the following potentials reported in this work
are against the SCE.

The size of silver colloid was measured with a JEX-200CX transmis-
sion electron microscope (JEOL, Japan). UV/vis absorption spectros-
copy and flocculation assays were performed on a Model UV-2201
spectrophotometer (Shimadzu, Japan).

Silver NP preparation: Silver NPs were prepared according to the
literature.””” Tannic acid (1.0 mL, 5.88 mm) was added to a vigor-
ously stirring aqueous solution of AgNO; (100 mL, 2.0 mm), then
an aqueous solution of K,CO; (0.2 mL, 1%) was added. All the
glassware was firstly washed with freshly prepared HNO,/HCI (1:3,
v/v), then rinsed thoroughly with double-distilled water and dried
in air. The concentration of silver NP solution was 3.59x10°m,
and the solution was stored at 4°C in a refrigerator. TEM measure-
ments indicated that the average silver nanoparticle size was 11+
1.5 nm (100 particles sampled).

Preparation of modified electrodes: The substrate PG electrode
was prepared by putting a PG rod into a glass tube and fixing it
by epoxy resin. Electrical contact was made by adhering a copper
wire to the rod with the help of Wood alloy.

The PG electrode was firstly polished on rough and fine sand
papers. Then its surface was polished to mirror smoothness with
an alumina (particle size of about 0.05 um)/water slurry on silk.
Eventually, the electrode was thoroughly washed by ultrasonica-
tion in both double-distilled water and ethanol for about 5 min.

A series of integral proportions of Mb solutions (10 mgmL™") and
silver NPs were spread evenly onto the surfaces of the PG disk
electrodes. The electrode surfaces were covered with Eppendorf
tubes during the first two hours so as to prepare uniform films.
The electrodes were then dried overnight in air. Finally, the modi-
fied electrodes were thoroughly rinsed with pure water. They were
stored in aqueous solutions of Na,HPO,/NaH,PO, (0.1 m) at pH 6.0
and 4°C when they were not in use.

UV-visible absorption spectroscopy measurements: The UV/vis
absorption spectra measurements were performed in a Mb
(0.3 mgmL™") solution or in mixed solutions of integral proportions
of Mb (0.3 mgmL™") and silver NPs solutions (Mb maintained
0.3 mgmL™" in the test sample).

Flocculation assay: The bioconjugates of Mb and silver NPs were
prepared at a constant silver concentration (1.20x10™°m) and a
series of Mb concentrations. After several minutes’ conjugation,
the aggregation agent (NaCl, 1 M) was added to each solution.

Electrochemical measurements: The test buffer solution was first-
ly bubbled thoroughly with high-purity nitrogen for at least 5 min.
Then a stream of nitrogen was blown gently across the surface of
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the solution in order to keep the solution anaerobic throughout
the experiment. Cyclic voltammetry (CV) was carried out in the
scan range from 200 to —800 mV. All experiments were carried out
at room temperature.
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Modified Microperoxidases Exhibit Different
Reactivity Towards Phenolic Substrates

Corrado Dallacosta, Luigi Casella, and Enrico Monzani*®

The reactivity of several microperoxidase derivatives with differ-
ent distal-site environments has been studied. The distal-site envi-
ronments of these heme peptides include a positively charged
one, an uncharged environment, two bulky and doubly or triply
positively charged ones, and one containing aromatic apolar res-
idues. The reactivity in the catalytic oxidation of two representa-
tive phenols, carrying opposite charges, by hydrogen peroxide
has been investigated. This allows the determination of the bind-
ing constants and of the electron-transfer rate from the phenol
to the catalyst in the substrate/microperoxidase complex. The
electron-transfer rates scarcely depend on the redox and charge
properties of the phenol, but depend strongly on the microperoxi-
dase. Information on the disposition of the substrate in the ad-

Introduction

Microperoxidases (MPs) are heme-containing peptides derived
from proteolytic digestion of cytochrome c in which the heme
is covalently linked to the peptide chain through two thioether
bonds.™ The histidine residue, which acts as iron proximal
ligand in cytochrome ¢, is maintained in the MP complexes,
while the second axial ligand (Met80 in cytochrome c) is re-
moved by proteolysis, leaving the iron(i11) center weakly
bound to a water molecule. The best known among MPs is
MP8 (Scheme 1), obtained from the peptic and tryptic diges-
tion of horse-heart cytochrome ¢;*¥ however, by changing
the proteolytic conditions or by further chemical modification,
several other MP derivatives have been obtained.”'” MPs are
mainly studied as model systems for peroxidases.”?” Peroxi-
dases catalyze the one-electron oxidation of various substrates
in the presence of hydrogen peroxide, through the formation
of two active species, namely compound | and compound II,
according to Scheme 2. MPs also catalyze the oxidation of vari-
ous substrates in the presence of H,0,, although they differ
from the enzymes both in terms of structure and reactivity. In
particular, MPs contain a heme ¢, whereas classical peroxidases
possess type b heme;®" this may affect the redox properties of
the iron centers and will likely influence both the formation
rate and the reactivity of the active intermediates involved in
the catalytic process. Another difference is that MPs lack the
polar residues (Arg and His) that contribute to the typically
fast activation process of hydrogen peroxide in the distal site
of peroxidases.>? The last, but very important, difference is
the complete accessibility of the porphyrin ring of MPs by
exogenous molecules—in the enzymes usually only the pe-
riphery of the heme is accessible to substrates since the cofac-
tor is buried within the protein backbone.***' Consequently,
the reaction with hydrogen peroxide to produce the active
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ducts with the microperoxidases has been obtained through de-
termination of the paramagnetic contribution to the 'H NMR re-
laxation rates of the protons of the bound substrates. The data
show that the electron-transfer rate drops when the substrate
binds too far away from the iron and that the phenols bind to
microperoxidases at similar distances to those observed with per-
oxidases. While the reaction rate of microperoxidases with perox-
ide is significantly smaller than that of the enzymes, the efficien-
cy in the one-electron oxidation of phenolic substrates is almost
comparable. Interestingly, the oxyferryl form of the triply positive-
ly charged microperoxidases shows a reactivity larger than that
exhibited by horseradish peroxidase.

species is much slower in MPs than in peroxidases. The rate
constant of this process is around 1000m~'s™" with MPs,®'2¥
but reaches values of 10°-10’m 's™' for the enzymes.”*?! In
contrast, substrate oxidation is extremely rapid for the MPs
compared to the formation of the active species and usually
occurs as a fast step in the catalytic cycle. Furthermore, MP-
catalyzed reactions are often accompanied by rapid catalyst
inactivation.” 42"

These problems reduce the possibility for studying the cata-
lytic cycle step that involves the reaction of MPs’ active species
with reducing substrates and, thus, decrease the importance
of MPs as model systems for the reactions of peroxidase active
species (compound | or Il in Scheme 2) with substrates. In par-
ticular, very little is known about the rate of the electron trans-
fer process between reducing substrate and MPs’ active spe-
cies,®''® on the mode of interaction of MPs with the sub-
strate, on their selectivity towards different redox partners, and
on the parameters affecting selectivity in catalytic reactions
(redox potential, charge, steric hindrance). In the present
paper, we compare the behavior of five different MPs, includ-
ing the known MP8, AcMP8 and MP11, and the new com-
pounds MP’11, obtained from yeast cytochrome ¢, and FM-R-
MP8 (Scheme 1). We have analyzed their catalytic activity in
the oxidation of two representative phenolic substrates, tyr-
amine and 3-(4-hydroxyphenyl)propionic acid (HPA), by hydro-
gen peroxide. In addition, we have studied the interaction of
the substrates with MPs by using NMR relaxation experiments.

[a] Dr. C. Dallacosta, Prof. L. Casella, Dr. E. Monzani
Dipartimento di Chimica Generale, Universita di Pavia
Via Taramelli 12, 27100 Pavia (Italy)
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Scheme 1. Schematic representation of the microperoxidase derivatives (MPs) employed.
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Scheme 2. Catalytic cycle of classical peroxidases.

Analysis of all the data leads to the following conclusions:
i) polar residues near the heme facilitate the oxidation of the
substrate; ii) electrostatic interactions between substrate and
MPs control substrate binding but m-m stacking interactions
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ther details on this process, the pH dependence of
the Soret band was analyzed from pH 4.5 to 8.0. Fig-
ure 1A shows the spectra of the high-spin and low-
spin forms whereas Figure 1B shows the absorbance
changes versus pH at their maximum absorption. The
lack of clear isosbestic points during the spectropho-
tometric titration and the complex curve for the ab-
sorbance changes at 397 nm clearly indicate that
more than a single protonation step is involved. A
clearer behavior is observed at 407 nm; the fit of the
spectral data gave an estimated pK, value of 6.16+
0.03 for the protonation of the group involved in the
change of the iron spin state. Similar behavior was
reported for MP11 which showed a spin state change
ruled by a protonation step in the same pH range
(with reported pKa values of 5.8 and 6.3).2%%"]

The MP’11 absorption spectrum at pH 7.5 depends
on its concentration. Upon dilution of MP'11, from 5 to
0.06 pum, the Soret band maximum shifts from 407 to 402 nm;
also, in the visible region the spectrum changes with dilution,
from the typical high-spin pattern of the bands, to a mixture
of high-spin and low-spin species. Furthermore, after addition
of SDS (1% v/v) the spectrum of a relatively concentrated so-
lution of MP’11 (in the micromolar range) at pH 7.5, is typical
for high-spin ferric systems, with Soret band at 397 nm. This
indicates that the monodispersed MP’11, encapsulated in SDS
micelles, is five- or six-coordinated, with a weakly bound water
molecule. These observations indicate that the low-spin form
of MP'11 at pH 7.5 is not associated with an intramolecular co-
ordination of the iron to the a-NH, or &-NH, groups of the Lys
residue, or else by the Arg guanidinium group (Scheme 1), but
due to an intermolecular coordination, probably by one of the
above mentioned groups, from a different MP'11 molecule.
Similar behavior was reported for MP11 which, for the intermo-
lecular coordination to iron(i11), uses the a-NH, of the Val resi-
due or the &-NH, of the Lys residue.”*?® Meanwhile, for the
other MP catalysts, the spin properties do not depend on the
complex concentration. Moreover, up to 10 uMm, the systems
show good adherence to the Lambert-Beer law; this indicates
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Figure 1. A) Electronic absorption spectra of MP'11 (3.5 um) at pH 5.9 and

pH 8.0 in phosphate buffer (200 mm), at 25°C; 1.0 cm path length. The arrows
indicate the direction of the changes upon increasing the pH. B) Absorbance
changes with pH at 397 and 407 nm; fitting of the curve at 407 nm has been
performed with equation 6.

a prevalent monomeric form within this concentration range
(data not shown).

Kinetics

The catalytic activity of MPs in the oxidations of HPA and tyr-
amine by hydrogen peroxide was studied spectrophotometri-
cally by monitoring the formation of the dimeric products of
phenol coupling in the initial phase of the reaction at
pH 5.0.2% The catalytic cycle of MPs is thought to be similar to
that of peroxidases, like horseradish peroxidase®® (Scheme 2)
with first a reaction with H,O, followed by two one-electron
oxidation steps of substrate molecules.

MP + H,0, = [MP/H,0,] — MP,, + H,0 )
MP,,, + SH—MP, + S + H' (fast) (2)
MP,,, + SH + H" - MP + S + H,0 (3)

where MP,, and MP,,, are two active species, one- and two-
oxidizing equivalents above the MP iron(i11) form, respectively,
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the nature of which is not completely clarified. S* is the sub-
strate radical.

In order to analyze the second step of the cycle involving
the substrate, the reaction of the MP with hydrogen peroxide
must become a faster process than the reduction of the active
species by phenol. Thus, the hydrogen peroxide concentration
needed during catalysis depends on the second-order rate
constant for the reaction of the MP with H,0, (k,, which has
the value of 680410, 1280450, 76+2"" and 1850+
50m~'s™' for MP8, MP'11, FM-R-MP8, and MP11, respectively)
and on the reactivity towards the substrate. This concentration
must be optimized for each catalyst at each substrate concen-
tration in order to have the lowest H,0, concentration that
warrants the oxidant saturation conditions. Under these condi-
tions, the substrate oxidation reaction is the rate-determining
step of the turnover process. Since a significant degradation of
MPs occurs during catalysis, the rates were evaluated from the
data in the first few tenths of a second. In these conditions,
the plots of observed rate versus substrate concentration for
MP8,?% AcMP8, and FM-R-MP8 with both tyramine and HPA
(Figure 2), and for MP11 with tyramine (Figure 3) show a hyper-
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Figure 2. Dependence of the substrate oxidation rate by the MP/H,0, system
on A) tyramine and B) HPA concentration in acetate buffer (0.2 m), pH 5.0, at
25°C.

bolic behavior. Fitting these curves with the Michaelis—-Menten
equation gives the catalytic parameters k., Ky, and k./Ky for
the two substrates (Table 1). The reaction rates found for each
complex and substrate depend linearly on the catalyst concen-
tration (up to 3 um) indicating that the eventual aggregation
of MPs has negligible effect. Furthermore, the rates as well as
the degradation phenomena seem to be independent of the
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Figure 3. Dependence of the tyramine oxidation rate by the MP'11/H,0, and
the MP11/H,0, systems on substrate concentration in acetate buffer (0.2m),
pH 5.0, at 25°C.

where k, is the second-order kinetic constant for the reaction
of these MPs with hydrogen peroxide. Thus, the lower limit for
the k., value reported in Table 1 depends on the fact that k.,
should be larger than the highest value of the product k;x
[H,0,] employed, where k; is 1280+£50 and 18504+50m~'s™'
for MP'117% and MP11, respectively.

NMR relaxation measurements

The observed longitudinal relaxation rates (1/T, ) for the pro-
tons of HPA and tyramine in the presence of variable amounts
of MPs are a weighted average between the relaxation rates of
the free substrate (1/T,¢) and the substrate interacting with the
MP (1/T,,), according to Equation (5):

1 1 E 1
T - . : T 1/T1obs: 7| X - + (5)
Table 1. Kinetic parameters for the catalytic activity of MPs in the oxidation of HPA and T, p Ti¢ Ko +So Tyt
tyramine by hydrogen peroxide in acetate buffer (0.2m), pH 5.0, 25°C.
where E, and S, are the total (free plus bound) MP
Kear [57'] K [m] kea/ K M 's7'] ° ° total (free pl M
~ and substrate concentrations, respectively, and K is
.
MP8 HPA™ - 269:£16 0.00530.0010 2050750 the dissociation constant for the MP-substrate com-
MP8 tyramine 229+13 0.011940.0015 1920+ 150 091 .
ACMP8 HPA 3242 0.0071 +0.0001 42004600 plex.”” As an approximation, the K, values for HPA
AcMP8 tyramine 3141 0.0053 +0.0005 5800 + 400 and tyramine were assumed coincident with the K,
FM-R-MP8  HPA 0.80+0.02 0.00034-£0.00004 2300+ 200 values deduced from kinetic experiments (Table 1). In
K/m:ﬁMPs H;Zm'ne >8010'18i0'07 (:1'()(1006i0'0001 1902?{3{)]00 the case of MP11 and MP’11 the K, value of HPA was
MP'11 tyramine 800 0,030 25700 4 500 considered negligible with respect to S, and for
MP11 HPA > 800 n.d. nd.® MP’11 the K, value of tyramine was assumed to be
MP11 tyramine 257+8 0.015+0.001 16700700 40 mm. It should be noted, however, that K, refers to
[a] From ref. [20]. [b] n.d.=not determinable. the dissociation constant of the complex with the MP

nature of the buffer (phosphate or acetate) and ionic strength
(data not shown). MP'11 followed a different behavior; in fact,
in the experiments performed with tyramine, the oxidation
rates increased linearly with substrate concentration up to
30 mM, with no indication of saturation. This implies a high
(> 30 mm) Ky value for tyramine. Thus, only the k/K,, ratio
and an estimate of the lowest value for k., could be obtained
(Table 1). It was not possible to reach H,0, saturation with HPA
for both MP’11 and MP11 even at peroxide concentration up
to 0.7 M. The rate depended almost linearly on H,0, concentra-
tion in the range studied; this indicates that, in the HPA oxida-
tion by MP'11 and MP11, the peroxide activation, and not the
substrate reaction, is the rate-determining step of the catalytic
cycle, despite the fact that the k; values for these MPs are the
largest in the series of MPs studied here. Since this occurs
even at low HPA concentration, the K,, for this substrate
should have a small value. In this respect, it should be noted
that the substrate concentration cannot be reduced further to
prevent excessive catalyst degradation even in the short reac-
tion time monitored. Assuming that MP’11 and MP11 have a
similar kinetic approach to the reaction with HPA as the other
MPs studied, the following relation must apply:

ke < [HPA]

ky x [HZOZ} < KM+—[HPA] (4)
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in the iron(111) form while Kj, refers to the active spe-
cies of MP. The plots of 1/T,,, versus Eo/(K, + S,) for
the different protons of HPA and tyramine with the various
MPs, show straight lines (data not shown); the 1/T;¢ and 1/T;,
values could be obtained from the y intercept and from the
slope of the linear plot

By carrying out relaxation experiments with the low-spin
(S="/,) cyanide adducts of the MPs, it was possible to show
that the paramagnetic effect of the MPs becomes negligible.
Therefore, also the diamagnetic contribution to 1/T;, can be
ignored, and 1/T,,=1/T;\y, where 1/T,y is the paramagnetic
contribution determined by the interaction of the substrate
with the MP complex.B” This contribution originates only from
dipolar relaxation and, according to the Solomon-Bloemberger
equation, it is possible to correlate 1/T,,, to 1/r°, where r is the
distance between the substrate nucleus and the iron paramag-
netic center.®"3? The equation requires knowledge of the cor-
relation time, 7., for the paramagnetic contribution to nuclear
relaxation, which depends on the electronic spin correlation
time, 7,, on the chemical exchange correlation time, 7, and on
the rotational correlation time, 7, (z.'=7,'+7,' +7,"). 7y is
usually longer than the other times and can be neglected,
while 7, can be predicted for spherical rigid particles by using
the Stokes-Einstein equation: 7,=nxXM/(dxN,xkxT), where
is the viscosity of the solvent, M is the molecular weight, d is
the density of the molecule (usually taken to be equal to
10* kgm™), k is the Boltzmann constant, and N, is Avogadro’s
constant.®¥ Assuming that the catalysts have a rigid spherical
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Table 2. Iron(111)-proton distances (A) for HPA and tyramine protons in the
complexes between MPs and the phenols in deuterated phosphate buffer
(0.2m), pH 5.0, 25°C. n.d.=not determinable. For tyramine, R=—NH,; for
HPA, R=—COOH.

a b

N
HO—< >%c

a b
MPs substrate a [A] b [A] c[A] d [A]
MP8 HPA 7.4 7.6 7.6 7.6
MP8 tyramine 6.8 7.1 7.2 8.2
AcMP8 HPA 7.6 7.7 79 8.0
AcMP8 tyramine 74 77 7.8 8.6
FM-R-MP8 HPA 9.8 9.6 8.6 9.0
FM-R-MP8 tyramine n.d. n.d. n.d. n.d.
MP'11 HPA 8.3 8.2 84 8.4
MP'11 tyramine 8.8 8.7 9.4 n.d.
MP11 HPA 9.1 8.8 9.5 9.2
MP11 tyramine 8.7 8.6 9.0 n.d.

shape, 7, was calculated to be 1x107%s. Since 7, is reported to
be 5x107"s for high-spin iron(i1) porphyrins®*¥ 77" can be
considered negligible with respect to 7,'. Thus, we assumed
that the correlation time for the three MPs is dominated by
the electronic relaxation time, 7.=7,=5x10""" s. The distance,
r, between the substrate protons and the high-spin iron(i)
center of the MP complexes were calculated from the T;,,
values according to the Solomon-Bloemberger equation; the
data are reported in Table 2.

The lack of the contact contribution on the substrate relaxa-
tion rates is confirmed by the large iron to proton distances
obtained, which are not compatible with direct coordination of
the phenol to the iron(i11), and by the negligible changes ob-
served in optical spectra of MPs upon addition of up to 50 mm
tyramine or HPA at pH 5.0 (data not shown)

To characterize the parameters that rule the substrate dis-
crimination in MPs we studied five MP derivatives containing
differences in their distal sites due to the presence of residues
with different properties such as charge, polarity and steric
hindrance. MP8 has an almost empty and completely accessi-
ble distal site which carries the charges of the metal ion and
the N-terminal Cys residue, which is protonated at acidic pH
(Scheme 1). In AcMP8 the acetylation removes the positive
charge of this residue. In MP11 the a-NH, of the terminal Val
and the &-NH, of the Lys residues act as ionizable groups
which are relatively free to move over the distal site of the
heme, but their position in the peptide skeleton precludes
direct coordination to the iron, thus allowing only intermolecu-
lar coordination.”® We also prepared the new compound
MP’11, from bakers’ yeast, which differs from the better known
MP11 derived from horse heart due to the different amino acid
sequence of the two starting proteins. In particular MP"11 con-
tains the sequence Lys-Thr-Arg in the N-terminal part before
the Cys residue that is covalently bound to the heme
(Scheme 1).5%3¢ Therefore, at acidic pH, MP’11 has three posi-
tively charged groups which due to the flexibility of their alkyl
chain can span the area above the distal site. Presumably, the
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&-NH, of the Lys residues, which is N-terminal in MP’11, can ap-
proach the iron without significant strain. In spite of this differ-
ence, spectroscopic experiments have shown that with MP'11,
as for MP11, coordination to the iron by the &-NH, Lys group
can occur only intermolecularly. The new compound FM-R-MP8
(Scheme 1) has been obtained by covalently linking a doubly
protected arginine residue to the N-terminal amino group of
MP8, by 9-fluorenylmethoxycarbonyl (Fmoc) at N, and by a 4-
methoxy-2,3,6-trimethylbenzenesulfonyl at N,. Thus, in FM-R-
MP8, besides the loss of the protonated amino group of MP8,
the two aromatic protective groups make the distal site of the
complex much more hydrophobic. This is shown by its re-
duced solubility in pure water, the higher solubility of the com-
plex in water/organic mixtures, and by the larger retention
time in the HPLC reverse phase column. The aromatic groups
(Fmoc and Mtr) when attached to mobile side chains can
sweep a large spatial region, even quite far from the iron
center, and certainly introduce steric hindrance in the mole-
cule.

The MPs are thought to catalyze peroxidase-type reactions
through a mechanism similar to that of the enzymes, in which
the formation of the active species formed by reaction of
iron(in) with hydrogen peroxide precedes the reaction with
the substrate.”% At saturating H,0, concentration, the hyper-
bolic dependence of the reaction rates on substrate concentra-
tion for MP8,%” AcMP8, and FM-R-MP8 (Figure 2) indicates pre-
equilibrium formation of a complex between the substrate and
the catalyst active species before the electron-transfer step. As
can be seen in Table 1, the efficiency and the selectivity of the
catalytic reactions depend on the MP catalyst. The k, values
measure the rate of electron transfer from the substrate to the
MP active species; they depend on the difference in the redox
potential of the species involved, on the orbital overlap be-
tween the redox partners in the outer-sphere complex, and on
the structural rearrangements occurring with the electron
transfer, according to Marcus’ theory.®” Since the electron-
transfer processes are slower than the formation/dissociation
of the complex between substrate and catalyst active species
(considering that complex formation is driven by hydrophobic
and electrostatic interaction, see later, and the k., values are
not too large, Table 1), the K}, values can be seen as the recip-
rocal of the binding constants of the phenols with the MP cat-
alyst oxidant form.

As already found by our group,”® MP8 is more active in the
catalytic oxidation of HPA compared to tyramine (Table 1): k.
is only slightly larger, probably due to the lower redox poten-
tial of HPA compared to tyramine (810 and 830 mV vs. Ag/
AgCI/KCI saturated, respectively),®*® but the K,, values show a
larger difference between the two substrates. The substrate—
MP8 interaction is driven by electrostatic interactions as well as
by m-stacking interactions between the heme porphyrin ring
and the aromatic phenol nucleus. Changing the substrate
charge, the electrostatic contribution to the phenol-MP8 bind-
ing interaction is reversed. This is confirmed here by the obser-
vation that with AcMP8, in which the amino group of MP8 is
acetylated, the order of Ky, for the two substrates is reversed
and the difference is reduced compared to MP8 (Table 1).
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Indeed, for AcMP8 the catalytic constants are very similar for
the two substrates.

FM-R-MP8 exhibits a peculiar behavior (Figure 2), with Ky
constants ten times smaller than those observed for MP8 and
AcMP8, and with very small electron-transfer rates for both
substrates. This reactivity can be explained considering the
bulky structure of FM-R-MP8 around the heme. The substrates
probably feel strong m-stacking interactions towards these aro-
matic groups (very small K),), but their phenolic nuclei are held
far from the porphyrin and this reduces the efficiency of elec-
tron transfer (k). As expected, FM-R-MP8 shows small selectiv-
ity towards the two substrates (similar k./Ky values). MP11
and MP’11 are much more reactive towards tyramine and HPA
compared to the other MPs. In the case of tyramine, the high
Ky values observed are consistent with electrostatic repulsion
between the substrate and the MPs; the higher positive
charge of MP'11 is reflected by the larger K, compared to
MP11. Interestingly, the k., values are remarkably large with
these MPs—with MP'11, its value exceeds 800s™'. On the
other hand, with HPA we were not able to transform substrate
oxidation into the rate-determining step of the process even
when using high peroxide concentration and low substrate
concentration. This indicates that MP11 and MP'11 are highly
reactive catalysts towards the substrates, and this is accompa-
nied by high affinity (small Kj,), probably driven by electrostatic
interactions. Also here, only a guess for the lower limit of k. is
possible (Table 1). The notably high electron-transfer rates ob-
served with MP11 and MP’11 is probably connected to the
presence of protonated residues in the distal site of the heme,
which increase the reactivity of the active species. A similar
effect was observed with HRP; mutating the catalytically im-
portant Arg residue with Leu in the enzyme not only reduces
compound |-formation rate but strongly decreases the reactivi-
ty of the active species with reducing substrates.®

Another important aspect for rationalization of the reactivity
of the MPs towards the substrates is the analysis of their dispo-
sition with respect to the heme in the substrate-catalyst com-
plex. The distances of the substrate protons from the iron in
these complexes could be estimated by exploiting the effect
of the paramagnetic high-spin iron(i11) center on the substrate
nuclear relaxation. The distance values obtained can be consid-
ered a good approximation of what happens when the catalyst
is present in its high valent form. The MPs do not have a spe-
cific binding site in which the substrate can be hosted and,
therefore, we can reasonably expect that the aromatic sub-
strates maintain a high mobility approaching the distal face of
the heme. Thus, the pairs of protons labeled a, b, ¢, and d in
the inset in Table 2 give an averaged signal and the calculated
distances from the iron(i) center are averaged for all the pos-
sible relative dispositions of the bound substrates. The same
situation occurs during catalysis since the substrate may ap-
proach the MP active species from different positions. In spite
of that, it is evident that the phenols have preferential posi-
tions while interacting with the MP complexes (Table 2). In
MP8 and AcMP8, the aromatic part of tyramine appears to ex-
perience a closer approach to the iron with respect to the ali-
phatic chain, whereas with HPA this is not observed. Surpris-
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ingly, the distances to the iron are slightly longer in AcMP8
compared to MP8 even for the positively charged phenol. This
may be due to the steric hindrance of the N-terminal modifica-
tion in AcMP8 or to the loss of the hydrogen bond that may
be established by the amino group in MP8 which may assist
the binding of the substrate. Interestingly, the distances of
HPA protons from iron(i1) in the adduct with FM-R-MP8 are
about 2 A longer than with MP8 (Table 2). This is consistent
with the very small K, and k., values associated with FM-R-
MP8 in the turnover experiments. Finally, the high reactivity
observed with MP11 and MP’11 is not connected to the bind-
ing of the phenol closest to the iron center, since the Fe-
proton distances observed here are even longer than with
MP8 or AcMP8, probably due to the increased steric hindrance
in the heme undecapeptide derivatives. The effect of the posi-
tive charges in MP11 and MP’11 peptide chains can be appreci-
ated observing that the electrostatic repulsion felt by the pro-
tonated tyramine amino group results in notably larger dis-
tance for protons d than for the other protons. Indeed, for pro-
tons d, the paramagnetic effect of iron(i1)) becomes negligible
thus preventing an estimate of Fe-proton distance.

In conclusion, this work has shown that the binding of HPA
and tyramine to MP complexes occurs with iron—proton distan-
ces in the range of 7.4-9.5 A, which is the same range com-
monly found for bound phenols in the active site of peroxidas-
es.24249 Both electrostatic and hydrophobic interactions rule
the substrate-binding strength and disposition with respect to
the heme, and this influences the efficiency of electron transfer
from the substrate to the MP active species. Thus, FM-R-MP8
has a much reduced activity, which is not only due to low po-
larity around the heme but also to the fact that the bulky aro-
matic groups prevent the substrate’s approach to the porphyr-
in. The active species of MP8 and AcMP8 are more reactive
than that of FM-R-MP8 but still show little activity when com-
pared to the corresponding species formed by classical peroxi-
dases. For instance, by using the same substrates, and at the
same pH and temperature, HRP exhibits k., values of 3700 and
230s™' for HPA and tyramine, respectively.”” The MP active
species has an intrinsic reactivity that does not depend only
on the substrate interaction mode. In particular, MP11 and
MP’11 show that the presence of charged amino acid residues
that can approach the iron-oxo group strongly increases k.,
probably favoring the protonation of the ferryl oxygen re-
quired for the transformation of the active species into the
iron(111) form. The efficiency of this process is so high in MP11
and MP'11 that their reactivity becomes comparable with that
of HRP and, in the case of tyramine oxidation, even larger. To
our knowledge this is the highest peroxidase-like activity ever
reported for a heme model system.

Experimental Section

UV/Vis spectra were recorded with Hewlett-Packard HP8452A and
HP8453 diode array spectrophotometers. '"H NMR spectra were re-
corded at 25°C on a Bruker AVANCE 400 spectrometer, operating
at a proton frequency of 400.13 MHz. HPLC chromatography was
performed at room temperature on a Jasco instrument with a MD-
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1510 diode array detector by using a SUPELCO C,4 reverse-phase
column (10x250 mm); spectrophotometric detection of the HPLC
elution profile was performed in the 200-650 nm range. The sol-
vents used for elution were: solvent A, trifluoroacetic acid (TFA)
(0.1%) in distilled water, and solvent B, TFA (0.1 %) in CH;CN; gradi-
ent runs were performed with a flow rate of 5 mLmin™". The elu-
tion was carried out for 6 min with 20% B eluent, followed by a
gradient to 55% B in 30 min and then to 100% B in 4 min.

Mass spectra were recorded with a Finningan LCQ ion trap mass
spectrometer; the solution was introduced into the electrospray
source at 8 uLmin~" by using the syringe pump of the instrument;
the ESI source operated at 3.5 KV, the capillary temperature was
set at 200°C and its voltage at 10V; the experiments were per-
formed in positive ion mode. In the MS/MS spectra, the ion of in-
terest was isolated in the ion trap and collisionally activated with
45% ejection amplitude at standard He pressure.

Sample preparation: MP8 was prepared from horse-heart cyto-
chrome c (Sigma) according to published procedure,”® and puri-
fied by HPLC (retention time: t,=17.3 min).

AcMP8 was prepared from MP8 by a slight modification of the lit-
erature preparation,” by placing MP8 (2 mg) in borate buffer
(100 mm) pH 9.0, the solution was stirred at room temperature,
and 500-fold excess acetic anhydride was added. The solution was
then kept at 30°C for 3 h. The MP derivative was purified by HPLC
(t,=20.0 min).

MP11 was prepared from horse-heart cytochrome c (Sigma) accord-
ing to published procedure,”” and purified by HPLC (t,=13.6 min).

MP’11 was prepared from yeast (Saccharomyces cerevisiae) cyto-
chrome c (Sigma) by a modification of the MP8 preparation. Cyto-
chrome ¢ (50 mg) and pepsin (7 mg) were dissolved in distilled
water (10 mL). The pH was slowly adjusted to 2.6, and the solution
was incubated overnight at 25°C in a sealed vessel. Digestion was
then interrupted by basification of the solution to pH 8.5. After
concentration by ultrafiltration, MP'11 was purified by gel-filtration
chromatography, followed by HPLC chromatography (t,=15.5 min).
The mass spectrum of MP'11 shows the presence of the molecular
peak (m/z=1933.7), and analyses of the peaks derived from
fragmentation of this ion confirms the peptide sequence.
UV/Vis (200 mm phosphate buffer, pH 5.9, high-spin): A,.. (e,
mol~'dm?cm™")=397 (155000), 498 (9000), 526 sh (8000), 571 sh
(4000), 625 (3000); UV/Vis (200 mm phosphate buffer, pH 8.0, low-
SPiN): Amax (€, mol~"dm3*cm™")=407 (171000), 529 (13000), 562 sh
(8600). The molar extinction coefficients were determined by the
pyridine hemochromogen method.*?

The synthesis of FM-R-MP8 was carried out as follows. Solid MP8
(5 mg) was dissolved in N,N-dimethylformamide (500 pL, Carlo
Erba, freshly distilled over CaH,) and a five fold excess of freshly
distilled triethylamine (Sigma) was added. Then, Fmoc-Arg(Mtr)-
OPfp (2 mol equiv, Novabiochem) was added and the solution was
stirred for 3 h at room temperature. The solvent was dry-evaporat-
ed and the solid residue dissolved in the minimum amount of
water/CH;CN (80/20 (v/v)) mixture and purified by HPLC (t,=
40.0 min). The mass spectrum of FM-R-MP8 shows the presence of
the molecular peak (m/z=2094.2). UV-Vis (CH;CN/H,O/TFA=
80:20:0.1): Apa (6, mol™'dm3*cm ') =254 (28000), 275 sh (15000),
395 (160000), 495 (7800), 532 sh (4800), 571 (2800), 620 (3600).
The molar extinction coefficients were determined by the pyridine

hemochromogen method.*”

Spectrophotometric acid-base titration of MP'11: This experi-
ment was performed with solutions of MP'11 (~3.5 um) at a series
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of pH values in the 4.5-8.0 range by using a thermostated, 1 cm
path-length cell. Typically, the MP'11 solution, initially in sodium
phosphate buffer, pH 4.5 (u=0.2m), at 25.0+£0.1°C, was brought
to the given pH by small additions of concentrated sodium hy-
droxide solution (the dilution was negligible). The pK, value for the
high-spin to low-spin transition was obtained from the absorbance
variations of the Soret band against pH, after correction for dilu-
tion. Fitting of the data was done with the equation:

A+ B x 10P"PK)
- 6
Abs T 0P ) (6)
where Abs is the absorbance at each pH value, and A and B are
the absorbancies of the acid and basic forms of MP'11, respec-
tively.

Dependence of the MP'11 spectrum on the solution concentra-
tion: The spectrum of MP'11 in pH 7.5 phosphate buffer (200 mm),
was recorded at different concentrations, from 5-0.06 pum, with 1
or 10 cm path length cuvettes, as appropriate.

Turnover experiments: The catalytic oxidations of tyramine and
HPA were performed in acetate (50 mm) and phosphate (200 mm)
buffer, pH 5.0 at 2540.1°C. The reactions were followed spectro-
phometrically by monitoring the initial increase with time of the
absorbance at 300 nm. These experiments were performed with an
Applied Photophysics stopped-flow instrument, model RS-1000,
dead time 1 ms, with 1 cm path length, coupled with a HP8452A
diode array spectrophotometer. One syringe of the instrument was
filled with the MP (3 um) and variable substrate concentration
(HPA: from 0 to 68.0 mm for AcMP8, from 0 to 12.5 mm for FM-R-
MP8, and from 0 and 62.5 mm for MP’11 and MP11; tyramine: from
0 to 62.5 mm for AcMP8, from 0 to 12.5 mm for FM-R-MP8, and
from 0 to 62.5 mm for MP'11 and MP11; the pH of the solution was
always controlled and, where necessary, brought to 5.0). The
second syringe was filled with hydrogen peroxide solution in the
same buffer. Mixing the two solutions in the cuvette of the instru-
ment reduces the concentration of the reagents to one half. Blank
experiments to control the effect of the dilution of MPs in the reac-
tion chamber were performed in the absence of H,0,; absorbance
changes occurred in the mixing time of the instrument, indicating
that MPs dilution has negligible effect on the observed reaction
rates. At every substrate concentration, H,O, concentration was op-
timized by choosing and maximizing the initial rate. The optimized
H,0, concentration was found to increase along with the substrate
concentration, passing from 16 to 146 mm for AcMP8, from 13 to
167 mm for FM-R-MPS8, and from 13 to 670 mm for MP’11 and
MP11, at low and high substrate concentration, respectively. The
rates were evaluated from the data in the first few tenths of a
second. The transformation of the kinetic data from absorbance
s' to Ms~' was obtained by using the difference in the extinction
coefficient between products and reactant at 300 nm (Ae=
1950m 'ecm ™' and 1450 m 'cm ™' for HPA and tyramine, respective-
ly).¥ Each experiment was carried out in triplicate.

Determination of k; for MP11: Determination of the catalytic con-
stants for the reaction of MP11 with hydrogen peroxide was per-
formed by studying the dependence of the initial rate of oxidation
of p-cresol on the oxidant concentration in acetate buffer (200 mm,
pH 5.0 at 25°C) according to a published method.”

NMR experiments: 'H NMR longitudinal relaxation times (T;) of
HPA and tyramine protons were measured by using the standard
inversion recovery method.”® Substrates (15 mm final concentra-
tion) were dissolved in 200 mm deuterated phosphate buffer
pH 5.0 containing EDTA (0.1 mm) to eliminate interferences by
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metal impurities, at 25+0.1°C. The T, values were then deter-
mined at various concentrations of the MPs, ranging from 0 to
15 um for each substrate and each MP. The time interval between
the two impulses in the inversion recovery sequence ranged from
0.05 to 16s. Each experiment was performed in triplicate. The
experiments were also repeated in the presence of NaCN (0.1 mwm)
in the buffer solution.

Abbreviations: HPA: 3-(4-hydroxyphenyl)-propionic acid, tyramine:
4-(2-aminoethyl)-phenol, MP8: microperoxidase-8, AcMP8: N-acetyl
microperoxidase-8, MP'11: microperoxidase-11 from bakers’ yeast,
MP11: microperoxidase-11 from horse heart, FM-R-MP8: N-Fmoc-
Arg(Mtr) microperoxidase-8; ABTS: 2,2'-azinobis(3-ethylbenzo-6-
thiazolinesulfonic acid), HRP: horseradish peroxidase, Fmoc-
Arg(Mtr)-OPfp: N*-(9-fluorenylmethoxycarbonyl)-N¥-4-methoxy-
2,3,6-trimethylbenzenesulfonyl-L-arginine pentafluorophenyl ester.
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Real-Time Monitoring of in vitro
Transcriptional RNA by Using
Fluorescence Correlation
Spectroscopy

Yasutomo Nomura*®® and Masataka Kinjo'”

In vitro transcription is widely used to synthesize small
amounts of RNA from recombinant DNA templates." In the
conventional analysis of transcripts, northern blotting is used
as a technique for size fractioning the RNA in a denaturing gel.
In this study, we provide a novel technique to monitor in vitro
transcriptional RNA synthesis without any denaturants while
the reaction is progressing. Fluorescence correlation spectros-
copy (FCS) sensitively measures fluctuations in fluorescence in-
tensity, due to only a few fluorescent molecules that diffuse in
and out of a small volume element at the subfemtoliter level
in solution, which are dependent on the molecular weight and
the concentration.”™ Recently, this method was applied to
measuring diffusion and the hybridization state of oligo(dT)
and poly A in mRNA within living cells.” However, it is difficult
to detect a specific mRNA by using oligo(dT).

In the present study, two plasmids encoding the luciferase
gene and Xenopus elongation factor-10. were used as tem-
plates for transcription. We determined the interaction be-
tween these transcripts and labeled 23-mer oligo-DNAs (GL
primer), complementary to the sequence of the luciferase RNA
or 30-mer oligo(dA). The fluorescence correlation functions
were analyzed by using a simple two-component model with a
fast-moving component of free GL primer and a slow-moving
component of the hybrid.

The secondary structure of the luciferase RNA (site 1-1700)
was simulated. In the predicted structure, three sites (52-54,
57-62, and 68-74) in the 52-74 sequence, complementary to
the GL primer, interacted with different sites of the same mole-
cule by base-pairing. This suggests the difficulty of binding be-
tween the GL primer and the luciferase RNA after folding to
form a secondary structure.

The plasmid-encoding luciferase gene (pLuc, site 1-1700)
was linearized by EcoRV (pLuc/EcoRV). The site 1-1389 was
transcribed from pLuc/EcoRV. Figure 1 shows typical autocorre-
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Figure 1. Normalized autocorrelation functions of in vitro transcription prod-
ucts of pLuc/EcoRV. Fluorescence fluctuation was probed with a GL primer and
with oligo(dA) (insert). Different curves show autocorrelation functions at vari-
ous reaction times after the addition of the plasmid. Both symbols and lines
represent experimental data. The concentration of pLuc/EcoRV was 0.1 ug.

lation functions of the fluorescent oligo-DNAs in the reaction
solution at the various times after the addition of pLuc/EcoRV
as a template. The normalized autocorrelation function of the
GL primer was shifted to the right with a reaction time of
120 min; this suggests that there is an interaction between the
probe and the larger molecules. In the case of oligo(dA), the
autocorrelation function was not shifted (see insert). The re-
sults indicated that the GL primer hybridized with the lucifer-
ase transcripts before they folded to form a secondary struc-
ture. Furthermore, there was no significant difference between
the diffusion time of the GL primer and oligo(dA) in the in
vitro transcription system with pXef-1, which is a linearized
plasmid DNA that contains the Xenopus elongation factor-1a
gene (see Table 1). Neither fluorescent oligo-DNA probe was
complementary to the pXef-1 transcript. Thus, these results in-
dicated that the GL primer hybridized with transcripts of pLuc/
EcoRV in a sequence-specific manner.

Although the autocorrelation function of the GL primer just
after the addition of pLuc/EcoRV could be fitted well by using
the one-component model, it was difficult to analyze data
from 15 to 120 min. In every transcription reaction, the transla-
tional diffusion time of the free fast-moving probe was esti-
mated from the autocorrelation function at 0 min, and the
mean time was 0.39 ms (n=4) in Table 1. Using this diffusion
time of the fast component as a constant value, we analyzed
data from 15 to 120 min with the two-component model, and
the autocorrelation function could be fitted well. As shown in
Figure 2, the fraction of the slow component increased greatly
from 0.20 at 15 min to 0.55 at 120 min; this agreed with the
relative band intensity from the densitometric analysis after gel
electrophoresis. In contrast, the diffusion time was relatively
stable, although there was a slight increase from 3.4 to 5.7 ms.
The reason for the slight increase is unclear, nevertheless we
observed bands near base 1400 at every reaction time in the
gel electrophoresis. These data suggested that, using FCS, we
detected the increase in number of the slow component
rather than that in the length during in vitro transcriptional
RNA synthesis.
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o ] - - . in Figure 3. FCS measurement
Table 1. Diffusion time (ms) of oligonucleotides in transcription system.' . .
was carried out at 120 min after
Probe plasmid none pXef-1 pLuc/EcoRV pLuc/EcoRI the addition of plasmids. For the
GL primer fitting 1 component 1 component 2 components 2 components reaction from 5 to 10 ng of pIas—
Fast Slow Fast Slow mid DNA, only a small fraction of
Diffusion time 0.38 0.58¢ 0.39 5.71 0.35 1.66 the slow component was ob-
(0.05) (0.15) (0.03) (0.17) (0.05) 032) | cerved between 0.02 and 0.03
Fraction - - 0.45 0.55 0.49 0.51 ’ oo
(0.10) (0.10) ©.15) (0.15) At 100 ng of pLuc/EcoRV plasmid
Sample®™ 7 2 4 3 DNA, the fraction increased to
Data points'® 26 7 19 12 0.53. The transcription reaction
Oligo (dA) fitting 1 component 1 component 1 component 1 component
reached the plateau phase at
Diffusion time 0.33 0.61% 0.64" 0.631" p P .
(0.04) ©0.27) (0.14) (0.09) 400 ng. According to the instruc-
Sample 2 3 3 3 tion manual of this transcription
Data points 9 n 9 n system, 20 pL reaction mixture
[a] Each diffusion time is the mean (SD) at 120 min after the addition of plasmid. [b] The values were measured containing 1 ug of templates
in the different numbers of samples shown in the table. [c] Three to five values were obtained from each that encode for 1.9 kb transcript
sample. [d] Significantly different from values of GL primer in the absence of pXef-1, P <0.005. [e] Significantly synthesized 50 ug of RNA after
different from values of oligo A in the absence of pXef-1, P<0.01. [f] Significantly different from values of 120 mi fi bati Alth h
oligo A in the absence of the plasmids, P<0.005. min of incubation. Althoug
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Figure 2. Fractions and diffusion times (insert) of the slow component in pLuc/
EcoRV transcripts at different reaction times (n=4). A GL primer was used.
Each autocorrelation function was fitted to the two-component model. The
diffusion time of the fast component was fixed at 0.39 ms. The band intensities
of transcripts from gel electrophoresis were also estimated.

Next, pLuc was linearized by EcoRI (pLuc/EcoRl). The site 1-
638 was transcribed from pLuc/EcoRI. Using the GL primer, we
compared the diffusion times of transcripts of pLuc/EcoRV with
those of pLuc/EcoRl (Table 1). The fraction of the slow compo-
nent that had a diffusion time of 5.71 ms in the case of pLuc/
EcoRV increased with reaction time and was 0.55 at 120 min.
On the other hand, in pLuc/EcoRl, the fraction of the slow com-
ponent increased to 0.51 at 120 min, but the diffusion time
was 1.66 ms. Each transcript was also analyzed by gel electro-
phoresis after being quantified by FCS measurement. As ex-
pected, bands near bases 600, 1400, and 1900 were detected
for transcripts with pLuc/EcoRI, pLuc/EcoRV, and pXef-1, respec-
tively (data not shown). Therefore, FCS can measure diffusion
time dependent on base length.

The autocorrelation functions of fluorescent probes in reac-
tion solutions that contained from 5 to 400 ng plasmid DNA
were analyzed by using the two-component model, as shown
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this suggests that the contents
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Figure 3. Dependency of template amount on fraction and diffusion time
(insert) of the slow component in the transcription reaction with pLuc/EcoRV
at 120 min. A GL primer was used. The band intensities of transcripts from gel
electrophoresis were also estimated.

of our transcripts would be much more than that of the la-
beled primer, the reason for the observation of a large fraction
of unbound probes is unclear. In contrast to the changes in
this fraction, the diffusion time varied between 2.9 and 4.9 ms,
but the upward tendency were not observed. These results
agree with those from densitometric analysis of the gel.
Recently fluorescence resonance energy transfer (FRET) has
been used to detect the specific mRNA in transcription sys-
tems in in vitro and in living cells.”® Since FRET, unlike FCS,
depends on the real distance between donor and acceptor,
the sequences of the probes must be based on the 3D struc-
ture of RNA. Northern analysis is the only conventional
method for size fractionating RNA, but this must be performed
on the denatured gel. In contrast, FCS did not require any de-
naturants because the hybrid of the probe with the synthe-
sized RNA before the formation of secondary structure was
measured directly. Furthermore, since FCS measurement

ChemBioChem 2004, 5, 1701-1703
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causes little damage, we can use the sample even after mea-
suring for different experiments.

FCS permits real-time monitoring of specific RNA in an in
vitro transcription system in which the fluorescent oligonucleo-
tide probe was complementary to the coding sequence of
RNA.

Experimental Section

The in vitro transcription reaction was carried out with a T7 MEGA-
script (Ambion) kit system. The two expression plasmids used in
this study were pLuc (Promega) and pXef-1(Ambion). Two fluores-
cent oligo-DNAs were purchased from Sigma Genosys. One was 5'-
rhodamine green-CTTTATGTTTTTGGCGTCTTCCA-3" (23-mer). The
other was 5’-rhodamine green-oligo(dA)-3’ (30-mer).

The sequence of luciferase RNA used for the simulation was ob-
tained from the Promega Corp. Simulation of the secondary struc-
ture of the luciferase RNA was performed by using Vienna RNA
software.”) FCS measurement was performed by using a ConfoCor
fluorescence correlation measurement system (Carl Zeiss Jena
GmbH, Jena, Germany) as described elsewhere.'™ The in vitro tran-
scription solution was separated by electrophoresis on formalde-
hyde denaturing gel (agarose 1%).
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A Miniature Membrane-less Biofuel
Cell Operating at +0.60 V under
Physiological Conditions

Nicolas Mano,*® Fei Mao,”® and Adam Heller®

The engineering objective of our work is the design of a
power source enabling further miniaturization of autonomous
implanted electronic devices, the size of which is usually limit-
ed by their battery. As the size of microelectronic circuits and
of sensors shrinks, the size of the low-power sensor-transmitter
package (of potential value in physiological research and in
medicine) becomes increasingly dependent on the size of its
power source. If stabilized for operation in vivo, a miniature
glucose/O, biofuel cell could power an implanted sensor-trans-
mitter that would broadcast, for a few weeks, the local glucose
concentration, relevant to diabetes management; or the local
temperature, indicative of infection after surgery; or a pressure
difference, indicating blockage of the flow of fluid in the cen-
tral nervous system.™

Contrary to conventional cells, which contain at least nine
components (anode, cathode, case, case seal, membrane,
membrane seal, ion-conducting electrolyte, plumbing to the
anode compartment, and plumbing to the cathode compart-
ment), the miniature biofuel cell that we are developing con-
tains only two, an anode and a cathode.'™ These consist only
of two 7 um diameter “wired” enzyme bioelectrocatalyst-
coated carbon fibers.

Underlying the simplicity and the unprecedented miniaturi-
zation of the cells are the selectivities of the thick, immobi-
lized, glucose-electro-oxidation and O,-electroreduction cata-
lyzing “wired” enzyme coatings of the carbon-fiber electrodes.
Their immobilization and selectivity enables the operation of a
single compartment cell, containing both glucose and O, in
the same compartment. Because the anode is selective for glu-
cose, oxygen is not rapidly electroreduced on it, even though
the anode is poised at a highly reducing potential. Similarly,
because the cathode is selective for O,, glucose is not electro-
oxidized on it, even though the cathode is poised at a highly
oxidizing potential. In classical fuel cells, H,/O, or methanol/O,,
H, or methanol would be oxidized at the cathode and O,
would be reduced at the anode if the reactants were allowed
to mix. As a result, the power output would approach nil.

As illustrated in Figure 1, in the compartment-less biofuel
cell, glucose electrons reduce glucose oxidase (GOx), glucose
being electro-oxidized to d-glucono-1,5-lactone [Eq. (1)]. The
electrons are collected and transported to the anode by an

[a] Dr. N. Mano, Prof. A. Heller
Department of Chemical Engineering and Texas Materials Institute
The University of Texas at Austin
Austin, TX 78712 (USA)
Fax: (+1)512-471-8799
E-mail: mano@mail.utexas.edu

[b] Dr. . Mao
Abbott Diabetes Care
1360 South Loop Road, Alameda, CA 94502 (USA)

ChemBioChem 2004, 5, 1703-1705 DOI: 10.1002/cbic.200400275 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1703





BIO

physiological conditions (pH 7.2,
20mm phosphate, 0.14m NaCl)”
or in a 0.2m citrate buffer at
pH55%7  depending of the
cathodic enzyme used: bilirubin

e €
e
=]
—
Redox
&-Gluconolactone
Anode Cathode
Electrolyte

oxidase or laccase, respectively.
To build a more efficient bio-

! H,0 fuel cell, (i.e., increasing the op-
erating cell voltage and the cur-
b rent density), we “wired” glucose
oxidase (GOx) with poly(4-vinyl-

o, pyridine)-[Os(N,N'-dimethyl-2,2'-

biimidazole);]**”**,  comprising
10.7 wt% of osmium (Polymer
1).' We showed that binding of
fast redox centers to the back-

Figure 1. Electron-transfer steps in the compartment-less biofuel cell. At the anode, electrons are transferred from glu-
cose to the enzyme (1), from the enzyme to the polymer (2), through the polymer (3), and from the polymer to the
electrode (4). The electrons pass then from the anode to the cathode through an external load. At the cathode, elec-
trons are transferred from the electrode to the polymer (5), through the polymer (6), from the polymer to the enzyme

(7,) and from the enzyme to the O, (8).

anodic redox polymer. The electrons pass then from the anode
to the cathode through the external load. They are then trans-
ported from the cathode through the cathodic redox polymer
to O,-oxidized bilirubin oxidase, catalyzing its electroreduction
of O, to water [Eq. (2)]. Equation (3) represents the overall cell
reaction.

B-p-glucose — d-glucono-1,5-lactone + 2H" + 2e~ (1)
0, +4H" +4e —2H,0 (2)
2pB-p-glucose 4+ O, — 20-glucono-1,5-lactone + H,0 (3)

By eliminating the membrane, the case, and the seal, we were
able to build a 0.88 mm? biofuel cell, the smallest ever, which
we implanted and operated in a grape. The power output of
the in vivo cell, made of a pair of 0.44 mm? area smooth non-
porous carbon fibers, was 2.4 uyW at 4+ 0.52 V/AgAgCl, translat-
ing to a power density of ~5.5 yWmm~2, and ~4.4 pWWmm~?
at +0.6 V/AgAgCL” Because this potential exceeded half the
band gap of silicon, it could be converted by a conventional
silicon voltage converter to the standard 3 V operating voltage
of ICs. The cell followed a series of earlier compartment-less
glucose/O, biofuel cells, the first of which, reported in 1999 by
Katz et al., had a footprint of 1 cm? operated at +0.06 V and
produced only 3.5 nWmm 2" Tsujimura et al. reported a mem-
brane-less glucose-O, biofuel cell operating in O,-saturated
30 mm MOPS buffer in the presence of 50 mm glucose, pro-
ducing 580 nWmm™2 at an operating potential of +0.19 V.*!
The cells were later miniaturized, and their operating voltages
and power densities were raised; specifically, membrane-less
and case-less cells, consisting only of two 7 um-diameter,
2 cm-long carbon fibers, were built and operated either under
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bone of this water-soluble poly-
mer through 13-atom-long flexi-
ble tethers and its immobiliza-
tion by cross-linking provided
the basis for electrocatalytic hy-
drogels in which electrons, water
soluble reactants, and products
diffused rapidly (D,,,—5.8x107°cm’s™"). When the redox hy-
drogel connected the reaction centers of glucose oxidase to a
carbon-fiber electrode, the limiting current density of glucose
electro-oxidation (11.5 yAmm~?) was reached at a potential
only 0.26 V to the positive of the redox potential of the FAD/
FADH, centers of glucose oxidase at pH 7.2 As the Blauch
and Saveant"®"™ bounded-diffusion model predicted that D,
should scale in redox hydrogels with the concentration of the
redox species Cg, we designed a new “redox wire” for GOX,
with the osmium loading increased from 10.7 wt% (poly-
mer ) to 12.8 wt% osmium (polymer II).'? As illustrated in
Figure 2, under quiescent solution, a current density of
13 yAmm~2 for polymer Il and 9.6 pAmm~2 for polymer | was
reached at a polarization as low as 0.3 V/AgAgCl under physio-

o

J: uA.mm'2 8 1

0 T T T 1
0 0.2 04 0.6 0.8

Polarization/ V. —»

Figure 2. Polarization of the 7 um-diameter, 2 cm-long carbon-fiber anodes
modified with “wired” GOx and polymer Il (top curve) and polymer | (bottom
curve). Top curve: 45 wt% glucose oxidase/54 wt % polymer ll/1 wt % poly(eth-
ylene glycol) diglycidyl ether (PEGDGE). Bottom curve: 39.5 wt % glucose ox-
idase/59.5 wt % polymer I/1 wt % PEDGE. Quiescent solution under N, pH 7.2,
0.1m NaCl, 20 mm phosphate, 15 mm glucose, 37.5°C, 1 mVs™'.
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logical conditions. The glucose transport-limited current densi-
ty was 15 h)Amm~2 for polymer Il versus 11.5 pAmm~2 for poly-
mer| at a polarization of 0.46 V/AgAgCl. By increasing the
amount of osmium by 1.3 wt%, full coverage of the anodic
carbon fiber by the tougher polymer increased the glucose-
flux-limited current density by 20% and significantly decreased
the overpotential for glucose electro-oxidation.

Using the novel anode, we built a miniature compartment-
less biofuel cell, consisting of two 7 pm-diameter, 2 cm-long
carbon fibers. The bioelectrocatalyst of the anode consisted of
glucose oxidase from Aspergillus niger (GOx) electrically “wired”
by polymer I, having a redox potential of —0.19V versus Ag/
AgCl. The bioelectrocatalyst of the cathode, which was superi-
or to platinum, was reported earlier."” It consisted of purified
bilirubin oxidase from Trachyderma tsunodae (BOD) “wired” by
PAA-PVI-[Os(4,4'-dichloro-2,2'-bipyridine),Cl]*** and had a
redox potential of +0.36V versus Ag/AgCl. As illustrated in
Figure 3, the power of the cell peaked at ~+0.60 V/AgAgCl,

where it reached 2.1 pW. The power density was 4.8 yWmm~2,

5..
4

Power Density/ 37
uW mm~

] <

0 T T T )
0 0.2 0.4 0.6 0.8

E/IV — »
Figure 3. Dependence of the power density on the cell voltage for the cell
made with a 7 um-diameter, 2 cm-long carbon-fiber anode coated with “wired”

glucose oxidase and with the novel polymer Il. 15 mm glucose, other conditions
as in Figure 2.

above the 4.4 yW mm~? power density of the 4-0.52 V cell pre-
viously described.”' This value represents the highest operat-
ing voltage in a miniature membrane-less biofuel cell operat-
ing in a physiological buffer solution. Because, the redox po-
tential of A. niger GOx at pH 7.2 is —0.35 versus Ag/AgCI® and
that of bilirubin oxidase from Trachyderma tsunodae is about
+0.36 versus Ag/AgCl,"™ the operating potential is just 0.11 V
less than the difference between the redox potentials of the
two enzymes. The cell lost ~89% of its power per day when op-
erating at +0.6 V/AgAgCl and at 37°C in a physiological buffer
solution.

In summary, increasing the density of the polymer-bound
redox sites that electrically connect the reaction centers of
GOx to the anode increased the glucose flux limited current
density by 20%, and decreased by 50 mV the overpotential for
glucose electro-oxidation. A miniature, membrane-less glu-
cose-O, biofuel cell built with the novel anode operated at the
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highest voltage to date, 4-0.60 V while producing 4.8uWmm™

in a physiological buffer at 37.5°C.
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Azido Sialic Acids Can Modulate
Cell-Surface Interactions

Sarah J. Luchansky and Carolyn R. Bertozzi** "

Carbohydrate-receptor interactions govern cell-cell recogni-
tion events that are crucial in development, the immune re-
sponse, and microbial infection."® An understanding of the
structural basis of these interactions is paramount for the de-
velopment of chemical probes and therapeutic approaches.
Conventional structure-activity relationship (SAR) studies have
involved chemical synthesis of modified carbohydrates and in
vitro binding assays to identify those functional groups most
critical for molecular recognition. However, the specificities of
carbohydrate-binding proteins for their ligands can be affected
by the context in which those ligands are presented. When dis-
played on cell surfaces, analogues of L-selectin ligands exhibit
a different rank order of receptor-binding affinities than ob-
served in simple solution binding assays.**' Similarly, the rela-
tive lectin-binding affinities of carbohydrate analogues in so-
lution can change when the compounds are immobilized on
solid phase™ These examples highlight the importance of
studying carbohydrate-receptor interactions in the more
native environment of the cell surface. To perform SAR studies
in this context requires a means to alter cell-surface carbohy-
drate structures.

We and others have previously shown that cell-surface car-
bohydrate structures can be modulated by the biosynthetic in-
troduction of unnatural monosaccharides, a method termed
“metabolic oligosaccharide engineering”.”® Structural modifi-
cations to sialic acid,”""" N-acetylgalactosamine,"*'® and N-ace-
tylglucosamine™ ' can be achieved in this fashion, thus pro-
viding a means to probe their contribution to specific recep-
tor-ligand interactions. Indeed, Reutter, Pawlita and co-workers
have applied unnatural sialic acid biosynthesis to modulate
viral receptor and lectin binding at the cell surface.'*'

Here we probe the tolerance of numerous sialic acid-binding
proteins for unnatural modification to their cell-surface ligands.
We replaced natural cell-surface sialic acids with an N-azidoace-
tyl analogue (SiaNAz) by feeding to the cells the precursor per-
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acetylated N-azidoacetylmannosamine (Ac,ManNAz), an ana-
logue of N-acetylmannosamine (ManNAc; Scheme 1)."" The ef-
fects of this modification on recognition by sialic acid-binding
lectins, the sialic acid-dependent antibody HECA-452, and the
receptors E-selectin and Siglec-1 were determined to provide
insight into their ligand promiscuity. These results have impli-
cations regarding the physiological effects of unnatural sialic
acids presented on cells in vivo.

R = H, NeuAc sialoside
R = N3, SiaNAz sialoside

Oi OH

NH-=

0
AcO- HN @ HO
o]
A?n.ocaﬁd.n OAc

R = H, AcgManNAc 0
R =Nj, AcyManNAz  Extracellular
space

Scheme 1. Metabolic oligosaccharide engineering permits structural modula-
tion of cell-surface sialic acids. Peracetylated N-azidoacetylmannosamine (Ac,-
ManNAz) is taken up by cells, converted into the unnatural sialoside, N-azido-
acetyl sialic acid (SiaNAz), and delivered to glycoconjugate chains destined for
the cell surface. The peracetylated derivatives are typically used because they
cross the cell membrane more readily**’ than free sugars and are deacetylat-
ed in situ by cytosolic esterases.

For these studies, we required a cell line with low basal
levels of natural sialic acid and the ability to transform the un-
natural precursor Ac;,ManNAz to cell-surface SiaNAz at relative-
ly high levels. The mutant cell lines K20 (human B-cell lympho-
ma varient),'? HL60-I (human myeloid leukemia variant) and
Lec3 (Chinese hamster ovary (CHO) variant)® are ideal for this
purpose. These cells are deficient in UDP-GIcNAc 2-epimerase
activity, the enzyme that produces ManNAc, and have low cell-
surface sialic acid levels, thereby minimizing background activi-
ty in receptor binding studies. K20 and HL60-I cells have previ-
ously been shown to deliver unnatural sialic acids to cell-sur-
face glycoconjugates, a modification that disrupted sialic acid—
receptor interactions."® We sought to determine whether Lec3
cells are also suitable hosts for unnatural cell-surface sialosides.

To determine if Lec3 cell-surface glycans could be modified
with SiaNAz, we treated the cells with Ac,ManNAz and ana-
lyzed their surfaces for azides by Staudinger ligation with a
phosphine-FLAG probe, as previously described."?" The cells
were labeled with a fluorescein-conjugated anti-FLAG antibody
and analyzed by flow cytometry. The Lec3 cells showed robust
metabolic incorporation of azides into their cellular glycoconju-
gates at levels comparable to previously studied cell lines (see
Supporting Information)."™
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Although Lec3 cells are deficient in endogenous sialic acid
production, they are able to scavenge sialic acid from glyco-
proteins in their serum-containing media and are thus not to-
tally devoid of the natural sugar, even while in media lacking
serum for the duration of the experiments presented here. >
We therefore sought to quantify the representation of SiaNAz
among the total sialic acids resident within Lec3 glycans.
Direct analysis of sialic acids was achieved by mild acid hydrol-
ysis of cell lysates followed by HPLC analysis compared to au-
thentic sialic acid standards.”*?!' As shown in Table 1, untreat-

Table 1. Degree of natural and unnatural sialylation of Lec3 cells.

Media
supplement Sialic acid analysis
NAC™ NAZ"®! NeuGc? NeuAc™ SiaNAZ total sia'?
— — 123 754 0 877
+ - 74 20M 0 2085
- + 183 865 530 1578

[a] Cells were supplemented with Ac,ManNAc (35 um) where indicated
(+). [b] Cells were supplemented with Ac,ManNAz (35 um) where indicat-
ed (4). [c] pmol sialic acid per mg protein.

ed Lec3 cells possess the natural sialic acids N-acetyl sialic acid
(NeuAc, Scheme 1) and N-glycolyl sialic acid (NeuGc). Supple-
mentation of the media with peracetylated ManNAc (Ac,Man-
NAc) increased the level of NeuAc, and the overall sialic acid
level, as expected. When Lec3 cells were treated with Ac,Man-
NAz, SiaNAz was produced at a level corresponding to ~30%
of the total sialic acid pool. The overall sialic acid level was ele-
vated 1.5-fold under these conditions. Both the representation
of SiaNAz and the absolute levels of total sialic acids produced
were deemed appropriate for receptor binding studies.

With an experimental system in hand, we next probed the
effect of the N-acyl-group modification on binding to well-
characterized sialic acid-specific lectins. These included Maack-
ia amurensis (MAA), Limax flavus agglutinin (LFA) and Sambu-
cus nigra agglutinin (SNA). Lec3 cells were untreated, or ex-
posed to either Ac,ManNAc or Ac,ManNAz for three days. The
cells were washed and labeled with fluorescein-conjugated
LFA (LFA-FITC, linkage-independent) or MAA (MAA-FITC, spe-
cific for Sia-a(2,3)-Gal). Untreated Lec3 cells bound LFA-FITC at
low levels (Figure 1A). Treatment with Ac,ManNAc caused a
dramatic increase in LFA-FITC binding. By contrast, treatment
with Ac,ManNAz had no measurable effect on lectin binding.
Independent detection of azides by Staudinger ligation with
phosphine-FLAG indicated that SiaNAz was indeed present on
the cell surface (not shown). Since overall sialylation of Lec3
cells increased in the presence of SiaNAz by ~50% (Table 1),
we conclude that LFA-FITC does not recognize sialic acid with
the unnatural N-acyl group. This result is consistent with the
previous observation that LFA recognizes NeuAc but not
NeuGc, a natural N-acyl modified sialic acid.”*” The inability of
LFA to bind either SiaNAz or NeuGc suggests that LFA has a
stringent requirement for the N-acetyl group of NeuAc.

ChemBioChem 2004, 5, 1706-1709 www.chembiochem.org
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Figure 1. Sialic acid-binding proteins exhibit different specificities for SiaNAz-
modified glycoconjugates. A) Lec3 cells were treated with Ac,ManNAc (35 um),
Ac,ManNAz (35 um), or untreated, for 3 d in serum-free media. Cells were
washed, labeled with LFA-FITC or MAA-FITC, and analyzed by flow cytometry.
B) Lec3 cells were transfected with ST6Gal | and treated with the indicated
monosaccharides as in A. The cells were labeled with SNA-FITC and analyzed
by flow cytometry. C) Lec3 cells were transfected with FucT7 and treated with
the indicated monosaccharides as in A. The cells were labeled with HECA-452
and analyzed by flow cytometry. In both B and C, mock-transfected cells
showed background levels of fluorescence equivalent to untreated cells (not
shown). In A, B and C, error bars represent the standard deviation of three rep-
licate experiments. The asterisks indicate that lectin binding to untreated and
Ac,ManNAz-treated cells is significantly different (P < 0.005, two-tailed t test).

We performed a similar study with MAA-FITC. Despite their
low levels of sialic acid, untreated Lec3 cells bound MAA-FITC
at significant levels that were unaffected by treatment with sia-
lidase (see Supporting Information). This sialic acid-independ-
ent binding was presumably due to the cross-reactivity of
MAA with Gal-B(1,4)-GIcNAc/Glc.”™ However, MAA-FITC bind-
ing increased by 1.5- and 1.4-fold when Lec3 cells were treated
with Ac,ManNAc or Ac,ManNAz, respectively (Figure 1A), and
this response was abrogated by sialidase treatment (see Sup-
porting Information). Thus, MAA-FITC appears to recognize
SiaNAz, consistent with its known binding activity with
NeuGc >
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Like MAA, SNA is also promiscuous, binding NeuGc as well
as NeuAc.”™ To determine whether SNA recognizes SiaNAz, we
introduced the gene encoding the sialyltransferase ST6Gal %!
into Lec3 cells to produce a-2,6-linked sialylated epitopes. Fol-
lowing transient transfection, cells were treated with Ac,Man-
NAc or Ac,ManNAz, labeled with fluorescein-conjugated SNA
(SNA-FITC), and analyzed by flow cytometry. Like MAA-FITC,
SNA-FITC stained untreated cells at significant background
levels that were essentially unaffected by sialidase treatment
(Figure 1B and Supporting Information). However, Ac,ManNAc-
treated cells showed a fourfold increase in SNA-FITC binding
over untreated cells. The fluorescence of Ac,ManNAz-treated
cells increased 1.8-fold over untreated cells; this suggests that
SNA binds SiaNAz in addition to NeuAc. Furthermore, these
data imply that SiaNAz can be introduced into Sia-0.(2,6)-Gal
linkages by ST6Gal I.

Carbohydrate-specific antibodies are important tools in gly-
cobiology, and the structural basis of antigen binding is a sub-
ject of considerable attention.”®*? We sought to test the ef-
fects of cell-surface sialic acid modifications on binding to an
antibody known to require this residue. HECA-452 is a com-
mercially available IgM that recognizes sialyl Lewis x (Sia-
a(2,3)-Gal-p(1,4)[Fuc(a-1,3)1-GIcNAc, sLe®), a motif found in se-
lectin ligands. To determine whether HECA-452 can bind sLe*
possessing SiaNAz, we introduced the gene encoding fucosyl-
transferase VIl (FucT7)®**" into Lec3 cells by transient transfec-
tion to generate the sLe* epitope. The transfected cells were
treated with Ac,ManNAc, Ac,ManNAz, or left untreated, then
labeled with biotinylated HECA-452 followed by fluorescein-
conjugated avidin (FITC-avidin) and analyzed by flow cytome-
try. Untreated Lec3 cells did not bind HECA-452; this is consis-
tent with the antibody’s requirement for the sialylated tetra-
saccharide (Figure 1C). Treatment with Ac,ManNAc significant-
ly increased HECA-452 binding whereas treatment with Ac,-
ManNAz had no effect. These data indicate that HECA-452
does not bind sLe* bearing the unnatural sialic acid, SiaNAz,
and therefore must have a strict requirement for the N-acetyl
group of NeuAc.

The dramatic effect of the N-azidoacetyl modification on
HECA-452 binding prompted us to explore its impact on selec-
tin recognition. Synthetic sLe* analogues of the tetrasaccharide
have been probed with respect to selectin binding,*? and
these studies suggest considerable tolerance of modifications
to the N-acyl group of sialic acid. To confirm this with respect
to SiaNAz, we transfected cells with genes encoding FucT7 and
a second glycosyltransferase, core 2 N-acetylglucosaminyltrans-
ferase (C2GnT),” in order to elaborate both N- and O-linked
glycans with sLe*. The cells were incubated with Ac,ManNAc,
Ac,ManNAz, or left untreated, and probed with a soluble form
of E-selectin conjugated to the constant region of a human
IgM (E-selectin-IgM=*3%)). The IgM portion of the molecule ena-
bled flow cytometry analysis with a fluorescein-labeled anti-
human IgM antibody (anti-lgM-FITC). E-selectin-lgM bound to
untreated Lec3 cells to a minimal extent (Figure 2 A). E-selectin
binding was dramatically increased when Lec3 cells were ex-
posed to either Ac,ManNAc or Ac,ManNAz. Control cells treat-
ed with a class-matched antibody (human IgM) in place of E-
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Figure 2. E-selectin recognizes SiaNAz-terminated glycans whereas Siglec-1
does not. A) Lec3 cells were transfected with FucT7 and C2GnT and then incu-
bated with Ac;ManNAc (35 um) or Ac,ManNAz (35 um) for 3 d in serum-free
media. Cells were then labeled with human IgM (isotype control) or E-selectin-
IgM that had been preincubated with anti-human IgM-FITC in the presence or
absence of EDTA. The cells were analyzed by flow cytometry. B) Lec3 cells were
incubated with the compounds indicated for 3 d in serum-free media. The cells
were subsequently labeled with Siglec-1-Ig or human IgG (isotype control) that
had been preincubated with biotinylated anti-human IgG. Labeled cells were
further stained with FITC-avidin and analyzed by flow cytometry. In both A and
B, the data are reported as fluorescence intensity relative to the isotype control.
Error bars represent the standard deviation of three replicate experiments.

selectin-lgM showed only background levels of fluorescence.
To confirm that the observed cellular fluorescence was due to
specific E-selectin-ligand binding, we treated cells with EDTA.
Chelation of the calcium ions required for E-selectin binding
caused a total loss of cell-surface fluorescence (Figure 2A).
These data indicate that E-selectin can bind cell-surface sLe*
bearing SiaNAz in place of natural sialic acid.

Siglec-1 (sialoadhesin) is a sialic acid-specific lectin found pri-
marily on macrophages.® Its function remains unknown, but
its restricted expression pattern suggests a role in the immune
system. The ability to perturb Siglec-1 binding would provide a
means to study its biological roles. Murine Siglec-1 discrimi-
nates between NeuAc and NeuGc, with a preference for the
smaller N-acyl group.®” To determine if Siglec-1 binds to
SiaNAz, we incubated Lec3 cells with Ac,ManNAc or Ac,Man-
NAz. The cells were then exposed to Siglec-1-lg, a soluble ver-
sion of murine Siglec-1 fused to the Fc domain of a human
IgG.%3% The cells were then treated with a biotinylated anti-
human IgG antibody followed by FITC-avidin and analyzed by
flow cytometry. Cells treated with Ac,ManNAc showed an in-
crease in cellular fluorescence over untreated cells (2.8-fold,
Figure 2B), whereas cells treated with Ac,ManNAz showed only

ChemBioChem 2004, 5, 1706 -1709
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background levels of binding. Control cells treated with
human IgG in place of Siglec-1-lg also showed background
levels of binding. These data indicate that SiaNAz is not recog-
nized by murine Siglec-1-lg, and suggest an avenue for dis-
rupting Siglec-1 binding to cells, that is, metabolic replacement
of NeuAc with an unnatural N-acyl variant.

In summary, we have applied metabolic oligosaccharide en-
gineering to probe the effects of structural modifications to
sialic acid on the binding of carbohydrate receptors. The ap-
proach was validated with well-characterized lectins, and then
used to define the unnatural sialic acid tolerance of the widely
used antibody HECA-452, a reporter of sLe* expression, and
the macrophage-specific adhesion molecule Siglec-1. We also
probed the unnatural sialic acid tolerance of E-selectin in the
context of the cell surface. These results provide a means to
probe Siglec-1 function in cell-based systems. In addition, they
enable predictions regarding the physiological effects of un-
natural sialic acid expression in living organisms, a major fron-
tier of metabolic oligosaccharide engineering.”**"
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A Biomimetic Model of Tandem
Radical Damage Involving Sulfur-
Containing Proteins and
Unsaturated Lipids

Carla Ferreri,*? Immacolata Manco,®

M. Rosaria Faraone-Mennella,” Armida Torreggiani,
Maurizio Tamba,” and
Chryssostomos Chatgilialoglu*®

[a]

Lipidomics research, which focuses on the global changes in
lipid metabolites, has recently been concerned with the type
and roles of unsaturated lipids in the biological environment.
The structural change induced by their conversion from the
naturally occurring cis fatty acid geometry to the more thermo-
dynamically stable trans configuration can affect membrane ar-
rangement as well as lipid metabolism." In the biomimetic
model of thiyl radical-catalyzed isomerization of cis phospholi-
pids, it was shown that when thiyl radicals are generated in
the aqueous compartment and are able to diffuse in the lipid
bilayer, then the interaction with unsaturated fatty acyl chains
efficiently produces trans double bonds.” These findings sug-
gested that radical-based degradation of sulfur-containing
amino acid residues that are known to release diffusible thiol
molecules could be the primer for tandem radical damage in-
volving protein and lipid domains. We modeled such damage
using v irradiation of lipid vesicle suspensions containing
bovine pancreatic ribonuclease A (RNase A). The reaction of
this protein with H* atoms was studied, and the inactivation
was connected to the specific damage of sulfur moieties with
release of low-molecular-weight thiols.”

Liposomes were prepared by using dioleoyl phosphatidyl
choline (DOPC) in the form of large unilamellar vesicles
(LUVET) of 100 nm diameter.” The protein was added to the
LUVET suspension and saturated with N,O prior to irradiation
at a dose rate of 14.5 Gymin~". 100 pL aliquots of the suspen-
sion were withdrawn at different irradiation times, over the in-
terval of 2-70 min, for lipid isolation and derivatization to the
corresponding fatty acid methyl esters.” This was followed by
GC analysis to determine the cis/trans ratio. The solid circles in
Figure 1 show the percentage of trans isomers (elaidate resi-
dues) formed as a function of irradiation dose. Control experi-
ments in the absence of RNase A or by replacing RNase A with
a protein without sulfur-containing amino acids, such as his-
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ISOF, Consiglio Nazionale delle Ricerche
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Figure 1. Dose dependence of the appearance of elaidate residues in the iso-
merization of DOPC by v irradiation of LUVET suspensions containing RNase A
(@) or RNase T1 (o). The line is an interpolation of the data.

tone H1 type lIA from calf thymus, did not show any isomeriza-
tion.

In parallel, we followed changes in the enzyme activity,” as
well as the transformation of the sulfur moieties by Raman
spectroscopy, using lyophylized samples of aqueous solutions
of native and irradiated RNase A. As expected from the radia-
tion-induced inactivation,® a residual enzymatic activity of
67 % was found after exposure to only 33.3 Gy, followed by a
slower decrease of the activity, which reached 50% after
500 Gy. In the Raman spectra, the S—S and C-S stretching
bands are visible in the 420-780 cm™' spectral range. Native
RNase A has four disulfide bridges that give rise to
two different disulfide bands (v¢c) at 514 and 535cm™', and
four methionine residues that exhibited a band (vcs) at
727 cm™' (Figure 2A)."" Exposure of the protein at low ir-
radiation doses (23 or 61 Gy) produced small modifications in
the spectral features of the v¢ bands, as well as of the v
peak at 652 cm™' that originated from cystines, as shown in
Figure 2B and C. On the other hand, 23 Gy of irradiation was
enough to cause significant changes in the C—S bonds of
methionines, as indicated by the splitting of the 727 cm™
band into two components at 719 and 729 cm™; this suggests
that a profound change in these sulfur-containing residues
had taken place.®™

The reaction sequence started from primary water radicals
obtained by vy radiolysis of aqueous suspensions.

H,0%e,,~ + HO + H (1)
The presence of N,O efficiently transformed hydrated electrons
into HO" radicals.

e + N;OMSN, + HO (2)

Under these conditions, H* and HO® accounted for 10 and 90 %,
respectively, of the reactive species.?
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al differences between RNase A
and T1 might explain the ob-
served different behavior, or it
can be suggested that the me-
thionine moieties of RNase A"
are the major source of diffusible
thiyl radicals. In order to mimic
this situation further, a N,0O-satu-
rated DOPC suspension contain-
ing 60 um methionine and 0.20 m
tBuOH was exposed to 1 kGy ir-
radiation. Under these condi-
tions, HO" radicals are scavenged
by tBUOH." [t can also be cal-
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Figure 2. Raman spectra of A) native RNase A and y-irradiated RNase A with doses of B) 23 and C) 61 Gy.

The interaction of HO* with RNase A can involve different
sites, such as aromatic (tyrosine and phenylalanine) and sulfur-
containing (cystine and methionine) residues, thus contribu-
ting to the enzyme inactivation."® On the other hand, the ef-
fectiveness of H* atoms for the inactivation of RNase A was re-
ported together with their selec-
tive attack on cystine and me-

500

—_—

T T

450

culated that ~25% of H* atoms
escaped from tBuOH and react-
ed with methionine! to afford
35% of trans isomer. Based on
these observations and early
work on the reaction of methio-
nine (1) with H atoms" in
which the main product was a-aminobutyric acid (4), we pro-
pose that the H* atoms attack the thioether moiety of 1 to
give the sulfuranyl radical 2, which undergoes unimolecular
cleavages to afford 3 and/or 4 and the thiyl radical, that is, the
diffusible isomerizing radical species (Scheme 2).

L . M- 0,C “0,C CH

thionine residues resulting in the 2= . 2%, s
" ! g n he CHCH,CH,SCH;, *+ H® —= CHCH,CH,S

formation of alanine and a-ami- HaN HoN *H

nobutyric acid® We suggest * 1 + 2

that the initial attack of H' on J/ \

the disulfide and/or methionine - -

. U . 0.C, . 0.C,
residues afforded diffusible thiyl CHCH,CH, * CH,SH —= CHCH,CH, * CH.S°
radicals in the aqueous compart- HaN HsN
ment. By examining the initial 3 4

time course of trans lipid forma-
tion in Figure 1, an induction
period can be observed; this in-
dicates that the formation of
thiyl radicals is not a straightforward process. These thiyl radi-
cals enter the bilayer, then reach and isomerize the lipid
double bonds from cis to trans (Scheme 1).1'4

In order to gather some indications on the origin and nature
of the isomerizing species, the monitoring of vesicle irradiation
enclosing RNase T1, which is a ribonuclease enzyme containing
only two disulfide bridges and no methionine residues, was
also carried out. The open circles in Figure 1 show that forma-
tion of the trans isomer is only 0.6 % after 1 kGy. Conformation-

RNaseA + H° — — RS’

RS Rz
H - /
H%_%R = RS T
R 2 Ri

1

. =\
RS*® + R4 R,

Scheme 1. Thiyl radical-catalyzed isomerization of cis phospholipids.
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Scheme 2. Proposed mechanism for the formation of thiyl radicals from methionine under v irradiation.

In summary, the model system of DOPC vesicles containing
RNase A offered the first evidence of tandem radical damage
that is transferred from the protein to the lipid domain. Our
model of the degradation of sulfur-containing amino acid resi-
dues in vesicles supports the hypothesis of an endogenous for-
mation of trans lipids occurring during cellular radical stress, a
pathway that is complementary to the dietary contribution.
These findings are relevant to the study of in vivo trans lipid
formation, since several reports in the literature of the last
decade deal with the harmfulness of trans lipids taken from
the diet.”>2" Further work is in progress on the application of
trans lipids as markers of radical damage to methionine-con-
taining proteins; they can be envisaged as a sensitive analytical
tool based on the amplification of the damaging potential of
low-molecular-weight thiols through the catalytic cycle of cis-
trans isomerization.
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Experimental Section

LUVET were prepared as earlier described®'* by using DOPC
(1.9 mg, 0.0025 mmol) in water (950 pL) purified with a Millipore
(Milli-Q) system. A protein solution (0.6 mg in 50 uL of Milli-Q
water) was added to the LUVET suspension. The suspension was
then transferred to a vial equipped with an open-top screw cap
and a Teflon-faced septum, and saturated with N,O prior to v irra-
diation. Workup and analysis of the irradiated reaction mixture was
carried out as previously reported.”'*
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Enzymatic Formation of Multiple
Triterpenes by Mutation of Tyrosine
510 of the Oxidosqualene-
Lanosterol Cyclase from
Saccharomyces cerevisiae

Tung-Kung Wu* and Cheng-Hsiang Chang®
Triterpene cyclases constitute a family of enzymes that catalyze
diverse and complex carbocationic cyclization/rearrangement
reactions of squalene and (35)-2,3-oxidosqualene (OS) to gen-
erate a distinct array of sterols and triterpenes."? A major de-
terminant for the triterpenoid diversity is believed to be the
precise control of conformation between substrate and
enzyme, as well as the position of the carbocation intermedi-
ate formation. For example, both oxidosqualene-lanosterol cy-
clase (ERG7, EC 5.4.99.7) and oxidosqualene-cycloartenol syn-
thase (CAS, EC 5.4.99.8) bind oxidosqualene in a chair-boat-
chair conformation, initiate and propagate cyclization to form
a protosteryl cation, and then promote 1,2-shifts of hydride
and methyl groups to the lanosteryl C8 cation. The lanosterol
formation is accomplished through the final deprotonation, ab-
stracting a proton originally at C9 or after a hydride shift from
C9 to C8. Cycloartenol is formed after a hydride shift from C9
to C8, followed by 9f,19-cyclopropane ring closure.

Elegant molecular-genetic and bioorganic investigations
have recently identified several amino acid residues that are
critical in probing putative active sites and determining prod-
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uct profiles in triterpene cyclase enzymes.®'® For example, the

Matsuda group used site-directed mutagenesis and directed
evolution to probe putative active-site residues within Saccha-
romyces cerevisiae ERG7 and Arabidopsis thaliana CAS, and
demonstrated that Val454 of S. cerevisiae ERG7 and lle481 of
A. thaliana CAS are critical in determining cyclization-product
profiles during the oxidosqualene cyclization cascade.®”-*" 4
Further mutagenesis of ERG7*'*** to various residues (Ala and
Gly) resulted in the production of an additional truncated
monocyclic achilleol A other than the native enzymatic prod-
uct, lanosterol; this indicated the steric effect of this residue
on the catalysis of cyclization and/or deprotonation steps.”
We recently identified five single-point mutations within the
A. thaliana CAS enzyme that lead to the production of lano-
sterol and support the growth of an ERG7-deficient S. cerevisiae
erg7 knockout strain."”™ As part of this study, we also deter-
mined that a Tyr532His mutation in A. thaliana CAS produces
both lonosterol and the monocyclic product achilleol A.

Given the changes in product specificity observed with the
A. thaliana CAS Tyr532His mutant, we hypothesized that the
corresponding residue in S. cerevisiae ERG7, Tyr510, as well as
neighboring residues would also be important for controlling
product specificity. Accordingly, amino acid residues 509-513
(TYEKI) of S. cerevisiae ERG7 were subjected to alanine-scan-
ning mutagenesis, in vivo functional studies, and in vitro prod-
uct analysis to determine the effect on the cyclization/rear-
rangement mechanism. As it has been observed that residue
Tyr510 is conservatively different between ERG7/CAS and f3-
amyrin/lupeol synthase (data not shown), an additional
Tyr510Trp substitution was carried out in order to investigate
the possible effect on product diversity. To examine the effect
of different electronic environments on cyclase function, the
Tyr510Lys mutant was also prepared. We now report the
identification of an oxidosqualene-lanosterol cyclase residue,
Tyr510, that failed to complement cyclase-deficiency when mu-
tated to tryptophan or lysine, but which maintained yeast via-
bility when substituted with alanine. Moreover, the possible
functional roles of this residue were elucidated by isolating
and structurally characterizing incompletely cyclized and alter-
natively deprotonated products from the mutants.

The pRS314-derived ERG7-mutated plasmids were trans-
formed into an ERG7 knockout yeast haploid strain
CBY57[pZS11], bearing a genomic erg7-disrupted gene, and a
pZS11 plasmid with a wild-type S. cerevisiae cyclase gene, and
then plasmid shuffle-selected for their ability to complement
the ERG7 deficiency. Yeast transformants were selected for
growth on SD+ Ade+Lys+ His plates, and then reselected on
SD + Ade +Lys + His + Ura + 5-fluoroorotic acid (5-FOA) plates
to elucidate the complementation effects. In addition, plasmids
that failed to complement the cell viability were isolated and
sequenced to confirm the identity of the mutations. Among
the various mutants, all of the alanine-scanning mutations, in-
cluding Tyr510Ala, produced colonies upon counterselection
for pZS11 with 5-FOA. In contrast, the Tyr510Lys and Tyr510Trp
mutations failed to complement the ERG7 disruption. This find-
ing suggests that different amino acid substitutions on Tyr510
might affect expression and/or stability of S. cerevisiae ERG7,

ChemBioChem 2004, 5, 1712-1715 www.chembiochem.org
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might abolish all catalytic activity, or might alter cyclase prod-
uct specificity to non-lanosterol products.

To elucidate the possible catalytic or structural role of the
Tyr510Ala mutation, an 8 L culture (65 g of yeast cells) was col-
lected, and the nonsaponifiable lipid (NSL) extract was pre-
pared to analyze the product profiles. Chromatographic purifi-
cation revealed a major product that was indistinguishable
from lanosterol when examined by thin-layer chromatography
(TLC) and high-performance liquid chromatography (HPLC). In
addition, a significant amount of a second NSL, migrating be-
tween oxidosqualene and lanosterol, was also observed. This
compound was later characterized as the monocyclic triter-
pene achilleol A by comparison with authentic GC-MS and
NMR data." Further GC-MS-based product analysis of the lan-
osterol-positioned product revealed two compounds with
identical molecular mass (m/z=426). The product assignments
of these two compounds were confirmed by 'H and *C NMR
analyses of intact and acetylated product mixture. Distinct
'"HNMR chemical shifts for both lanosterol (6=0.687 and
0.810 ppm) and parkeol (60=0.637, 0.729, and 5.225 ppm)
methyl groups and vinyl protons were observed when com-
pared with data available in the literature.”'” The C NMR
spectra of the acetylated products also displayed all 32 lano-
steryl acetate and parkeyl acetate signals, thus confirming the
identities of lanosterol and parkeol. GC-MS analyses of these
compounds showed that the NSL extract of S. cerevisiae
ERG7"'" mutant accumulated achilleol A, lanosterol, and par-
keol in a 27:39:34 ratio. By contrast, neither 98-A’-lanosterol
nor any other signal with a mass consistent with oxidosqua-
lene cyclization products could be detected.

To unambiguously determine the functional role of Y510K
and Y510W mutations in ERG7 activity, the ERG7"™'*- and
ERG7"'™-mutated plasmids were transformed into a new cy-
clase-deficient S. cerevisiae TKW14 strain, a CBY57-derived
HEM1 ERG7 double-knockout strain that bears genomic erg7-
and hemi-disrupted genes, eliminates the pZS11 plasmid, and
maintains cell viability through the uptake of ergosterol from
the medium. As expected, the recombinant mutants bearing
Y510K and Y510W mutations failed to maintain cell viability in
the absence of ergosterol; this supports the theory that the
above-mentioned mutations are unable to complement the
ERG7 disruption. Both mutants were next grown in liquid
media containing ergosterol, and harvested. Preliminary NSL-
extract result showed that S. cerevisiae ERG7"'* and ERG7"™'*W
are less efficient than native ERG7, generating ~0.2 mgL™" cul-
ture (~2% the yield from native enzyme). The TLC and HPLC
results from the nonsaponifiable lipid extracts showed that no
lanosterol-positioned product was observed; this demonstrat-
ed the disruption of ERG7 activity. In addition, two non-lano-
sterol products that migrated between oxidosqualene and lan-
osterol were detected. Distinct '"H NMR chemical shifts for
achilleol A were observed, as previously described." In addi-
tion, a multiplet at 5.216 ppm indicated a product containing a
trisubstituted olefin distinct from that in the side chain. The 'H
and C NMR as well as GC-MS analyses confirmed the identity
of this compound as camelliol C, showing spectra consistent
with data available in the literature.”® "H NMR analysis of a
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partially purified sample showed that ERG7"' and ERG7"*'W
mutants make achilleol A and camelliol C in ratios of 86:14 and
96:4, respectively. The production of camelliol C in ERG7 of
S. cerevisiae has not been reported before. The mechanisms of
the relevant oxidosqualene cyclization/rearrangement reac-
tions are shown in Scheme 1.

The Tyr510 of S. cerevisiae ERG7 corresponds to Tyr420 in
A. acidocaldarius SHC and to Tyr532 in A. thaliana CAS. The res-
idue has been previously mutated to phenylalanine and shown
viability when transformed in an ergosterol-free medium.!"”
However, no product isolation and characterization to investi-
gate the catalytic function of this residue was carried out. On
the other hand, the introduction of various mutations at
Tyr420 in A. acidocaldarius SHC led to the production of several
abortive cyclization products.®?”

A homology model of the S. cerevisiae ERG7 was created by
using the Insightll Homology program with the X-ray structure
of 2-azasqualene-bound SHC from A. acidocaldarius as the tem-
plate."™ Good agreements in the distribution of secondary
structure, stereochemical quality, and 3D profile, as well as ac-
cordance with the human oxidosqualene-lanosterol cyclase
(OSC) model further support the idea that A. acidocaldarius
SHC is an appropriate template for homology modeling of vari-
ous oxidosqualene-cyclases in general."®*" The model revealed
that Tyr510 lies adjacent to the catalytic Val454 and Asp456 in
ERG7 (Figure 1), as in the human OSC homology model, where
Val454 influences B-ring formation but not deprotonation, and
Asp456 initiates catalysis.”'*'*?Y The observed hydroxyl group

ERG?YSWOA

K
r\’g

o

Protosterol Cation

[}

N 30 f
éf?l Asp456

q " >

Yoo Y

Phea45 L. 405

Phe699 <,

Figure 1. Local views of the homology modeled S. cerevisiae ERG7 structure,
based on the 2-azasqualene-bound SHC X-ray structure and determined by
using the Insightll Homology program. Putative active site residues (stick repre-
sentation) participating in the active site formation of modeled ERG7 structures
are included. (2-azasqualene, orange; tertiary amine of 2-azasqualene, light
blue; phenolic oxygen of Tyr510, red; dotted line and distance between C6 of
2-azasqualene and phenolic oxygen of Tyr510, green).

i3

Achilleol A

Camelliol C

Achilleol A

Lanosterol (LA) Parkeol

Scheme 1. Oxidosqualene-lanosterol cyclase Tyr510 mutants from Saccharomyces cerevisiae convert oxidosqualene to a variety of monocyclic and deprotonated

structures including achilleol A, camelliol C, lanosterol, and parkeol.
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of Tyr510, derived from homology modeling of S. cerevisiae
ERG7, was found at a distance of about 4.0 A to the C10 cation
of lanosterol; this distance agrees with the dipoles for ob-
served aromatic amino acid residues at distances of 3.5 to
5.5 A in the 2-azasqualene-bound SHC complex."® Therefore,
its mutation to alanine may affect cyclization to achilleol A as
well as deprotonation to lanosterol and parkeol, possibly
through partial disruption of transient dipole interactions be-
tween carbocationic intermediates and the hydroxyl group of
the aromatic ring of Tyr510. Similarly, an Y510W-mutated ERG7
homology model showed that the distance between the C6 of
2-azasqualene and the indole side chain of Trp was reduced to
about 2.3 A (data not shown) when the phenolic ring of Tyr
was replaced with the indole ring of Trp. The models suggest
that the bulky indole side chain might interfere with the pro-
gression of cyclization beyond the monocyclic stage, whereas
the lysyl side chain may be unable to provide transition-state
stabilization for such progression. Accordingly, a basic amino
acid for abstracting a proton from Me-25 of achilleol A or CH,-
1 of camelliol C might be located proximal to the Tyr510 resi-
due, and substitution of Tyr510 with a bulky Trp or Lys might
cause enzyme perturbation or erroneous folding of OS and
result in different ratios of premature cyclization products.
However, the exact reason for the higher accumulation of
achilleol A over that of camelliol C, and the production of achil-
leol A whenever camelliol C is produced, remain unclear.

In summary, the identification of the relevant residue in
both ERG7 and CAS enzymes that is important for cyclase ac-
tivity reveals the importance of this residue in controlling the
catalytic or structure-function relationships of (oxido)squalene
cyclases during the (oxido)squalene cyclization/rearrangement
cascade. In addition, this is the first report that a single muta-
tion in the ERG7 of S. cerevisiae can produce both achilleol A
and camelliol C. Furthermore, the formation of various incom-
plete cyclization products and parkeol in addition to lanosterol
in the Tyr510 mutant indicates that this residue might influ-
ence functions both in facilitating tetracyclic formation and
stabilizing the lanosteryl C8/C9 cation for deprotonation. Final-
ly, these experiments reflect how minor mutations can alter
product specificity and highlight the potential for an increased
diversity of triterpene skeletons through molecular evolution
and metabolic engineering of the enzyme family of cyclase.
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