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General George Patton was the military leader of the American
Third Army in World War Il. Starting in 1944, the Third Army
advanced through Brittany, round Paris, up the Marne and the
Moselle, across the Rhine, and eventually into Czechoslovakia in
April 1945, Patton was known for his short and sharp addresses
to his troops. In one of those speeches, he welcomed the 761st
Black Panther Tank battalion, the first battalion to admit black
soldiers to the army. He ended his speech for the soldiers with
the following sentences:

“Everyone has their eyes on you and [is] expecting great things

from you. Most of all, your race is looking forward to your

success. Don't let them down, and damn you, don't let me
down! If you want me you can always find me in the lead
tank."

Nuclear magnetic resonance (NMR) spectroscopy is one of the
most powerful techniques to study the structure, dynamics, and
folding of proteins. This view has been recognized by the Nobel
prize committee by awarding one half of the 2002 Nobel prize in
Chemistry to Prof. Kurt Withrich, of the Eidgendssische Techni-
sche Hochschule (ETH) Zurich, “for his development of nuclear
magnetic resonance spectroscopy for determining the three-
dimensional structure of biological macromolecules in solution.”

And indeed, when summarizing Wuthrich’s scientific contri-
butions to this field, one has to tell the story of the development
of NMR spectroscopy for the study of biological macromolecules
in general and of proteins in particular (Table 1). This develop-
ment has been driven by a battalion of outstanding researchers,
amongst which, like General Patton during the Allied invasion in
1944, Withrich could always be found in the lead tank. And
similarly, Wathrich’s scientific orientation has been and contin-
ues to be focused, ambitious, and straight.

Wiathrich's first encounter with magnetic resonance was
during his PhD research with Silvio Fallab in Basel, where he
studied the mechanism of Cu?*-catalyzed reactions? and VO?**
complexes?”! by using electron spin resonance spectroscopy.
He joined RobertE. Connick as a postdoctoral fellow at
Berkeley, California, where he published his first NMR spec-
troscopy paper entitled “Nuclear magnetic resonance relaxa-
tion of oxygen-17 in aqueous solutions of vanadyl perchlo-
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rate and the rate of elimination of water molecules from the
first coordination sphere”. The paper deals with 7O NMR
spectroscopy of paramagnetic vanadylate perchlorate.?®
Interestingly, Wuthrich later studied the dynamics of hy-
dration in proteins—old questions investigated under a new
angle.

From paramagnetic inorganic salts to paramagnetic proteins

The first NMR spectrum of the protein ribonuclease was studied
by Saunders et al.?? in 1957. Wiithrich's first protein NMR studies,
together with Bob Shulman, dealt with the paramagnetic
protein cyanometmyoglobin and were published in 1968.5! In
1970, the young Privatdozent Withrich published an article in
Chimia on the “study of the spatial structure of protein
molecules by NMR spectroscopy”. This was seven years after
Kendrew and Perutz had solved the first three-dimensional
structures of the proteins myoglobin®® and haemoglobinB'"! by
X-ray crystallography. By showing whether NMR investigations of
proteins in solution and X-ray studies of proteins in their
crystalline form would yield similar spatial structures of proteins
under the widely different experimental conditions, Wthrich
intended to provide an important cross-validation for both
techniques. In addition, he continued, NMR spectroscopy could
be applied to investigate the structural properties of proteins
under conditions that do not yield crystals.

What in hindsight turned out to be the topic of his life must
have evoked some scepticism at the time of this initial
publication. It took Wuthrich’s courage and determination for
over thirty years to prove that his claim to be able “to solve the
structure of a protein”, put forward in his unique and charming
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Table 1. Chronological overview of contributions in the field of protein NMR spectroscopy from the Wiithrich group.

The heroic times of NMR: 1946 - 1975

1967 170 relaxation in vanadyl perchlorate,? determination of hydration sphere

1968 NMR spectra of cyanometmyoglobin,? investigation of paramagnetic effects on NMR spectra

1970 Review: The study of the spatial structure of protein molecules with nuclear magnetic resonance spectroscopy
1972 NMR spectroscopy of cyclic peptides, determination of conformational equilibria in cyclic peptides®

1975 Determination of activation free energies of aromatic ring flips in BPTI®

1975 NMR spectroscopy in living cells?”

2D NMR spectroscopy and sequential assignments: 1977 - 1985

1977 2D J-resolved spectroscopy!®

1978-79 NOE difference spectroscopy, transient proton - proton Overhauser effects, truncated driven nuclear Overhauser effect!
1979 Investigation of random-coil chemical shifts'”

1979 Hydrogen exchange studies™"

1979 2D SECSY spectroscopy!'?

1980 2D NOESY spectroscopy!™?

1982 Sequential assignment procedure in proteins based on homonuclear spectroscopy™

1983 Phase-sensitive 2D COSY spectroscopy!'

1984 Distance geometry for the calculation of protein structure from NMR datal'®

1984 Karplus parameterization for 3J(N",H,) coupling constants in proteins to define the backbone angle ¢!’

NMR protein structures: 1985 — present

1985 Protein structure determination by NMR spectroscopy, proteinase inhibitor IIA and tendamistat('®

1985 Hydrogen exchange studies under various exchange regimes and in unfolded proteins!”

1986 Time-resolved protein folding by combination of quench-flow hydrogen exchange experiments and NMR detection2”!

1988 Protein structure determination: comparison of NMR spectroscopy and X-ray crystallography for tendamistat2"

1989 Protein hydration studied by NMR spectroscopy?

1990 Filtering technology to investigate symmetric protein structures (X-filter technology) and macromolecular complexes such as
protein —DNA, -RNA, and -protein complexes?*!

1992 Resonance assignment of unfolded protein24

1997 TROSY spectroscopy?”

2001 NMR of membrane proteins: Resonance assignment of OmpX2¢!

English with a Swiss accent on behalf of the whole NMR
community, could indeed be fulfilled: NMR spectroscopy can
yield structures of proteins.?? In fact, NMR spectroscopy goes far
beyond a purely static description of proteins; it is able to
describe complete studies of the dynamics of a polypeptide
chain from its random coil state to intermediates populated
during folding, to the different manifestations of proteins from
soluble monomeric forms, to insoluble fibrillic aggregates. And
ultimately, the size barriers that restricted NMR spectroscopy to
comparatively small systems in the past may finally be pushed
back with the TROSY technology that was introduced by the
Waithrich group in 199721

“If you want to solve the structure of a protein...”8

Protein structure determination by NMR spectroscopy involves
two steps. Each atom in the molecule generates a signal in the
NMR spectrum. Even in a small protein such as ubiquitin whose
one-dimensional spectrum is shown in Figure 1 A, there are more
than a thousand hydrogen atoms, all of which need to be
assigned. The resonance assignment then forms the basis for the
extraction of conformational dependent parameters such as
through-space-mediated NOEs and through-bond-mediated
scalar J couplings that can be used to obtain distance and
torsion angle restraints.
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1. NMR Resonance Assignment Procedure: 2D
FT-NMR Spectroscopy and the COSY - NOESY
Sequential Assignment Approach

With a thousand hydrogen atoms, it is impossible to resolve all
resonance lines in a one-dimensional spectrum. It was clear to
Wathrich early on that the two-dimensional® methodologies,
such as the COSYB4 and NOESY®B> 3¢ experiments developed by
his colleague Richard R. Ernst®” in the Department of Physical
Chemistry at the ETH Zirich, would have to be transferred from
small molecules and their applicability proven for large proteins.
At the time, the research situation at the ETH of two groups with
complimentary focus, each pushing the limits of the novel NMR
technology, was enormously successful. In 1980, the groups of
Wathrich and Ernst published the first application of the novel
two-dimensional experiments for the study of proteins.l' '3
From an NMR point of view, the hydrogen atoms of amino
acids in polypeptides form spin systems of coupled protons that
resonate at a unique and characteristic chemical shift. Spins two
or three bonds apart can be correlated through scalar 2J and 3J
coupling constants in COSY experiments (Figure 1B). Such
correlation leads to the assignment of resonances within a
given amino acid. Connection of individual residues can be
obtained from sequential, through-space-mediated transfers in
NOESY experiments that reveal cross peaks between protons
that are closer than 5 A together (Figure 1C).

ChemBioChem 2003, 4, 135142
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Figure 1. A) One-dimensional NMR spectrum, B) two-dimensional COSY spectrum, C) two-

dimensional NOESY spectrum of the protein ubiquitin in H,O at 600 MHz.

2. Protein Structure Calculation

On the basis of resonance assignment and the analysis of NOE
patterns, Withrich first turned to the question of defining the
conformational dependence of NMR parameters such as chem-
ical shifts,"” short and medium-range NOEs,"*! and scalar J
coupling constants!'”! by comparing the two extremes of states
that a protein can adopt (the native folded state and the random
coil state of a protein), using model peptides GGXGG with
assumed random-coil conformational averaging.

In 1979, it could be shown that distance geometry algorithms
can yield structures of proteins,*® and in 1985, the laboratories
of Wiithrich!® and of Kaptein®® solved the first experimental
NMR spectroscopy protein structures, which were soon followed
by the first NMR spectroscopy structure of a DNA by Hare and
Reid." The distance geometry method may be compared with a
neatly woven three-dimensional spider’s web. In the interior of a
protein, each proton is surrounded by a large number of protons
less than 5 A apart, just as a knot in a spider’s web is connected
through short strings to the next layer of the web with
corresponding knots. Each knot in the second sphere is the
center of a new network of connectivity, and the uniform
distribution of distances in globular proteins allows for the
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calculation of protein structure based on a large
number of short and locally defined NOEs. This
procedure is the essence of the distance geometry
algorithm. In this algorithm, the connections be-
tween the knots in the web are the experimental
restraints (such as NOE-derived distances and tor-
sion-angle restraints from scalar coupling constants)
which are taken together with the covalent structure
of the protein to create a matrix of interatomic
distances between all atoms. Starting from random
coordinates that only fulfill the covalent constraints,
the experimental restraints are embedded.

In 1988, Wiithrich and his colleague Robert Huber,
an X-ray crystallographer from the Max Planck
Institute, Martinsried, used tendamistat, an a-amy-
lase inhibitor whose structure was first solved
independently," ®d as a model to compare the
results of the two independent structure determi-
nations by NMR spectroscopy and X-ray crystallog-
raphy (Figure 2).2™ The result was overwhelmingly
positive for both techniques: In the interior of the
protein the two structures were nearly identical,
while only on the protein surface could a small
number of local differences be identified. For most
residues on the surface of the protein, the solution
structure “appeared more disordered than the
crystal structure, with the exception of tyrosine-14,
which was not observed in the X-ray diffraction.” In a
subsequent publication, Huber and Withrich also
showed that the NMR spectroscopy solution struc-
ture could be used as model to solve the X-ray
crystallographic phases with similar quality to iso-
morphous replacement techniques.?'d

Figure 2. A) Family of structures of tendamistat, an a-amylase inhibitor
determined by NMR spectroscopy, B) ribbon diagram of the structure with lowest
energy.

3. Protein Dynamics and Beyond

It is a particular strength of NMR spectroscopy to investigate
more than the static three-dimensional structure of proteins.
Dynamic applications range from the internal dynamics of
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individual atomic groups, to interactions of the protein with
solvent molecules such as water or chemical denaturants, to the
process of protein folding. One early example from the Wuthrich
group is the determination of the free activation energies of
aromatic ring flips in bovine pancreatic trypsin inhibitor
(BPTI)."> 9 The systematic investigation of hydrogen-exchange
dynamics as a function of pH value, temperature, and concen-
tration of denaturants™ '™ laid the ground work for the
investigation of the kinetics of protein folding itself with atomic
resolution by Roder and Wiithrich,2” a highly influential experi-
ment that at the time may not have received its due recogni-
tion. Lastly, NMR spectroscopy can be used to map out the
hydration sphere of proteins®?? and oligonucleotides*! and to
provide bounds for residence life times of individual water
molecules.

4. The Protein Structure Gallery

NMR spectroscopy has made a major contribution to the
determination of structures of proteins and oligonucleotides:
20% of the approximately 14000 structures deposited in the
protein data bank (PDB) to date have been solved by NMR
spectroscopy. Over the years, Withrich’s group has contributed
with more than 50 structures (summarized in Table2 and
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Figure 3). The three-dimensional structures of biological macro-
molecules are fundamental for our understanding of cell biology.
Again, NMR spectroscopy provides important insight beyond
the description of only the conformationally rigid part of
proteins: the structure of the benign cellular form of the prion
protein®2 7972 solved by Wiithrich’s group shows that half of the
prion protein backbone is well-ordered whereas the other half is
a highly mobile, extended coil.

5. NMR Spectroscopy for Large Proteins

For a long time, NMR spectroscopy could only solve structures of
relatively small proteins. In 1997, Pervushin, Withrich, and co-
workers??! published a communication in which they showed
that for amide sites in a very large protein, in which all hydrogen
atoms but the exchangeable ones such as the amide hydrogen
have been replaced with deuterium, the effect of cross-
correlated relaxation of different relaxation mechanisms such
as NH dipole —dipole relaxation and N chemical shift anisotro-
py”® leads to enhanced relaxation for the downfield component
of the HN doublet, while for the upfield component, the two
relaxation processes can mutually cancel. Since the chemical
shift anisotropy is field dependent and the dipole-dipole
relaxation is field independent for large molecules, the two

Table 2. Chronological overview of protein and DNA structures solved in the Wiithrich group and deposited in the PDB.

PDB accession Code

Protein

1BUSEal

1MRB4!

INTX@s!

AIT(180]

1ATXH6

1HOM, 2HOA, 1AHD®”
1EGR, 1EGO“®!

1PBAXY

1EGF50!

THICEY

1PITIs2

1PRAB3!

1DTK54

1ERP, 1ERC, 1ERD, 1ERY, THAS8, THD6
1SHPS6!

1ADRB”

1FTZ58

1SPF59

1TAPI60!

3CYS, 10CALI

1AG2162

1WKTI63!

1XBL©4

1CFE!65)

JLFRBI66!

1BF8!67

1QJK, 1QJLe®

2JFNBI69!

1DWY, 1DWZ, 1DX0, 1DX170
1E1G, 1E1J, 1E1P, 1E1S, 1E1U, 1ETWTY
1QLX, 1QLZ, 1QM0, 1QM1, 1QM2, 1QM3I"2

Proteinase inhibitor IIA from bull seminal plasma
Metallothionein-2a

a-Neurotoxin from Dendroaspis polylepis

a-Amylase inhibitor tendamistat

Neurotoxin ATX la from Anemonia sulcata

Antennapedia homeodomain and antennapedia homeodomain - DNA complex
Reduced Escherichia coli glutaredoxin, oxidized E. coli glutaredoxin
From porcine procarboxypeptidase B

Murine epidermal growth factor

Hirudin(1-51)

Bovine pancreatic trypsin inhibitor

DNA-binding domain (residues 1 to 69) of the 434 repressor
Dendrotoxin K from the venom of Dendroaspis polylepis polylepis

pheromones Er-1, Er-2, Er-10, Er-11, Er-23, and Er-22 from the ciliated protozoan Euplotes raikovi

Kunitz-type proteinase inhibitor from the sea anemone Stichodactyla helianthus
DNA-binding domain of the P22 c2 repressor (residues 1 to 76)

Fushi tarazu homeodomain from Drosophila

Pulmonary surfactant-associated polypeptide SP-C

Recombinant tick anticoagulant protein (rTAP)

Cyclophilin A - cyclosporin A complex, unligated human cyclophilin A

Mouse prion protein domain PrP(121-231)

Ancestral Sy-crystallin precursor structure

J-domain and the Gly/Phe-rich region of the Escherichia coli DnaJ chaperone
Protein P14a

Homeodomain from the rat liver LFB1/HNF1 transcription factor

Periplasmic chaperone FimC

Sea urchin (Strongylocentrotus Purpuratus) metallothionein Mta

Human oncofoetal fibronectin ED-B domain

Bovine prion protein

Three single-residue variants of the human prion protein

Human prion protein

1QNDP3! Sterol carrier protein-2
THHN"4 Calreticulin P-domain
1LS87%! Unliganded Bombyx mori pheromone-binding protein
138 ChemBioChem 2003, 4, 135142
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Figure 3. Gallery of selected protein structures solved by the Wiithrich group: A) Proteinase inhibitor lIA from bull seminal plasma (PDB accession code: 1BUS),!"%
B) pulmonary surfactant-associated polypeptide SP-C (1SPF),*°! C) bovine pancreatic trypsin inhibitor (1PIT),5 D) the complex of cyclosporin A bound to cyclophilin A
(3CYS),[6" E) the periplasmic chaperone FimC (1BF8),1” G) the structured part of the human prion protein (1QLX).72

effects will mutually cancel at a magnetic field of
approximately 950MHz (Figure 4). It was again the
Withrich group who clearly recognized the impor-
tance of this observation and its tremendous impact
for the NMR spectroscopy of larger protein com-
plexes—with the latest record documented in a study
of the molecular chaperone complex GroEL - GroES
with a molecular weight of 900 K.’”!

Final Remarks

The development of NMR spectroscopy as one of the
two major tools for the study of structure, dynamics,
and folding of proteins and their interaction with small
and large molecules from drugs to molecular chaper-
ones has been and continues to be intimately linked
with the research of Kurt Wathrich. His school is now
spread throughout the world and is continuing to
advance this exciting field, unique and interdisciplinary
with applications and influences to and from physics,
chemistry, biology, and medicine.

ChemBioChem 2003, 4, 135-142
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Figure 4. The TROSY effect.?"! In a °N-labeled protein, the amide resonance line is split into
a doublet due to the 'J(N,H) coupling constant of approximately 90 Hz. Due to cross-
correlated relaxation of the dipole - dipole relaxation and the chemical shift anisotropy (CSA)
relaxation mechanism, the two components of the doublet have different line width (blue
line). The CSA contribution is field dependent and the condition at which destructive
interference of the two relaxation mechanisms leads to mutual cancellation is given.
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Modulated Nucleoside Kinases as Tools to
Improve the Activation of Therapeutic

Nucleoside Analogues

Christian Monnerjahn and Manfred Konrad*®!

Dedicated to Professor Dieter Gallwitz on the occasion of his 65" birthday

The use of nucleoside analogues in anticancer and antiviral
treatments is often impaired by the slow intracellular activation of
these drugs. This problem can be addressed by the modulation of
rate-limiting enzymes in the activation pathways of the nucleoside
analogues. Therapeutic strategies based on the combination of

1. Introduction

The synthesis of DNA in virus-infected or malignant cells
represents an attractive target for the development of antago-
nistic drugs. In particular, nucleoside analogues which disturb
DNA replication in target cells have emerged as a widely used
class of drugs in anticancer and antivirus therapy.'-*

Nucleoside analogues generally enter cells in a nonphos-
phorylated state (the “prodrug”) and need to become phos-
phorylated by several cellular or viral nucleoside and nucleotide
kinases before they can interact with their target enzyme, for
example, a DNA polymerase (Figure 1). This dependency on the
interaction with a series of enzymes is thought to be the major
source of the side effects and low efficiency that often
accompany the therapeutic use of nucleoside prodrugs. In
addition, it limits the chances to find new potent substances by
the traditional screening of chemical libraries. Limiting nucleo-
side kinases can be bypassed in some cases by the use of
nucleoside monophosphate (NMP) analogues whose phosphate
group is chemically masked; these lipophilic NMP precursors
(also called pronucleotides) are capable of entering the cells and
efficiently releasing the NMP analogue.”® Furthermore, concepts
that aim to enhance the activation rate of an established
prodrug by introducing catalytically optimized variants of rate-
limiting enzymes of the drug’s phosphorylation pathway into
cells may help to overcome the limitations.

2. Cancer Treatment with Antiherpes
Nucleoside Drugs and Herpes Thymidine
Kinase

The human herpes simplex virus type1 encodes its own
thymidine kinase (HSV1-TK) which ensures the production of
dTMP independently of the cell-cycle-regulated cellular thymi-

ChemBioChem 2003, 4, 143-146 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

optimized activating enzymes and established nucleoside drugs
promise significant improvements to traditional chemotherapy.

KEYWORDS:

nucleoside ana-

human immunodeficiency virus -
protein design - thymidylate kinase

cancer -
logues -

dine kinase 1. The HSV1-TK has a low substrate selectivity, which
allows it to phosphorylate the acyclic nucleoside prodrugs
acyclovir (ACV) and ganciclovir (GCV) that are not accepted by
cellular nucleoside kinases (Figure 1). Thus, the formation of
ACV-MP and GCV-MP is restricted to virus-infected cells.”! The
monophosphates become further activated to their triphos-
phate forms by cellular kinases. Once incorporated into growing
DNA, both analogues inhibit further DNA elongation and cause
the rapid death of HSV-infected cells.® 7!

The success of ACV in the control of HSV infections has
initiated a strategy to kill tumors by the selective introduction of
the HSV1-tk gene into malignant cells, thereby rendering them
sensitive for ACV or GCV. This so called “suicide gene therapy”®
should overcome the limited specificity of common drugs in
cancer chemotherapy. Several suicide gene/prodrug combina-
tions have been tested in preclinical and clinical trials, with HSV1-
tk and GCV being the most widely used system.”! Nevertheless, a
usually low HSV1-tk transfection rate and a low GCV phosphor-
ylation rate of HSV1-TK, in part due to competition by cellular
thymidine,'” reduce the efficiency of this system. Thus, an
enzyme variant, which allows the selective and efficient
phosphorylation of GCV, would significantly enhance this
therapeutic strategy.

In order to find such a variant, certain amino acid positions in
the nucleoside-binding site of HSV1-TK were randomized. An
Escherichia coli expression library was screened for mutants with
an increased sensitivity for GCV or ACV.'" One variant with
several amino acid changes (L1591/1160F/F161L/A168F/L169M;
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Figure 1. Intracellular activation pathways of the antiviral nucleoside prodrugs 3'-azido-3'-deoxythymidine (AZT), acyclovir (ACV), and ganciclovir (GCV). The successive
phosphorylation of these nucleoside prodrugs depends mainly on cytosolic nucleoside and nucleotide kinases. Target selectivity is mediated by the viral enzymes HIV
reverse transcriptase (specific drug: AZT) or HSV1-TK (specific drugs: ACV, GCV). Bottleneck steps are indicated by dotted arrows. TK1: thymidine kinase 1, dCK:
deoxycytidine kinase, HSV1-TK: herpes simplex virus type 1 thymidine kinase, TmpK: thymidylate kinase, AmpK: adenylate kinase, Ump/CmpK: uridine monophosphate/
cytidine monophosphate kinase, GmpK: guanylate kinase, NDK: nucleoside diphosphate kinase, dT: deoxythymidine, dA: deoxyadenosine, dC: deoxycytidine, dG:

deoxyguanosine, MP: monophosphate, DP: diphosphate, TP: triphosphate.

Figure 2) was selected, that proved to be superior to wildtype
HSV1-TK in a gene therapy approach for a xenograft tumor
model in nude mice."

A second approach was driven by the idea of a rational
modulation of HSV1-TK based on its 3D structure in order to
selectively destroy the phosphorylation activity for dTand dTMP,
but not for GCV.'>'¥ Residue GIn125, which mediates the
preferred binding of thymidine bases, was changed to Asn, Asp,
or Glu.”" Ala167, which is located close to the thymine base of dT
(Figure 2), was changed to the bulkier Tyr residue.' These
mutants did not significantly alter the sensitivity of transfected
mammalian cells to GCV compared with cells expressing wild-
type HSV1-TK.'®' One possible reason may be that these
mutations not only impair the phosphorylation capacity of
HSV1-TK for pyrimidines but also for the nucleoside analogues
ACV and GCV (Table 1).

In further attempts to identify more efficient kinases, thymi-
dine kinases of other herpes viruses were evaluated for their
competence as suicide enzymes. The equine herpes virus type 4
thymidine kinase (EHV4-TK) rendered mammalian cells up to 12
times more sensitive to GCV than HSV1-TK.'"! Furthermore, an
Ala143Tyr mutant of EHV4-TK (equivalent to Ala167Tyr in HSV1-
TK) does not bind thymidine any more, but still efficiently
phosphorylates GCV;!'®! this recommends it as a promising
alternative to HSV1-TK.

144

3. AIDS Treatment with a Modified Human
Thymidylate Kinase Showing Improved
Activation of the Anti-HIV Prodrug AZT

The human immunodeficiency virus (HIV) transcribes its RNA-
coded genome into DNA by a virus-encoded reverse tran-
scriptase (HIV-RT) before it integrates into the cellular genome.
The dTTP analogue 3’-azido-3'-deoxythymidine triphosphate
(AZT-TP) is accepted by HIV-RT almost as well as dTTP, but is a
bad substrate for cellular DNA polymerases.?! After incorpo-
ration predominantly into viral DNA, the 3’-azido group of AZT
prevents further elongation of the viral DNA.

The bottleneck of the intracellular AZT activation is the
conversion of AZT-MP into AZT-DP, catalyzed by the cellular
thymidylate kinase (TmpK; Figure 1). As a consequence, cyto-
toxic AZT-MP accumulates?" and the overall low level of AZT-TP
is supposed to favor the selection of AZT-resistant virus strains.

While human and yeast TmpK have a phosphorylation rate for
AZT-MP that is 200-fold slower than that for dTMP, the E. coli
enzyme phosphorylates AZT-MP only 2-fold slower than dTMP. In
order to derive the structural features of the E. coli TmpK that
allow this efficient phosphorylation of AZT-MP and to transfer it
to the human enzyme, the structures of all three proteins were
solved.?2-27]
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Figure 2. Sites of modification in HSV1-TK. A) Ribbon diagram of HSVI1-TK in
complex with ADP and dTMP. The thymine base is embedded in the binding
pocket. B) Focus on the nucleoside binding region around dTMP. Amino acid
residues of the binding pocket which were analyzed by mutational studies to
improve the GCV prodrug phosphorylation capacity are highlighted. Hydrogen
bonds are indicated by green dots. The figure was generated from the PDB
database entry 1VTK3 with the ViewerLite 4.2 software.

Amino acids from the flexible LID region and the phosphate
binding loop (P-loop) in all three TmpK homologues are involved
in the fixation of the phosphoryl donor (ATP) and acceptor
(dTMP), and they also provide positive charges important for
catalysis of phosphoryl transfer. The LID region of E. coli TmpK
contains three arginine residues, which are conserved in other
nucleoside monophosphate kinases (Figure 3). The middle
arginine is missing in the LID motifs of human and yeast TmpK;

B)

Table 1. Maximum catalytic activities, ke [s~'], of HSVI-TK variants and
EHV4-TK for the physiological thymidine substrate and the guanosine
analogue prodrugs ACV and GCV.”!

dThd ACV GCV Reference
HSV1-TK (wt) 0.43 0.13 0.17 [16]
HSV1-TK (GIn125Asn) 0.44 0.064 0.023 [17]
HSV1-TK (GIn125Glu) 0.003 no data 0.04 [10]
HSV1-TK (GIn125Asp) 0.1 n.d. nd. [10]
HSV1-TK (Ala167Tyr) n.d. 0.0048 0.013 [18]
EHV4-TK (wt) 0.56 0.17 0.44 [16]

[a] n.d.: not detectable.

TmpK,,,,. =~ EGLDRTGKTT”  '“AEKS-GFGD-E-RY'™
TmpK,,... EGVDRAGKST"'  '“-KRG-AFGH-E-RY'
TmpK, .,,; EGLEGAGKTT® 'LKRARARGELD-RI'*
AmpK,, 'VGGPGSGKGT”  “**TKRLLKRGETSGRV'”
UmpK, ;... 'LGGPGSGKGT”  '**TQRLLKRGESSGRS™

Figure 3. Sequence alignment of the P-loop and LID motifs of different
nucleoside monophosphate kinases. Conserved amino acids are marked in bold.
Structurally conserved arginines that were shown to participate in phosphoryl
transfer are bold and underlined.

instead, both enzymes have an arginine in their P-loop (Arg16 in
human, Arg15 in yeast) which is placed in the same spatial
position in the active site as is the LID-based Arg153 in E. coli
TmpK (Figure 4). This arginine residue is supposed to be essential
for stabilization of the transition state in all TmpK enzymes.12% 28!

The bulky azido-group of AZT-MP interferes with the aspartate
next to the arginine located in the P-loop of yeast and human
TmpK and induces a misplacement of the whole P-loop. Since
the LID region cannot correctly close over the catalytic center,
important hydrogen bonds are lost, especially the contacts of
the P-loop arginine residue to the y-phosphate group of ATP
(Figure 4A/B). This is thought to be the reason for the low
phosphorylation rate of AZT-MP. In E. coli TmpK, however, AZT-
MP is much better tolerated, such that the LID-based Arg153 still
forms hydrogen bonds to the ATP y-phosphate group and thus
fulfills a catalytic role analogous to that of Arg16 in the human
enzyme (Figure 4C).

Figure 4. Substrate interactions with the LID and P-loop motifs in human and E. coli TmpK. A) Focus of the LID region and P-loop of human TmpK (PDB entry 1E2Q%9).
The P-loop Arg16 interacts with the y-phosphate of ATP through hydrogen bonds (green dots). Asp15 is located close to the 3'-OH group of the dTMP ribose. B) LID and
P-loop of human TmpK with bound AZT-MP (PDB entry 1E9A?”). The bulky azido group of AZT-MP interferes with Asp15 and induces a 0.5 A movement of the P-loop
away from the substrates; the LID region is also misplaced. C) LID and P-loop of E. coli TmpK with bound AZT-P;A (PDB entry 5TMP1). In this protein, neither the P-loop
nor the LID-region is impaired by the azido group (blue balls). The LID-based Arg153 still interacts with the ATP y-phosphate equivalent of AZT-P,A.
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These structural data were used for rational mutagenesis of
human TmpK. The P-loop arginine residue was changed to a
small and uncharged glycine residue. In addition, the LID region
was replaced by that of E. coli TmpK in order to adapt the human
TmpK to the E. coli homologue. Most dramatically, this mutant
enzyme shows an approximately 200-fold higher activity with
AZT-MP as compared to the wild-type enzyme, and, moreover,
phosphorylates AZT-MP better than dTMP (Table 2). Further-
more, the levels of AZT-DP and AZT-TP in mammalian melanoma
cells transfected with this mutant were increased eightfold.!

Table 2. Maximum catalytic activities, k., [s~'], of yeast, E. coli, human wild-
type, and engineered human thymidylate kinases.”?!

dTMP AZT-MP
yeast TmpK 35 0.175
E. coli TmpK 15 6
human TmpK 0.73 0.01
human TmpK R16G+-E. coli LID 1.5 214

4, Outlook: Improved Drug-Activating
Enzymes as Valuable Tools for Therapeutic
Application

Traditional screening for new drugs, even in its modern form of
high-throughput screening technologies, is confronted with the
rising problem of declining output.®” On the other hand, protein
engineering offers techniques to understand and modulate
proteins that interact with drugs. As a consequence, “protein
tools” can be designed which significantly increase the efficiency
of established drugs, with nucleoside prodrugs as one prom-
inent example. Nevertheless, the task to transfer such proteins to
their site of action is not yet sufficiently solved. Suicide gene
therapy with HSV1-TK and GCV is in clinical phase Il trials®" but
is still far away from clinical routine. Gene delivery systems need
further improvements in transfection efficiency as well as target
specificity. Most importantly, the recent setbacks in human gene
therapy led again to questions about the safety of commonly
used adenoviral®@ and retroviral vectors.*¥ In some cases,
protein transduction domains, which mediate the fast delivery of
covalently fused proteins into a wide range of mammalian cells
and tissues,¥ may serve as an alternative to DNA-based vector
systems.

Taken together, the directed design and intracellular applica-
tion of enzymes as tools to enhance prodrug activation is
emerging as an additional concept in chemotherapy. In the long
run, the combined introduction of, for example, a nucleoside
prodrug and a kinase efficiently activating this prodrug may hold
enormous promise in the treatment of cancer and viral
infections.

M. Konrad and C. Monnerjahn
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Polyglycine Il Nanosheets:
Supramolecular Antivirals?

Alexander B. Tuzikov,® Alexander A. Chinarev,® Alexandra S. Gambaryan,®’
Vladimir A. Oleinikov,™® Dmitry V. Klinov,? Nadezhda B. Matsko,™
Vasily A. Kadykov,'@ Mikhail A. Ermishov,” II'ya V. Demin,?! Victor V. Demin,!

Phil D. Rye, and Nicolai V. Bovin*!!

Tetraantennary peptides [glycine,-NHCH,],C can form stable non-
covalent structures by self-assembly through intermolecular hydro-
gen bonding. The oligopeptide chains assemble as polyglycine Il to
yield submicron-sized, flat, one-molecule-thick sheets. Attachment
of a-N-acetylneuraminic acid (Neu5Aca) to the terminal glycine
residues gives rise to water-soluble assembled glycopeptides that
are able to bind influenza virus multivalently and inhibit adhesion
of the virus to cells 10>-fold more effectively than a monomeric

Introduction

Increasing interest in the self-assembly of small molecules into
ordered supramolecular structures has arisen from the design of
new materials and molecular devices."¥ Well-defined supra-
molecular architectures can be obtained if self-assembly is
governed by hydrogen bonding. This self-assembly results in
one-, two-, or three-dimensional structures—bands, sheets,
nanotubes, and so on.® Such assemblies, though readily
formed in organic solvents, are rather unstable in aqueous
media, where there is competition for hydrogen bonding. As a
rule, additional van der Waals or ionic interactions are needed to
achieve stability of noncovalent structures in aqueous solutions.
For example, the classic amphiphiles (that is, lipids and
surfactants) are able to form durable supramolecular assemblies
(micelles, liposomes, etc.) in water.”?

Our aim was to design noncovalent polymers that are stable in
aqueous solution and also display a carbohydrate moiety with
specific biological activity. These supramolecular assemblies
were expected to possess a dramatically higher activity when
compared to a single carbohydrate ligand because of their
multipoint binding to a complementary protein, a phenomenon
that is well known for multivalent carbohydrate conjugates.l'*-'2
Additional criteria for the self-assembling material in this work
are chemical simplicity and the absence of hydrophobicity, thus
avoiding any nonspecific interaction with cell membranes.

Results and Discussion
Synthesis and self-assembly

The term tecton® is used to describe the monomeric unit used
here, while the assembled structures are referred to as tectomers.

ChemBioChem 2003, 4, 147-154 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

glycoside of Neu5Aca.. Another antiviral strategy based on virus-
promoted assembly of the glycopeptides was also demonstrated.
Consequently, the self-assembly principle offers new perspectives
on the design of multivalent antivirals.

KEYWORDS:

antiviral agents nanostructures

glycopeptides
self-assembly - sialic acids

Tetraantennary peptides and glycopeptides capable of self-
assembly are shown in Scheme 1. We previously described the
syntheses of similar nonassembling compounds.™ The com-
pounds were synthesized by using conventional peptide
chemistry with tetra(@minomethyl)methane as the starting
material. Glycine residues were inserted individually or in a
block as hydroxysuccinimide-activated tert-butoxycarbonyl (Boc)
derivatives. The structures of the synthesized peptides were
confirmed by NMR spectroscopy and mass spectrometry.

Self-assembly of the peptides [Gly,-NHCH,],C in aqueous
solution occurs when n > 7; however, the properties of the three
homologues with n=7, 8, and 9 differ considerably. The free
base [Gly,-NHCH,],C exists as a water-insoluble tectomer, where-
as light scattering results indicate that the hydrochloride [HCI-
Gly,-NHCH,],C does not self-assemble, presumably because of
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Scheme 1. Structures of the tetraantennary peptides and glycopeptides capable
of self-assembly.

repulsion between the positively charged terminal NH;™ groups.
When n =8, the tendency towards self-assembly is so strong that
even the hydrochloride [HCI-Glyg-NHCH,],C forms a water-
soluble tectomer. When n=9, the assembled hydrochloride is
almost insoluble in water.

N-acetylneuraminic acid (Neu5Ac), known as a receptor for
influenza viruses A and B, was chosen as the biologically active
ligand. The carbohydrate ligand was coupled to tetraantennary
peptides by acylation of the amino group of the terminal Gly
residue with Neu5Aca-linker-COONp (Np = 4-nitrophenyl) by
two routes (see the Experimental Section and Figure 1). In
method A, Neu5Ac residues were coupled with a preformed
[Gly,-NHCH,],C tectomer; the obtained product was not sto-
chiometric (75-90% acylation depending on the Neu5Aca-
linker-COONp excess and the reaction time) and thus its formula
is given in quote marks, “[Neu5Aca-linker-Gly,-NHCH,],C", so
that it can be discriminated from the glycopeptide obtained by

&:}rlatiun

acylatioN

\\4"
3 Ay

Figure 1. Two routes for glycopeptide synthesis. Method A: Self-assembly of oligoglycine tectons
into a [2+ 2] conformation (see Figure 5) gives rise to extended flat sheets that are one molecule
thick. Carbohydrate groups were then coupled to a preformed peptide tectomer. Method B:

Acylation of the peptide in the presence of LiBr gives rise to a glycopeptide that forms assemblies

after removal of the LiBr.
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Figure 2. Raman spectra of (a) monomeric [HCl- Gly,-NHCH,],C in solution,

(b) assembled [Gly,-NHCH,],C in the solid phase, and (c) assembled glycopeptide
“[Neu5Aca-linker-Gly ,-NHCH,],C” in solution. The spectrum of the peptide
tectomer (b) contains bands at 884, 1382, 1424, 1654 cm~', identical to the bands
of crystalline polyglycine I8! The assembled glycopeptide in solution (c) reveals
the same profile with additional bands that arise from the amide groups of the
Neu5Ac moiety and the linker. Spectrum (a) is interpreted as the superposition of
the spectrum of the unordered polypeptide with elements of the polyglycine | and
polyglycine Il spectra (these results are also confirmed by Fourier-transform
infrared spectroscopy).

method B. In this latter method, acylation of [Gly,-NHCH,],C was
performed in concentrated aqueous lithium bromide, an agent
that destroys H bonds and impedes assembly. The Neu5Ac
residues were thus attached to the monomeric
peptide molecules. Method B allows complete
substitution by Neu5Ac even if the starting peptide
tectomer, for example, [Gly,-NHCH,],C, is insoluble
in water. The glycopeptides synthesized by method
B are incapable of self-assembly into extended flat
tectomers, probably because of spatial hindrance
by bulky Neu5Ac groups. In this case, small
assemblies coexist with the monomeric form (see
below).

The obtained glycosylated tectomers are water
soluble. The existence of submicron-sized aggre-
gates in glycopeptide solutions was evident from
laser light scattering; for “[Neu5Aca-linker-Gly,-
NHCH,],C" the maximum of the size distribution is
observed at 200 nm. Gel-permeation chromatog-
raphy evaluation of the molecular weight of
“INeu5Aca-linker-Gly,-NHCH,],C" and [Neu5Aca-
linker-Gly,-NHCH,],C (n=7-9) tectomers gave rise
to a value greater than 2000 kD. The tectomers are

Method A
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stable in the presence of salts at physiological concentrations,
sodium dodecyl sulphate at pH2.0-9.0, and on addition of
MeOH or MeCN up to 70% v/v. Reversible disintegration of the
tectomers was observed in concentrated solutions of lithium
bromide or upon heating to 60°C.

Structure

Raman spectroscopy, atomic force microscopy (AFM), electron
microscopy (EM), and molecular modeling were applied to
define the spatial organization of the tectomers.

The so-called polyglycinell structure was identified in all
tectomers. The Raman spectra of both the peptide and the
glycopeptide tectomers (Figure 2) have a band pattern with a
position, form, and relative intensity consistent with the
crystalline structure of polyglycine IL'® This structure is distinct

120

+10
0 500 1000 1500 nm
Vartical distances 1-2, 2-3 and 3-4: 4.5nm

FULL PAPERS

from the canonical a-helix and B-sheet structures. Previously,
polyglycine Il was found in the crystalline glycine polymer,l'7-1
bolaamphiphils,?? and nylons,?" in which all the NH and CO
groups of the 3, helices (¢p =—76.9°, y = 145.3°) form intermo-
lecular hydrogen bonds with the six surrounding chains,
although no intrachain H bonds are formed. Contrary to all
cited examples, in which polyglycine Il was only observed in a
solid phase, the tectomers described here are stable in aqueous
solution.

The Raman spectra only testify to the type of polyglycine Il
helix packing and to the mutual disposition of the chains into the
hexagonal array, they do not show the supramolecular organ-
ization of the tectomers. Therefore, the shape and size of the
structures were investigated by AFM. These studies showed the
tectomers as thin, flat sheets (Figure 3). The planar size of the
“[Neu5Aca-linker-Gly,-NHCH,],C" aggregates is in the range

Vertical distances 1-2 and 2-3: 7.5 nm

Figure 3. A, B) AFM images (mica) of the water-insoluble tectomer [Gly,-NHCH,],C; the tectomer monolayer thickness is 4.5 nm. C, D) AFM images (pyrographite) of the
water-soluble tectomer “[Neu5Aca-linker-Gly, -NHCH,],C"; the monolayer thickness is 7.5 nm.

ChemBioChem 2003, 4, 147 - 154
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30-500 nm, with the maximum of the distribution at 50 nm.
Glycopeptides synthesized in the presence of LiBr form small
(30-50nm) associates (Figure 4) that coexist with a minor
monomeric form (GPC and EM data). It is noteworthy that the

-
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Figure 4. AFM image (pyrographite) of the water-soluble small associates of
[Neu5Aca-linker-Gly,-NHCH,],C synthesized in the presence of LiBr.

morphology of the tectomers is unaffected by the supporting
matrix (such as mica or pyrographite), which confirms that the
tectomers are indeed formed in solution. Additional confirma-
tion that aggregation takes place in solution is provided by light
scattering results, which show that submicrometer-sized par-
ticles are present in solution. AFM data give an experimentally
determined thickness of the [Gly,-NHCH,],C peptide tectomer of
4545 R, whereas the extended glycopeptide tectomer “[Neu5A-
ca-linker-Gly,-NHCH,],C” obtained by method A is 75 & 5A thick.
The thickness of the small [Neu5Aca-linker-Gly,-NHCH,],C
tectomer is also about 75 A.

In principle, several different packings of the tetraantennary
tecton appear possible, all of which result in flat monolayers. The
most probable structures are outlined in Figure 5. The size of the
tecton was calculated for three conformations and compared
with the AFM data. The [2 L 2] tecton (Figure 5A) was incapable
of packing within the hexagonal array of the polyglycinell
structure because of the thickened node [-Gly-NHCH,],C, while
the other two conformers packed into a lattice with an interchain
distance of 5A, which is normal for polyglycinell.l'® The
calculations for the nonglycosylated molecule [Gly,-NHCH,],C
yield thicknesses of 50 A and 25 A for the [2+2] and [4+0]
structures, respectively. The first value agrees best with the
experimental value of 45+5A. Similar calculations for the
[Neu5Aca-linker-Gly,-NHCH,],C molecule give thicknesses of
95A and 70A for the [2+42] and [440] conformations,
respectively. Although the experimental value of 75+5 A fits
the [4 + 0] variant, the [2 + 2] structure seems more realistic. This
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Figure 5. The conceivable types of packing for [Gly,-NHCH,],C peptide and the
corresponding glycopeptide. A) [2 1 2] conformation, in which the antennae pairs
are located in perpendicular planes; [2+ 2], [Gly,-NHCH,],C conformation with
four antennae in the same plane; [4 + 0] conformation, bush-type variant.
Geometry optimization was performed with MM2 softwareP'! and images were
processed on a DS ViewerPro 5.0 instrument (Accelrys Inc.). B) The calculated and
experimental measurements of [Gly,-NHCH,],C and [Neu5Ac-linker-Gly ,-NHCH,],C
for the conformations [2+ 2] and [4+0].

apparent discrepancy may be explained by underestimation of
the layer thickness determined by AFM (in contact mode) as a
result of compression of the sample at measurement or during
drying.?2 The close agreement of the experimental and
calculated [2+ 2] values for [Gly,-NHCH,],C is explained by a
higher rigidity of the nonglycosylated tectomer compared
to the glycosylated one. Thus, the geometry of tetraantennary
tectons in the tectomer resembles the letter “H". Although
we here analyze the data only in relation to [Gly,-NHCH,],C
and the corresponding glycopeptide, the Gly; and Gly, homo-
logues were demonstrated to have analogous spectral and
structural features, which points to an analogous pattern of
assembly.

The data collected by Raman spectroscopy, AFM, EM, and
molecular mechanics calculations indicate that the tectomer
may be considered as a two-dimensional crystal (Figure 1) that is
rigid as a result of a highly cooperative system of hydrogen
bonds. The unusual stability of the tectomer in aqueous media
can be explained by the participation of all CO and NH glycine
groups in H bonding in a highly cooperative manner, and the
inaccessibility to water molecules of hydrogen bonds inside the
two-dimensional crystal. Moreover, each of the Gly, antennae in
a hexagonal array is covalently bound to the three others
through the core [NHCH,],C fragment. This tetraantennary
design of the tecton appears crucial for tectomer stability.

ChemBioChem 2003, 4, 147 -154





Polyglycine Il Nanosheets as Antivirals

Tectomers as a novel antiviral strategy

The anti-microbial-adhesion activity of a small molecule can be
enhanced by linking of the molecule to a true polymer.'>'2 The
same would be expected for attachment of a biologically active
ligand to a tectomer. Adhesion of the influenza virus to cells is
mediated by its surface protein hemagglutinin, which binds to
the Neu5Aca-containing oligosaccharides of the host cell.’™™ The
Neu5Aca-containing tectomers can therefore act as inhibitors of
the binding. Table 1 outlines the relationship between the
structures of Neu5Ac glycopeptides and their antiviral activity.
The nonassembling glycopeptides of general formula [Neu5Aca-
linker-Gly,-NHCH,],C (n=1-6) did not show a substantial
difference in activity compared with monovalent Neu5AcaOBn.
However, elongation of the oligoglycine fragment up to Gly,_,
enhanced the activity by at least three orders of magnitude.
AFM, EM, GPC, and light scattering data showed that the active
compounds are high-molecular-weight aggregates.

It should be pointed out that the length of the glycopeptide
molecules is not sufficient to realize multipoint binding with a
viral surface.'¥ Thus, the contribution of the monomeric form to
the antiviral activity of the associating glycopeptides could be
neglected. Taken together, the inhibition assay (Table 1) and EM/
AFM (Figure 6 A, 6B) data show that enhanced antiviral activity
of the associating glycopeptides is achieved by tight multipoint
binding of tectomers with virus particles. We also believe that
the adsorption of the large glycopeptide sheets onto the viral

.,

' tectomer

100 nm

_ tectomer

. 100 nim

FULL PAPERS

Table 1. Relative activity of the glycopeptides in the influenza virus receptor-
binding inhibition assay.”!

Inhibitor Relative activity

Neu5AcaOBn (reference compound) 1
PAA-Neu5Aca® 4000
nonassembling glycopeptides

[Neu5Aca-linker-Gly,-NHCH,],C (n=1-6) 1-3
assembled glycopeptides (tectomers)

“INeu5Aca-linker-Gly,-NHCH,],C" 1000
[Neu5Aca-linker-Gly,-NHCH,],C 1000
[Neu5Aca-linker-Glyg-NHCH,],C 1400
[Neu5Aca-linker-Gly,-NHCH,],C 3300
“[Neu5Acp-linker-Gly,-NHCH,],C" inactive
[Neu5Acp-linker-Gly,-NHCH,],C inactive

[a] Virus strain  A/H3N2/NIB/44/90M was used; Bn=benzyl; linker=
—OCH,(p-C¢H,)NHCOCH,NH-CO(CH,),CO—; see the Experimental Section
for a detailed description of the assay. [b] Polyacrylamide conjugate of
Neu5AcaOCH,(p-CH,)NHCOCH,NH, (20 mol%), an example of a multi-
valent inhibitor based on a true polymer.

surface shields the virus and blocks its ability to bind sialic
receptors.

The specificity of virus—tectomer binding was demonstrated
by the fact that “[Neu5Acp-linker-Gly,-NHCH,],C", the tectomer
that bears unnatural Neu5Ac groups, was not active in the
antiviral assay. The same conclusion was reached from EM data:
the Neu5Aca tectomer formed complexes with virus particles,

@

[ virus |

> By

tectomer |

@®

4y 1100

400 800 1200 1600 2000 nm

Vertical distances 1-2 and 2-3: 7.4 nm; 2-4: B0 nm

Figure 6. Images of the influenza virus in the presence of tectomers. A) EM micrograph and (B) AFM image (pyrographite) of the virus with “[Neu5Aca-linker-Gly -
NHCH,],C" tectomer; the tectomer particles are in close proximity to the virions. C) EM micrograph of the virus and “[Neu5Acp-linker-Gly, -NHCH,],C” with unnatural

Neu5Acf residues; the tectomer particles are distanced from the virions.
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Figure 7. EM micrographs demonstrating the interaction of influenza virus with glycopeptides synthesized in the presence of LiBr. A) [Neu5Aca-linker-Gly,-NHCH,],C
exists as small tectomers and monomeric tectons; a similar picture was observed for the unnatural Neu5Acf} analogue. B) Addition of the virus does not affect assembly
of [Neu5Acf-linker-Gly,-NHCH,],C (compare with (A)). C) The virus promoted assembly of [Neu5Aca-linker-Gly,-NHCH,],C. The glycopeptide is fully assembled into a
tectomer; the monomeric form has disappeared. The presence of a neuraminidase inhibitor (4-amino-4-deoxy-Neu5Ac2en, 3 um) does not change the picture, which
suggests that the virus-promoted assembly is not the result of viral neuraminidase splitting off any extra Neu5Ac residues that constrain the assembly.

while the structurally analogous Neu5Acf3 tectomer (investigat-
ed by light scattering, GPC, AFM) exhibited no binding (Fig-
ure 6Q).

The antiviral activities of the Neu5Aca tectomers approach
those of polyacrylamide derivatives of Neu5Aca.?* 24 Although a
number of polyvalent sialosides have previously demonstrated
higher antiviral activity,"? the tectomers have clear advantages
as potential therapeutics since they are, as aggregates of small
molecules, capable of surmounting the problem of inconsis-
tency and the disadvantageous pharmacokinetics of true
polymers.

While the present study focused on the activity of preformed
glycopeptide tectomers, a more promising approach is the
specific generation of extended assemblies that only form in the
presence of a virus. Examples of surface-promoted assembly
were described for molecules possessing two different binding
sites, one for homotypic binding and another for interaction
with a carbohydrate-covered surface.”>-?”) From the perspective
of antiviral therapy, the assembly of the tectomer directly on the
virus particle has clear advantages compared to the adminis-
tration of the preformed tectomer. We propose that such virus-
promoted assembly was realized in our in vitro studies (Figure 7),
in which the EM data show that nonassembled tectons form
tectomers upon contact with influenza virus.

In this study, we have presented the application of glycopep-
tide tectomers as antivirals, but both the mode of self-assembly
and the architecture of the tectomers itself may be of interest for
other applications. The rigidity of the peptide tectomers
distinguishes these structures from liquid-crystalline assemblies
or lipid self-assembled monolayers. Tectomers capable of
forming perfectly flat and rigid layers of a predetermined
thickness appear promising for the design of new nanomaterials
and as a platform for nanodevices.

Experimental Section

Synthesis:

[BocGly,-NHCH,],C: Et;N (0.3 mL) followed by BocGlyGlyONs
(725 mg, 2.2 mmol) were added to a suspension of [HCI-Glys-
NHCH,],C" (710 mg, 0.5 mmol) in dimethyl sulfoxide (DMSO;
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30 mL). The mixture was stirred for 24 h at 20°C, evaporated, and
DMSO was removed under a vacuum. The obtained white residue
was suspended in MeOH and the precipitate was washed with MeOH
and dried in a vacuum. Yield: 990 mg (93%). '"H NMR (500 MHz,
[DgIDMSO, 30°C): 6 =8.545, 8.118, 8.092, 8.085, 8.081, 8.018, 7.814
and 6.970 (t, 1H; COCH,NH), 3.840 (d, 2H; CH,CO), 3.751 (m, 8H;
4CH,CO), 3.723 and 3.581 (d, 2H; CH,CO), 2.688 (brs, 2H; CCH,),
1378 (s, 9H; OCMe;) ppm. MS (MSVK instrument, #?Cf plasma
desorption TOF, “Electron” company, Sumy, Ukraine): m/z: 2152 [M +
Na]*. Elemental analysis calcd (%) for Cg;H;3,N5,05 (2130.2): C 45.67,
H 6.25, N 21.04; found: C 45.08, H 6.20, N 20.78.

[HCI- Gly,-NHCH,],C: [BocGly,-NHCH,], (852 mg, 0.4 mmol) was
dissolved in CF;COOH (3 mL) and kept for 2 h at 20°C. The mixture
was diluted with toluene (10 mL), evaporated, and dried in a vacuum.
The residue was dissolved in HCl (1m, 2.4 mL) and evaporated to
dryness. The crystalline residue was washed with MeOH (4 mL) and
dried in a vacuum. Yield: 720 mg (96 %). TLC: R;=0.67 (eluent: 2m
HCl). "H NMR (500 MHz, [D,]H,0, 30°C): 6 =4.074, 4.063, 4.021, 4.015
(x 2), 3.958 and 3.919 (s, 2H; CH,CO), 2.922 (brs, 2H; CCH,) ppm.
Elemental analysis calcd (%) for Cg;H;04Cl4N3,055 (1875.5): C 39.07, H
559, Cl 756, N 23.90; found: C 38.54, H 5.91, Cl 780, N 23.88.
Analytical HPLC (Column Nucleosil C18-100 2.0 x 75 mm, MeCN/
H,O/TFA 1:1:0.1, 1 mLmin~', UV detection at 210 and 246 nm): a
single peak with a retention time of 10.31 min was detected.

[BocGlyg-NHCH,],C: A solution of saturated aqueous LiCl (1.5 mL)
followed by BocGlyONs (145 mg, 0.533 mmol) was added to a
solution of [HCI- Gly,-NHCH,],C (50 mg, 26.7 umol) in water (0.3 mL).
After addition of Li,CO; (24 mg, 0.32 mmol) the mixture was stirred
for 24 h at 20°C, then diluted with water (30 mL) and NaHCO; (1 m,
2 mL) and kept at 5 °C for 20 h. The white precipitate was filtered off,
washed with water and MeOH (1 mL) and dried in a vacuum. Yield:
52mg (82%) Boc-derivative. Elemental analysis calcd (%) for
CaoH144N560,40 (2358.4): C 45.33, H 6.15, N 21.38; found: C 44.92, H
6.16, N 21.21.

[HCI- Glyg-NHCH,],C: [BocGlyg-NHCH,],C (40 mg, 17 umol) was dis-
solved in CF;COOH (1 mL) and kept at 20°C for 2 h. The mixture was
diluted with toluene (5 mL) and evaporated to dryness. The residue
was evaporated twice with HCl (0.05m, 1.4 mL) and freeze-dried.
Yield: 34 mg (94 %). TLC (eluent: 2m HCI): R;=0.63 (monomer) and
R=0 (assembled). '"HNMR (500 MHz, [D,JH,0, 30°C): 4=4.087,
4.074, and 4.037 (s, 2H; CH,CO), 4.026 (s, 6H; 3 CH,CO), 3.969 and
3.931 (s, 2H; CH,CO), 2.936 (s, 2H; CCH,) ppm.

[BocGly,-NHCH,],C and [HCI - Gly,-NHCH,],C: Obtained by a similar
method to that described above for [HCI - Gly,-NHCH,],C. Yields: 92 %
for [Boc-Gly,-NHCH,],C and 90% for [HCI-Gly,-NHCH,],C. [Boc-Gly,-
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NHCH,],C elemental analysis calcd (%) for Cq;H;56N4044 (2586.6): C
45.04, H 6.08, N 21.66; found: C 44.54, H 5.99, N 21.47.

Neu5Aca-linker-COONp: A solution of di(4-nitrophenyl)adipate
(330 mg, 0.85 mmol) in dimethylformamide (DMF; 2 mL) was added
to a solution of Neu5Aca2-OCH,(p-C¢H,)NHCOCH,NH,?! (80 mg,
0.17 mmol) in DMSO (0.5 mL). The mixture was stirred for 24 h at
20°C then diluted with water (15 mL) containing AcOH (0.1 mL) and
filtered. The filtrate was evaporated. Exclusion chromatography of
the residue on Sephadex LH-20 in MeCN/H,0 (1:1, 0.2% AcOH) and
freeze-drying yielded Neu5Aca-linker-COONp (92 mg; 75%). TLC (2-
propanol/EtOAc/water 4:3:2): Ry=0.62. "H NMR (500 MHz, [D,]MeOH,
30°C): 0 =8.467 and 7.561 (d, J=8.8 Hz, 2H; Ar), 7707 and 7474 (d,
J=8.3Hz, 2H; Ar), 4973 and 4.653 (d, /=11 Hz, 1H; OCH,Ar), 4.196
(s, 2H; COCH,NH), 4.083 (ddd, 1H; H-8 Neu5Ac), 4.047 (dd, Jy=2 Hz,
1H; H-9b Neu5Ac), 3.978 (ddd, 1H; H-5 Neu5Ac), 3.924 (ddd, 1H; H-4
Neu5Ac), 3.840 (dd, Jy, = 12, Jy=6 Hz, 1H; H-9a Neu5Ac), 3.821 (dd,
Js=10Hz, 1H; H-6 Neu5Ac), 3.743 (dd, J;=1.5, Jy;=9Hz, 1H; H-7
Neu5Ac), 2.976 (dd, J,=4.5, Js,,=13 Hz, 1H; H-3., NeuSAc), 2.874
and 2.565 (t, J=6.8 Hz, 2H; CH,CO), 2.205 (s, 3H; NCOCH,), 1.980 (m,
4H; CH,CH,CH,CO), 1.968 (dd, 1H; H-3,, Neu5Ac) ppm.

Glycopeptides:
Method A:

“[Neu5Aca-linker-Gly,-NHCH,],C":  Neu5Aca-linker-COONp (87 mg,
120 umol) was added to a solution of [HCI-Gly,-NHCH,], (38 mg,
20 umol) in water (1.5 mL). NaHCO; (1m) was added until pH 8 was
reached (opalescence appears) and the mixture was stirred for 48 h
at 20°C. Exclusion chromatography on Sephadex LH-20 in aqueous
NH; (0.1m) and freeze-drying yielded the glycopeptide tectomer
(59 mg; 71%). Carbohydrate analysis of glycopeptide: calcd:
0.97 umol Neu5Ac/mg; found: 0.84 (corresponds to about 75%
acylation). The "TH NMR spectrum is similar to that of [Neu5Aca-
linker-Gly,-NHCH,],C.

“INeu5Acf-linker-Gly,-NHCH,],C" was prepared from Neu5AcfS-link-
er-COONp and [HCI-Gly;,-NHCH,], by method A. Yield: 75%.
Carbohydrate analysis of glycopeptide: calcd: 0.97 pmol Neu5Ac/
mg; found: 0.86 (corresponds to about 80% acylation). The 'H NMR
spectrum is similar to that of [Neu5Acg-linker-Gly,-NHCH,],C.

Method B:

[Neu5Aca-linker-Gly,-NHCH,]1,C: Saturated aqueous LiBr (0.4 mL) and
Neu5Aca-linker-COONp (31 mg, 43 umol) were added consecutively
to a solution of [HCI-Gly,-NHCH,],C (10 mg, 5.3 pmol) in water
(0.3 mL). Li,CO; (6 mg, 80 umol) was added and the mixture was
stirred for 48 h at 20°C then diluted with water (0.7 mL). Exclusion
chromatography on Sephadex LH-20 in aqueous NH; (0.1m) and
freeze-drying yielded the glycopeptide tectomer (19 mg; 87 %).
Carbohydrate analysis of glycopeptide: calcd: 0.97 umol Neu5Ac/
mg; found 0.98; the glycopeptides synthesized by method B have
stoichiometric Neu5Ac content. '"H NMR (500 MHz, [D,]H,0, 30°C):
0 =7455 (m, 4H; Ar), 4770 and 4.550 (d, J= 11 Hz, 1H; ArCH,), 4.085
and 4.078 (s, 2H; CH,CO), 4.020 (s, 8H; 4 CH,CO), 3.980 and 3.972 (s,
2H; CH,CO), 2.929 (s, 2H; CCH,), 2.401 (m, 4H; 2 COCH,CH,), 1.687
(m, 4H; COCH,CH,); Neu5Aca-unit: 0 =3.887 (dd, Jo,=12, Jg=
2.3 Hz, 1H; H-9a), 3.862 (dd, 1H; H-5), 3.820 (ddd, 1H; H-8), 3.769
(dd, J,=1.5, Js=10.2 Hz, 1H; H-6), 3.739 (ddd, J; =9.8 Hz, 1H; H-4),
3.676 (dd, Jy;=6Hz, 1H; H-9b), 3.638 (dd, J;=9Hz, 1H; H-7), 2.819
(dd, J5,, = 12.5, J,= 4.6 Hz, 1H; H-3eq), 2.079 (s, 3H; NAC), 1.722 (dd,
J,=12Hz, 1H; H-3ax) ppm.

[Neu5Acp-linker-Gly,-NHCH,],C was prepared from Neu5Acf-linker-
COONp and [HCI- Gly,-NHCH,], by method B. Yield: 89%. Carbohy-
drate analysis of glycopeptide: calcd: 0.97 umol Neu5Ac/mg; found:
0.96. '"H NMR (500 MHz, [D,]H,0, 30°C): 6 =7.487 (m, 4H; Ar), 4.622
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and 4.307 (d, J = 10.4 Hz, 1H; ArCH,), 4.086 and 4.076 (s, 2H; CH,CO),
4017 (s, 8H; 4 CH,CO), 3.981 and 3.970 (s, 2H; CH,CO), 2.928 (s, 2H;
CCH,), 2.404 (m, 4H; 2 COCH,CH,), 1.686 (m, 4H; COCH,CH,) ppm;
Neu5Aca unit: & =3.956 (dd, 1H; H-5), 3.898 (dd, Jo, = 12, Js=2.7 Hz,
1H; H-9a), 3.727 (dd, Js = 5.5 Hz, 1H; H-9b), 3.619 (dd, J5 = 9.5 Hz, 1H;
H-7), 2.435 (dd, Js,, =126, J,=5 Hz, 1H; H-3eq), 2.085 (s, 3H; NAC),
1.729 (dd, J,= 12 Hz, 1H; H-3ax).

[Neu5Aca-linker-Glyg-NHCH,1,C and [Neu5Aca-linker-Gly,-NHCH,],C
were prepared by method B. Yields: 90% and 87 %, respectively.
Carbohydrate analysis of glycopeptides: [Neu5Aca-linker-Glyg-
NHCH,],C: caled: 0.92 umol Neu5Ac/mg; found: 0.92; [Neu5Aca-
linker-Gly,-NHCH,],C: calcd: 0.87 umol Neu5Ac/mg; found: 0.88.

Analysis:

Raman spectroscopy: Raman spectra were recorded with a Ramanor
HG-2S (Jobin Yvon) spectrometer with an Anaspec 300S monochro-
mator; the 514.5 nm line of an argon laser (Spectra Physics, model
164 - 03) was used for excitation. The irradiation power in the sample
chamber did not exceed 300 mW in Raman experiments. All spectra
were recorded upon scanning in 2-cm~' steps with an integration
time of 3 s. Data was accumulated from 3 -5 independent scans and
averaged.

Atomic force microscopy: AFM images of the water-insoluble
tectomer [Gly,-NHCH,],C were obtained by adding NaHCO; (four
equiv) to a solution of the corresponding tectomer hydrochloride
(1 mgmL™"). Images of a number of AFM samples prepared from the
solution at 10-min intervals were then recorded. Extended flat sheets
were observed 1-2 h after [Gly,-NHCH,],C solution preparation (at
the beginning of the appearance of opalescence). Before this time,
no associates were detected; 5 -6 h later, the deposit had formed. In
the case of the water-soluble tectomers “[Neu5Aca-linker-Gly,-
NHCH,],C” and [Neu5Aca-linker-Gly,-NHCH,1,C, a 1-mg mL~" solution
was used. To obtain images of tectomer - virus complexes, a solution
of glycopeptide (1 mgmL~") and a suspension of A/H3N2/NIB/44/
90M influenza virus (0.25 mg of protein per mL) purified by
centrifugation in 30% sucrose were mixed in a 1:1 (v/v) ratio and
incubated for 30 min at room temperature. The samples were placed
on a fresh mica or graphite surface, kept for 5min, and then
unabsorbed material was removed by an argon stream. To decrease
the relative humidity in the scanning zone, a hot nitrogen stream
was blown over the sample placed on the microscope working table.
The samples were imaged with a NanoScope Il instrument (Digital
Instruments, Santa Barbara, CA) at a constant force in vertical mode,
with commerecial silicon nitride cantilevers (0.06 and 0.53 Nm~' force
constants, Park Scientific Instruments, USA). The scanning rate was
3-7Hz and the scanning angles were 180° and 270°. The images
were filtered with a flatten filter from the NanoScope Il software.
Ruby mica was purchased from TED PELLA Co. Highly ordered
pyrolytic graphite was produced by the Moscow Institute of Graphite
(Russia).

Electron microscopy: Samples of the glycopeptide solution in water
(0.1 mgmL™"), a suspension of purified A/H3N2/NIB/44/90M influen-
za virus (0.25 mg of protein per mL), or a 1:1 (v/v) mixture of the two
substances, were incubated for 30 min at room temperature and
used to make EM preparations. The samples were placed onto freshly
prepared parlodium films, dried, negatively stained with uranyl
acetate (1% aqueous solution), and deposited on EM grids. The
preparations were examined with a JEOL EM 100CX microscope
(JEOL, Japan).

Light scattering experiments: Light scattering of aqueous solutions
of the peptides and glycopeptides (1 mgmL~') was studied with an
automatic submicron particle analyzer “Coulter NAMD” (He — Ne laser,
A:632.8 nm, detection angle:62.5°). Estimation of the tectomer sizes
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was performed by using the firmware software and assuming a
spherical shape.

HPLC: Gel-permeation HPLC of glycopeptides was performed on a
TSK-4000 7.5 x 300 mm column calibrated with a set of globular
proteins. Mobile phase: 0.2m NaCl, 1 mLmin~'; UV detection at
250 nm.

Carbohydrate (Neu5Ac) analysis: The glycopeptides were analyzed
by HPLC?? with Neu5Prof3Bn as internal standard (ODS VYDAC 300A,
4.6 x 250 mm column, mobile phase: 2.5% nBuOH).

Influenza virus receptor-binding inhibition assay:* A suspension
of A/H3N2/NIB/44/90M influenza virus in phosphate buffered saline
containing 1:50-1:200 hemagglutination titre was incubated in the
wells of a fetuin-precoated polystyrene 96-well microplate (0.1 mL/
well) for 2 h at 4°C. The plate was washed with the same buffer with
0.01% Tween 20 added (PBST buffer). A PBST-diluted mixture
(0.1 mL) of horseradish-labeled fetuin (final concentration 2 X
1078m with respect to fetuin) and 4-amino-4-deoxy-Neu5Ac2en
(3 x 107°m) was added to the wells. After incubation for 2 h at 4°C
the plate was washed and the peroxidase activity was measured (o-
phenylenediamine — H,0, reagent, absorbance at 492 nm). The data
obtained were used to calculate the dissociation constant of the
virus — inhibitor complex. The relative activities of the glycopeptides
as inhibitors were calculated as the ratio (Neu5AcaBn dissociation
constant)/(glycopeptide dissociation constant). The dissociation
constant for Neu5AcaBn with the A/H3N2/NIB/44/90M influenza
virus strain is 100 pu.
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The Binding Mode of Progesterone to Its
Receptor Deduced from Molecular Dynamics

Simulations

Tiziana Mordasini,® Alessandro Curioni,’? Roberta Bursi,® and Wanda Andreoni*

An unambiguous understanding of the binding mode of human
progesterone to its receptor still eludes experimental search.
According to the X-ray structure of the ligand-binding domain,
only one (03) of the two keto groups at the ligand ends (O3 and
020) should play a role. This result is in conflict with chemical
intuition and the results of site-directed mutagenesis experiments.
Herein, we report classical molecular dynamics simulations that
reveal the dynamic nature of the binding in solution, elucidate the

Introduction

Progesterone, “the hormone of pregnancy”, is a natural refer-
ence compound for the design of drugs with application in
hormone-replacement therapy, oral contraception, and gyneco-
logical disorders. Controlling, activating, or blocking the action
of the hormone progesterone amounts to modifying its binding
with its receptor. Current knowledge of the ligand -receptor
interaction at the molecular level mainly relies on the 1.8-A X-ray
structure™ of the ligand-binding domain (LBD) of the human-
progesterone - receptor complex and, more indirectly, on the
results of site-directed mutageneses? and analogies with the
other nuclear receptors.* 4 Progesterone (Scheme 1) is a small

(0]

Scheme 1. The structure of progesterone.

hydrophobic molecule with a polar functional group at each end
(O3 and 020 carbonyl groups); both groups are expected to
interact with the receptor, in particular by hydrogen bonding.
However, the X-ray structure" revealed such an interaction only
at the O3 end, for which a detailed picture emerged. The 020
end, on the contrary, did not appear to be directly involved in the
binding. The overall refinement of the structure was good, as
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reasons why X-ray studies failed to determine the role of 020, and
clarify the effects of the mutations. The predictive power of the
force field is ensured by the consistent introduction of a first-
principles representation of the ligand.
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suggested by the small difference between the values of the R
(0.190) and the Ry, factors (0.228).5

To investigate the ligand -receptor binding with a different
approach and to shed light on this puzzle, we performed
molecular dynamics (MD) simulations in explicit solvent. Part of
the simulations were specifically aimed at unraveling the role of
water molecules. In this way, we attempt to understand to what
extent the results of the crystallographic structure elucidation
are representative of the receptor in vivo.

We chose classical MD as the simulation method. The entire
system consists of more than 10000 atoms, which precludes the
application of a quantum-mechanical approach. Even a hybrid
quantum - classical (QM/MM)®! approach is currently unafford-
able given the time required for these simulations.”” A conven-
tional force field designed to represent the dynamics of proteins
in aqueous solution does not necessarily provide a reliable
representation of the ligand, which requires special care in this
case. O3 is a stronger hydrogen-bond acceptor than 020
because of the higher basicity and lower steric hindrance of
03.® The parametrization adopted in most force fields correctly
accounts for the difference in steric hindrance but does not
distinguish between a conjugated keto group and an aliphatic
one, and thus misses the difference in the chemical properties of
such groups. In other cases, such as that of the estrogen -re-
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ceptor complex, description of the binding mode is less
problematic for classical MD simulations® because the two
interacting ends contain functional groups for which specific
parametrization is available. Another issue regarding the 020
end is that the probability of this O atom forming H bonds is
sensitive to the torsional potential of the acetyl group. This also
needs careful description. Therefore, we used the GROMOS96
force field,"> ™ which has been demonstrated to be reliable for
proteins, and modified its parameters for the ligand (relevant
effective charges for the conjugated keto group and torsional
potential at the 020 end) on the basis of accurate quantum-
mechanical calculations performed within the framework of
density functional theory (DFT).'? This procedure should
guarantee unbiased predictions of the propensity of the ligand
to form hydrogen bonds and the specificity of its interactions.
Finally, we used a recently developed QM/MM method® to
explore key features of the bonding.

The results of these simulations turned out to be in agreement
with the X-ray structure for the binding mode at the O3 end™
and also revealed the dynamic nature of the water molecules
that interact with the ligand. Moreover, we were able to identify
the binding mode at the 020 end and provide insight into why
crystallographic work missed this binding. Finally, additional
simulations of the mutant Cys891Ser could help rationalize the
loss of binding activity observed experimentally in site-directed
mutagenesis studies.”?

Results and Discussion

Scheme 1 shows the structure of the progesterone molecule.
The crystallographic structure of the progesterone receptor LBD
at the O3 and the 020 end is shown in Figure1a and 1b,
respectively. The complex crystallizes in the form of a dimer with
a small dimer interface (705 A2™ and is a monomer in aqueous
solution.'® Therefore, we modeled the monomeric ligand-
protein complex in aqueous solution and studied its dynamics
at room temperature by using the X-ray structure as the initial
configuration.

The parametrization we adopted is that of the GROMOS96
force field,"® into which we introduced modifications both for
the effective atomic charges of the conjugated keto group at the
03 end of the ligand and for the representation of the torsional
potential of the acetyl group at C17 (Scheme 1). A force field
developed for static docking models (see for example, MMFF'4)
would have provided a good representation of the ligand but
would not have been suitable for simulation of the protein
dynamics in explicit water. We determined the new effective
charges by adjusting their values to reproduce the electrostatic
potential of the progesterone obtained from DFT calculations. In
the fitting procedure, the charge values were restrained to the
GROMOS96 range." This restraint was important to maintain
consistency of the global parametrization, which was originally
obtained by the simultaneous optimization of all effective
charges as well as the description of van der Waals interactions.
Lack of consistency would otherwise corrupt the reliability of the
results. As can be seen in Scheme?2, the changes were
significant: the charge is no longer localized exclusively and
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equally on O3 and C3, it distributes itself over all the atoms of the
conjugated keto group and, importantly, the absolute values of
the charges increased compared to the original GROMOS values.
We derived the new parametrization of the torsional potential of
the acetyl group at C17 so as to reproduce as closely as possible
the DFT total energy as a function of the torsional angle. In
contrast to previous attempts of this kind,'' our fitting takes into
account the entire ligand as well as the new prescription for the
effective charges, which once again guarantees internal con-
sistency and model transferability. Figure2 compares the
GROMOS96 energy profile and our corrected one. The positions
of the energy minima obtained with the standard GROMOS96
parametrization differ from the ab initio values; the lowest
minimum is shifted by about 10 degrees. Both the energy
minima and the relative barriers decrease significantly when the
GROMOS96 model is adjusted as described, for example, the
main barrier decreases by 13 kJmol~".

Figure 3 shows the Debye -Waller or B factors calculated for
both the protein and the ligand by averaging the atomic
trajectories (approximately 1ns) and compares them with
experimental data. The overall good agreement is comforting,
although we are aware that Debye - Waller factors are not a
critical test of the force field.!'®

To validate our computational scheme, we first consider the
environment of the O3 end of the hormone, for which a clear
picture emerges from experiment.” In the X-ray structure
(Figure 1a), O3 interacts with Arg766 and GIn725 through
hydrogen bonds, and two water molecules help stabilize the
structure, one by connecting these two amino acids and the
other by bridging GIn725 to the carbonyl groups of 11e699 and
Phe778. The residues have greater flexibility in the simulated
system in solution (Figure 1c) than in the crystallographic
structure. Residues switch from one type of orientational
conformation to the other, which gives rise to different sets of
configurations of the entire complex. To allow a better
comparison of calculated values with X-ray data, we report
separate averages for these different configuration sets. Most of
the time, the residues are in the rotational states corresponding
to those in the crystal structure. The calculated net of hydrogen
bonds and all individual distances are in close agreement with
experimental observation. However, whenever the residues
switch to different rotational states, the receptor loosens its
specific interaction with the ligand and prefers to interact with
the solvent. In agreement with experiment, our simulations
reveal that there is always a water molecule at each of the two
bridging positions between the residues that interact dynam-
ically through H bonds. Moreover, the identity of these water
molecules changes over time; a continuous dynamic exchange
with water molecules from the bulk solvent takes place. Over
2 ns, the residence time of a water molecule varies between 300
and 700 ps.

This same type of simulation, when carried out with GROMOS
standard effective charges, provided a picture significantly
different from ours, as shown in Scheme 2. In fact, in contrast
to experimental evidence, the weaker GROMOS charges and
their stronger localization result in a partial disruption of the
hydrogen-bond network, in favor of interactions with the bulk
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Figure 1. Scheme of the ligand - protein interactions around the O3 and 020 ends of progesterone. (a) and (b) refer to the X-ray structure of Ref. [1] available from the
Protein Data Bank (1a28). Distances are given in A. Some minor discrepancies exist with respect to the previously published values. The two different values given refer to
the distances in the two chains of the dimer; if these are the same, only one value is given. (c) and (d) are representative configurations from simulation in aqueous
solution. (e) and (f) are representative configurations from additional simulations in aqueous solution in which one water molecule around the 020 end was constrained
to reside outside the binding pocket. Note that the water molecule interacting with the amino group of GIn725 is H bonded to both Phe778 and Ile699 (see text). The

H bond with 1le699 was not apparent from Ref. [1] and has been omitted in the subsequent literature. In the MD runs, the residues are free to rotate, which gives rise to
different ensembles of conformations. Whenever more than one set of conformations is sampled, we report more than one value for the distances, each being the
average over the respective residence times. The values in parentheses in (c - f) refer to the set of conformations that differ from that in the crystallographic structure in
(a) and (b) because of these rotations. The most important changes in the pattern of distances in (c) and (d) that result from the replacement of Cys891 with Ser concern
Thr894, which constantly points towards 020, forms an H bond (2.8 A), and thus moves closer to the mutated residue (4.9 A). Wat = water molecule.
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Scheme 2. Comparison of the GROMOS scheme and our modified one (bold) for
the description of the O3 end of progesterone: effective atomic charges and
percent hydrogen bonds formed during MD simulations (2 ns each) with the two
force fields.

40

LN S s B B B B B B B B e N B B B N B B S B B B B B

35

30

25

20

15

10

Energy / kJ mol™

5

0

LI L e

R EEERE Y AR AR RS RN R EEE REEEE R

TS ST ST T S T T S M B

-5
-200 -150 -100 -50 0 50 100 150 200

0/° —

Figure 2. Energy profile of progesterone versus the torsional angle 0 (C16-C17-
C20-020): ab initio (solid line) compared with GROMOS (dashed line) values.

solvent. This is particularly true for Arg766, which fails to act as
the main bonding partner of progesterone in simulations based
on the GROMOS charges. In our modified scheme for the charge
distribution, the interaction between O3 and Arg766 stabilizes
itself, in agreement with experimental data and chemical intuition.
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Figure 3. Debye-Waller or B factors of (a) the protein and (b) progesterone:
theory versus experiment. The two different experimental curves (solid lines) refer
to the two chains of the dimer. The computed values are represented by a
histogram in (a) and by a dashed line in (b). Note that the side chains of
residues 704 - 707 (located in an outer loop) were missing in the refinement of the
X-ray data and thus modeling of the initial configuration was required. Gray and
black squares indicate o helices and {3 sheets, respectively. The flexibility of some
residues in the simulations (loops and C terminus) is enhanced by both the
absence of the crystal environment and the presence of bulk solvent.

The results above give us confidence in approaching the
thorny issue of the role of the 020 end of the hormone in
binding. The X-ray refinement (Figure 1b) could not identify any
H bond partner for progesterone among the possible candidate
residues, namely, Cys891, Thr894, and Asn719. Our simulations
reveal a clear scenario (Figure 1d), in which Thr894 is by far the
most probable binding partner, whereas Cys891 binds to the
ligand only sporadically, and Asn719 is permanently too far away.
One water molecule easily diffuses into the binding pocket and
is trapped there, where it stabilizes the complex by exchanging
hydrogen bonds with each of the three residues mentioned and
the ligand. This effect is clearly evidenced by the electron
localization function (ELF)!"” plot in Figure 4a. Thr894 appears to
be especially flexible and switches within about 2 ns between
two different orientations, with a probability ratio of 2:3 between
that observed in the X-ray structure and the other orientation.
This rotation, however, does not alter the distance of Thr894
from 020 significantly. This distance is 0.5-0.7 A lower than the
value obtained from the X-ray refinement (Figure 1d). The 020
end rotates only rarely. Over the 2-ns trajectory, the probability of
forming H bonds between Thr894 and 020 is approximately 50 %.

Other distances in the LBD also exhibit significant discrepancy
between the simulation and the crystal phase. We note however
that no water molecule was detected in the proximity of 020 by
X-ray diffraction, in clear contrast to observations made in the
simulations of the system in solution. To understand the
significance of this discrepancy, we performed further simula-
tions: Starting from the same initial configurations as those just
discussed, we restrained the position of the particular water
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Figure 4. Electron localization function around the two polar ends of proges-
terone in aqueous solution: (a) the binding configuration of Thr894 with 020;
(b) the configuration in the absence of the bridging water molecule in the
proximity of 020, which corresponds to the X-ray structure. Note that high (low)
values of the ELF shown in red (blue) denote regions of charge accumulation
(depletion).

molecule we observed to easily diffuse into the complex; this
water molecule was kept outside the binding pocket (the
average oxygen - acetyl-group separation over the entire simu-
lation amounted to 13 A). Throughout the subsequent MD run,
no water molecule diffused into the binding pocket. This
indicates that, in contrast to the case of the O3 binding region,
where water diffusion happens easily, at the 020 end the
existence of an energy barrier renders access by water more
difficult. Thr894 continued to be the primary binding partner for
020, but only in one of its conformations. When the same
orientation as in the crystal structure was assumed for Thr894,
formation of H bonds with 020 was no longer observed. This
result can easily be deduced from the ELF distribution in
Figure 4b. Moreover, in this case all distances are in close
agreement with experimental evidence (Figure 1 f). The absence
of the water molecule around the 020 end does not affect the
interactions at the O3 end in any significant way (Figure 1e).
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Therefore, we can now conclude that the puzzle that emerges
from the X-ray study results from the predominance of config-
urations in which both the torsional degrees of freedom of
Thr894 are “frozen in” and no water molecule is trapped in the
binding pocket of 020. This situation is not unreasonable in a
crystal phase in which the degrees of freedom of the system are
certainly reduced with respect to those available in solution. One
can also speculate that the access of water molecules to the
binding pocket may well depend on the crystallization proce-
dure. In principle, one could also argue that the analysis of the
electron density observed at the 020 region was not sufficiently
accurate to reveal the presence of a water molecule. It would be
interesting to check this hypothesis. Nuclear magnetic reso-
nance spectroscopy could help further clarify this issue.

On the basis of our results, we can now rationalize the
outcome of the investigations made with site-directed
mutagenesis.”? Although our method does not allow us to
calculate activation rates with the required accuracy, we can
nevertheless obtain insights into the mechanisms that deter-
mine loss of activity through the identification of bonding
partners and direct observation of the temporal evolution of the
different systems.

The fact that mutations of both Arg766 and GIn725 cause the
binding activity to vanish®? is consistent with both X-ray data
and our findings with regard to the primary partners of 03.18
The effects of mutations at the 020 end of the hormone, on the
other hand, are less straightforward to interpret. The binding
activity is strongly reduced? when Thr894 is replaced by Val
(dissociation constant, K, varies from 6.2 nm for the wild type to
10.4 nm for the Thr894Val mutant) and vanishes when Cys891 is
substituted with Ser. The former effect can be rationalized as a
direct outcome of the loss of the primary binding pattern of 020,
but the latter observation cannot be explained in these terms.
Contrary to previous suggestions,” our simulations tend to
exclude the possibility that Cys891 is directly involved in the
bonding. Experimental data call for a more specific investigation.
To this end, we performed a series of analogous simulations of
the complex with Cys891 replaced by Ser, and also of the
receptor and its mutant in the absence of progesterone. No
significant change was observed at the O3 end, but the effect at
the 020 end is dramatic. The enhanced hydrophilic character of
Ser lowers the barrier for the penetration of water into the
binding pocket. In particular, simulations of the bare mutated
receptor in aqueous solution reveal the formation of a cluster of
water molecules, which is also stabilized by the interaction with
Thr894. We observe no water clustering in analogous simula-
tions of the wild-type progesterone receptor. Therefore, we
propose that this cluster could act as an inhibiting factor in the
binding process of progesterone to the mutated receptor, and
increase the desolvation energy. Although long-range interac-
tions may also play a role in the observed loss of binding activity,
the phenomenon we have discovered is realistic and might well
contribute to this loss.

The study presented above provides a solution to the long-
standing puzzle of progesterone binding and sheds light on the
results of mutation analyses. This outcome has been possible
thanks to the accuracy and robustness of the computational

159





BIO

scheme and to the combination of high-quality X-ray structural
data and MD simulations in aqueous solution. DFT-based
calculations combined with suitable consistency restraints
allowed reliable parametrization of the ligand. This latter step
was crucial for the validity of the model of the ligand - protein
complex. We believe that this multiple approach can offer an
efficient procedure for the unraveling of ligand - protein binding
and drug design whenever the chemical features of the ligand
are misrepresented by conventional force fields. Our results are
evidence of the dynamic nature of ligand - protein binding and
also signal a warning about the use of conventional or
inconsistently modified force fields. Therefore, other steroid/
nuclear receptor LBDs might have to be reconsidered,!*-?"! even
when structural data are not as puzzling as in the case of
progesterone.

Methods Section

MD simulations were carried out with the GROMOS96 code by using
the GROMOS force field parametrization (version 43A1)1'% for the
receptor and the SPC model?? for the explicit water molecules. The
system consisted of progesterone (23 atoms), the receptor LBD
(2586 atoms), and 10736 explicit water molecules. After the initial
energy minimization, the system was equilibrated by performing a
10-ps MD simulation at constant volume with position constraints for
the solute, followed by 10 ps at constant pressure. Afterwards, the
solute was allowed to move freely, and the temperature was slowly
raised from 50 K to 300 K, in intervals of 5-ps simulations. When the
temperature had reached 300K, a further 30-ps MD run at constant
temperature and pressure was carried out. After this equilibration
phase, the production run was started. This equilibration process
corrects the gross problems found in the initial structure.® For each
system considered, the total production simulation times ranged
between 2 and 2.7 ns. The entire procedure was carried out for each
series of simulations. Periodic boundary conditions were applied.
Nonbonded interactions were evaluated by using the twin-range
cut-off method. Electrostatic interactions beyond 1.4 nm were
approximated with a Poisson —Boltzmann generalized reaction field
term.

Ab initio calculations?? were based on DFT'? with gradient-
corrected functionals (BLYP; Becke approximation for the ex-
change;?¥ Lee - Yang - Parr approximation for the correlation®).

The GROMOS96 effective charges for the conjugated keto group at
the O3 end of the ligand were replaced by those obtained from best
fitting of the ab initio electrostatic potential and restrained to the
GROMOS96 range of values.'” We applied the fitting procedure
developed by Kollman's group?® and conveniently modified it to
include both a loose set of parabolic restraints and a stiff set. The
latter set kept the charges of the chemical groups for which a specific
parametrization was available in the GROMOS force field essentially
unchanged, whereas the former set allowed the charge to reorganize
in the O3 region without perturbing the internal Coulomb-van -
der Waals consistency of the force field in an uncontrolled fashion.

We also performed DFT-BLYP calculations to provide the reference
energy profile to which we fitted the new torsional potential at the
020 end, as explained in the text. We verified that the positions of
the minima were fully consistent with the values observed in crystal
structures, circular dichroism, infrared, and nuclear magnetic reso-
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nance solution spectra of pregnanes with a keto substituent at
C20.27

Further details of the calculations: Bond lengths for the bonds
involving hydrogen atoms were constrained by the SHAKE algorithm
with a relative tolerance of 10~#; MD runs were at constant (room)
temperature and constant pressure; runs used a 1-fs time step; a 1-ns
simulation took 14 days on a 2-processor Linux node. We calculated
the electronic structure of a few configurations (around 450 atoms in
the quantum subsystem) and derived the ELFU'! with a newly
developed quantum - classical scheme (CPMD/GROMOS).!

We are grateful to Professor Wilfred F. van Gunsteren for his critical
reading of the manuscript and his valuable suggestions for
improvement. We also wish to thank the referees of our manuscript
for their constructive suggestions.
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NMR Structure of the Single QALGGH Zinc
Finger Domain from the Arabidopsis thaliana

SUPERMAN Protein
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Zinc finger domains of the classical type represent the most
abundant DNA binding domains in eukaryotic transcription
factors. Plant proteins contain from one to four zinc finger
domains, which are characterized by high conservation of the
sequence QALGGH, shown to be critical for DNA-binding activity.
The Arabidopsis thaliana SUPERMAN protein, which contains a
single QALGGH zinc finger, is necessary for proper spatial develop-
ment of reproductive floral tissues and has been shown to
specifically bind to DNA. Here, we report the synthesis and UV
and NMR spectroscopic structural characterization of a 37 amino
acid SUPERMAN region complexed to a Zn** ion (Zn-SUP37) and
present the first high-resolution structure of a classical zinc finger
domain from a plant protein. The NMR structure of the SUPERMAN
zinc finger domain consists of a very well-defined [fa motif,
typical of all other Cys,-His, zinc fingers structurally characterized.

Introduction

The zinc finger is one of the major structural motifs involved in
eukaryotic protein-nucleic-acid interaction."? Several zinc
finger families differing in secondary structure, metal coordina-
tion, and modularity have been identified.®! Zinc finger domains
of the classical type (also named Cys,-His,), which were first
discovered in the Xenopus transcription factor IlIA (TFIIA),%
represent the most abundant DNA binding domains in eukary-
otic transcription factors and are characterized by the consensus
sequence (Phe, Tyr)-X-Cys-X,_s-Cys-X;-(Phe, Tyr)-Xs-1-X,-His-X5_s-
His, where X represents any amino acid and ¥ is a hydrophobic
residue. The three-dimensional structures of the Cys,-His, zinc
finger domains described so far consist of two antiparallel (3
strands faced by an a helix (Bfa motif); the cysteine and
histidine side chains coordinate a zinc ion with a tetrahedral
geometry and the other three conserved residues are packed to
form a hydrophobic core.” Solution and solid-state structural
studies have revealed that the a helix makes contact with the
major groove of DNA.® 7 Typically, more than one zinc finger
binds contiguous sets of target DNA triplets and the fingers are
separated by short spacers of seven amino acids, known as HC
links. However, it was recently shown that the single zinc finger
domain of the Drosophila GAGA factor, if preceded by two highly
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As a consequence, the highly conserved QALGGH sequence is
located at the N terminus of the a helix. This region of the domain
of animal zinc finger proteins consists of hypervariable residues
that are responsible for recognizing the DNA bases. Therefore, we
propose a peculiar DNA recognition code for the QALGGH zinc
finger domain that includes all or some of the amino acid residues
at positions — 1, 2, and 3 (numbered relative to the N terminus of
the helix) and possibly others at the C-terminal end of the
recognition helix. This study further confirms that the zinc finger
domain, though very simple, is an extremely versatile DNA binding
motif.

KEYWORDS:

DNA recognition -
- SUPERMAN

NMR spectroscopy - structure elucidation
- zinc finger domain

basic regions, is sufficient for high-affinity specific DNA bind-
ing.&

The first TFIIIA-type zinc finger found in plants was that in the
DNA-binding protein EPF1 of Petunia.'® More than 80 plant
genes encoding proteins containing Cys,-His, zinc finger
domains have been reported and the DNA-binding activities of
some multiple-zinc-finger proteins that belong to the EPF family
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from Petunia have been characterized." These plant proteins
contain from one to four zinc fingers and they differ from their
counterparts in eukaryotic organisms by two remarkable
structural features. The first feature is the spacer between
consecutive fingers, which in plants is of different lengths and
usually much longer than in animals. The other structural
difference is the high degree of conservation of the sequence
QALGGH, which has been shown to be critical for DNA-binding
activity.'"? This conserved sequence is presumably located in the
putative DNA binding helix, which is, in contrast, constituted of
hypervariable residues in animal zinc finger proteins.' Remark-
ably, no high-resolution structure of the QALGGH plant zinc
finger motif is so far available in the literature.

In 1995, Sakai etall'¥ demonstrated that the Arabidopsis
thaliana SUPERMAN protein is necessary for the proper spatial
development of reproductive floral tissues. In fact, recessive
mutations of the SUPERMAN gene cause extra stamens to form
within the normal third whorl stamens at the expense of fourth
whorl carpel development. The open reading frame of the
SUPERMAN gene encodes a protein of 204 amino acids that
contains a single zinc finger domain with the highly conserved
QALGGH sequence. Carboxy-terminal to the SUPERMAN zinc
finger is a region rich in serine and proline residues, similar to the
proline-rich sequences present in the transcriptional activation
or repression regions of many Drosophila transcription fac-
tors.'* 51 Furthermore, a cluster of basic residues, which may act
as a nuclear localization signal, and a domain that contains two
overlapping leucine-zipper-like motifs are present at the C-ter-
minal end of the protein. All these protein motifs suggest that
SUPERMAN may act as a transcription factor. Indeed, we recently
demonstrated® that the Arabidopsis SUPERMAN protein is able
to specifically bind the DNA through its single Cys,-His, zinc
finger domain and two flanking basic regions.

In this paper we report the synthesis and UV and NMR
spectroscopic structural characterization of a 37 amino acid
SUPERMAN region, which represents the first high-resolution
structure of a classical zinc finger domain from a plant protein.
Analysis of the three-dimensional structure reveals that the DNA
recognition mechanism of classical plant zinc finger domains
significantly differs from that observed in animal counterparts.

Results
Sequence alignment and peptide synthesis

MultAlin software!'” was used to align the SUPERMAN sequence
with all the sequences of plant zinc finger proteins present in the
sequence databases (SWISS-PROT, TrEMBL, TrEMBL-new) that
show high conservation of the QALGGH sequence located
between the second cysteine and the first histidine residue of
the zinc finger domain. The alignment with plant proteins
containing a single QALGGH zinc finger is reported in Figure 1
and revealed the presence of a 37amino acid sequence
comprised of residues 42 -78 of the SUPERMAN protein that is
almost identical in five proteins and highly conserved in all the
proteins. This fragment, which contains the QALGGH zinc finger
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1 37

SUPERMAN WPPRSYTCSF CKREFRSAQA LGGHMNVHRR DRARLRL
Q9SLB8 WPPKNYTCSF CRREFRSAQA LGGHMNVHRR DRAKLRQ
080942 WPPRSYTCSF CRREFKSAQA LGGHMNVHRR DRARLKQ
Q9LHS9 WPPRSYSCSF CGREFKSAQA LGGHMNVHRR DRARLKQ
023621 WPPRSYTCNF CRREFRSAQA LGGHMNVHRR DRASSRA
Q9SR34 NQSRSYVCSF CIRGFSNAQA LGGHMNIHRR DRAKLRQ
Q9M344 SQARPYICEF CERGFSNAQA LGGHMNIHRK DRAKLRQ
LIF HTTKSYECNF CKRGFSNAQA LGGHMNIHRK DKAKLKK
Q9FIY6 VTRRMYECTF CKRGFTNAQA LGGHMNIHRR DRLNKAK
Q9LTD6 ENRRTYDCDI CKRGFTNPQA LGGHNNIHRR ERERYPS
ZFP7 ANPRVFSCNY CRRKFYSSQA LGGHQNAHKR ERTMAKR
ZFP1 ADPRVFSCNY CQRKFYSSQA LGGHQNAHKR ERTLAKR
ZFP4 VSKRVEFSCNY CQRKFYSSQA LGGHQNAHKR ERTLAKR
ZFP2 EQPRVFSCNY CQRKFYSSQA LGGHQNAHKL ERTLAKK
ZFP3 TEQKLFSCNY CQRTFYSSQA LGGHQNAHKR ERTLAKR
Q9LEU3 TEQKLFSCNY CQRTFYSSQA LGGHQNAHKR ERTLAKR
Q9FKA9 SSLRIFPCLF CSRKFHSSQA LGGHQNAHKK ERTAARR
Q9FFX4 ASHRLFPCQY CPRKEFYTSQA LGGHQNAHKR ERAAARR
Q9LZWO AKARVFACTF CKKEFSTSQA LGGHQNAHKQ ERSLAKR
Q9C9H1 GGERKYECQY CCREFGNSQA LGGHQNAHKK ERQQLKR
Q943S6 GDGRRYECQY CCREFANSQA LGGHQNAHKK ERQQLKR
ZFP6 SESRKYECQY CCREFANSQA LGGHQNAHKK ERQLLKR
ZFP5 TVMKRHECQY CGKEFANSQA LGGHQNAHKK ERLKKKR
P93751 NNNRRFECHY CFRNFPTSQA LGGHQNAHKR ERQHAKR
ZFP8 SNNRRFECHY CFRNFPTSQA LGGHQNAHKR ERQHAKR
Q9M2P1 SHNRRFECHY CFRNFPTSQA LGGHQNAHKR ERQLAKR
Q9FGO5 NKEKRFKCHY CFRNFPTSQA LGGHQNAHKR ERQQTKR
Q9FF62 IENPIYKCKY CPRKFDKTQA LGGHQNAHRK EREVEKQ
Q9LG97 EAGKVYECRF CSLKFCKSQA LGGHMNRHRQ ERETETL
Q9LIAY9 QSKSSHKCKI CGKSFECYQA LGGHQRIHRP IKEKLKR
Consensus ...r.y.C.. C.r.F..sQA LGGHgNaHr. #r...kr

Figure 1. Sequence alignment of SUP37 with the proteins present in the

databases that contain a single QALGGH zinc finger domain. Where the protein
name is not properly given in the database, the entry name is reported. All the
proteins are from Arabidopsis thaliana, with the exception of LIF, which is from
Petunia, and of Q9LG97 and Q943S6, which are from Oryza sativa. In the
consensus sequence, amino acids conserved in more than 90 % of the sequences
are indicated with capital letters, amino acids conserved in more than 50 % are
indicated with small letters, and # indicates the conservation of any of the
following amino acids: Asn, Asp, GIn, Glu.

domain and a C-terminal region rich in basic residues, was
therefore selected for the structural determination.

The peptide (termed SUP37 hereafter) was synthesized by the
solid-phase method with standard 9-fluorenylmethoxycarbonyl
(Fmoc) chemistry, with the N and Ctermini acetylated and
amidated, respectively. SUP37 was cleaved from the resin by
treatment with trifluoroacetic acid (TFA) and purified by
reversed-phase high-performance liquid cromatography (RP-
HPLC) in the presence of dithiothreitol (DTT) to obtain the
product in the reduced form. The purity and identity of the
product were confirmed by means of analytical RP-HPLC and
MALDI-TOF mass spectrometry.

The zinc ion was then added to the peptide as previously
reported,” to form the complex (Zn - SUP37). Successful folding
of the zinc finger motif was demonstrated by NMR spectroscopy.

UV/Vis experiments

The interaction between a Co" species and the peptide was
studied by a UV/Vis quantitative titration to probe the metal-
binding properties of SUP37.'"® A series of UV spectra were
acquired for samples containing Co'/peptide at a ratio of 0.1-
2.0 at pH 6.4.
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NMR Structure of the SUPERMAN Single QALGGH Zinc Finger

The cobalt binding affinity of SUP37 was investigated by
following the increase in intensity of the thiolate-to-metal
charge transfer absorbance band at 290 nm. To estimate the
dissociation constant of the cobalt-SUP37 complex, the ab-
sorbance at 290 nm (A in the following equation) was collected
and the fractional saturation values (f,c,) were calculated. The
foco values obtained were fitted by the following binding
isotherm™ (Figure 2):

where fc, is the fractional saturation; A, and A, are the
absorbance values in the absence and in the presence of
3 equivalents zinc, respectively; [Col,, is the total cobalt
concentration; [Zn], is the total concentration of zinc added;
KS° and K3" are the dissociation constants of the cobalt - peptide
complex and zinc - peptide complex, respectively. The K3" value
obtained was 2.17 x 10°8m. These K$° and K%" values are
comparable to those obtained for
other naturally occurring zinc bind-

F A A

Kgo + [P]tot + [Co]tot - \/([P](ot + [Co}to( + Kgo)z - 4[P]tot[co]tot

ing domains.2% 2"

pCo

Amax - AO Z[P}

tot
where f,, is the fractional saturation; A, and A, are the
absorbance values in the absence and in the presence of
2.0 equivalents cobalt, respectively; [Co],, is the total concen-
tration of cobalt added; [P, is the total concentration of the
peptide to be titrated and K$° is the dissociation constant of the
cobalt - peptide complex. A dissociation constant, K$°, of 5.59 x
10~7m was obtained.

Resonance assignment, collection of conformational
constraints, and structure determination of Zn-SUP37

Sequence-specific backbone assignment of Zn-SUP37 was
obtained on the basis of sequential NOE connectivities??
established by an accurate analysis of 2D ['H,"H]-NOESY,?¥! 2D
['H,"H]-DQFCOSY,** and 2D ['H,'H]-CleanTOCSY™?*! spectra ac-
quired by using a sample dissolved in 90% H,0O/
10% 2H,0. The chemical shifts of the a and f
protons provided the starting point for the
complete 'H assignment of all CH, moieties in
aliphatic and aromatic side chains, which was
obtained by using 2D-['H,'H]-CleanTOCSY, 2D
['H,"H]-NOESY, and 2D ['H,'H]-DQFCOSY spectra
recorded with a sample dissolved in pure 2H,0.
Stereospecific assignments for 2 x aCH,, 8 x
pCH,, and the methyl groups of Leu21 and
Val27 were obtained with the DYANA software.
Comparison with the so-called fingerprint

chemical shifts for zinc fingers, reported by Lee

etal. in 199229 provides a valuable tool for
preliminary structure identification. These authors
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examined the proton chemical shifts of several
zinc fingers and identified fixed positions in the
sequence that show primary-structure-independ-
ent variations in the chemical shifts, mostly due to

T T T 1

Figure 2. Titration of SUP37 with CoCl, monitored by recording the absorbance at 290 nm. The
cobalt fractional saturation f,c, is plotted against the total cobalt concentration. The fit of the data to
the equation given in the text is shown. The inset shows the titration of the SUP37 - Co(i) complex
with a Zn(1) species, monitored by the decrease of the absorbance at 290 nm. The solid line shows a
fit of the data assuming simple competition between Co(i) and Zn(i) species for binding to the
peptide. The dissociation constant for the SUP37 - Co(i) complex was recorded as 5.59 x 107 m.

ring current effects. This highly conserved pattern
observed for Cys,-His, classical zinc fingers has
been proposed as a clear marker of the character-
istic pPa fold of this structural motif.2%?7 In
Table 1, '"H NMR chemical shifts of Zn-SUP37 key

The affinity of SUP37 for Zn" ions could be determined by
competition with cobalt because of the ability of this ion to
displace cobalt from the complex. Titration of the SUP37 - cobalt
complex with zinc in the presence of 2.0 equivalents cobalt
induces a decrease in the absorption band at 290 nm (A in the
following equation). The K%' was obtained by fitting the
collected data with the following equation (Figure 2, inset):

AX - Amax (KS"[P] + Kﬁn [Co]tot + Kgo[zn]tot

tot

- Kgo[PLot)

residues are listed together with the calculated
differences, Oeyperim — Orandom il With respect to random coil
chemical shifts®?? and the variability ranges gathered by Lee. It is
worth noting that the Zn—SUP37 Oeperim — Orandom coil Values lie
within the typical ranges of the classical zinc finger domains, and
in the case of Phe15 H, Leu21 H,,, and His28 Hy the upfield shifts
are even more pronounced. This analysis indicates, therefore,
that the SUP37 peptide should assume the typical ffa fold of a
classical zinc finger domain.
Conformational constraints were ob-

fo. = —
P A, — A 2[P], (K3 — KS)

max

tained from NOE-derived upper-limit distan-

\/(Kén [P}tot + Ktzin [Co]tot + Ktcio [Zn}tot - KCCJO[P}rot)Z - 4[P]tor(K§n - Kgo)Kén[Co}tot

ces and from 15 scalar spin-spin coupling

2Pl (KE — KS")

tot (
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constants (Figure 3). Of the total of 516 NOE
cross-peaks assigned, 456 resulted from the
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Table 1. Classical zinc finger key conserved 'H chemical shifts observed for
Zn-SUP37 and their differences from the values for a random coil
conformation??.
Residue Proton Chemical Oexperim — Orandom coil  Variability
shift [oppm]  [ppm] range® [ppm]
Phe10 Hy 8.95 0.72 +0.49/+1.65
Glu14 H, 4.80 0.51 —0.35/+0.63
Phel5 H; 5.95 —1.39 —1.26/ —0.68
Ala18 H, 335 —1.00 —1.43/4+0.10
Leu21 Hy 7.35 —1.07 —1.57/—-0.58
H, 3.12 —~1.26 —1.21/40.01
His28 Hy 6.95 —1.46 —1.37/-0.78
H, 4.57 —0.06 —0.25/+0.63
Hs 6.77 —0.37 —0.83/-0.55

10 20 30
WPPRSYTCSFCKREFRSAQALGGHMNVHRRDRARLRL

NH exchange A A A A AA AA A
dnn(i,i+1)

Table 2. Input for the structure calculation and characterization of the energy-
minimized NMR structures of the Zn-SUP37 peptide.

Quantity Value

NOE upper distance limits 338

Dihedral angle constraints 123

Residual target function [A%] 1.02+0.01
Residual NOE violations

Number > 0.1 A 141
Maximum [A] 0.2240.08
Residual angle violations

Number > 2.0° 241
Maximum [°] 7.0+0.5
AMBER energies [KJ/mol]

Total — 2404 +41
van der Waals —835+21
Electrostatic —21714+36
RMSD of the mean coordinates [A]

N, Ca, C' (5-28) 0.097 +0.020
N, Ca, C' (5-28) plus zinc coordinating side chains (8, 11, 24, 28) 0.084 +0.018
N, Ca, C' (5-28) plus 8, 10, 11, 15, 21, 24, 28 residue side chains 0.60 +0.13
All heavy atoms (5-28) 0.74+0.16

dan(i,i+1)
dpn(iyi+1)
dyn(i,i+2)
dan(i,i+2)
dpn(i,i+3)
dap(i,i+3)
dn(i,i+4)

+13>
$Jhna(H2)
0

-

Figure 3. Summary of short- and medium-range NOEs involving the Hy, H,,
and Hjg protons of Zn-SUP37. Evaluations of *),yy, coupling constants and the
slowly exchanging amide protons are also reported. The secondary structure
elements are indicated.

2D ['H,"H]-NOESY spectrum (acquired with a mixing time of
100 ms) obtained from the sample dissolved in 90% H,0/10%
2H,0, and 60 from the 2D ['H,"H]-NOESY spectrum (mixing time
of 100 ms) recorded with the sample in pure ?H,0. The final input
for the torsion angle dynamics program DYANAR®! for calculation
of the structure of Zn-SUP37 consisted of 338 upper distance
constraints (90 intraresidual, 83 sequential, 83 medium range,
and 82long range, according to DYANA definitions) and
123 dihedral angle constraints, which were derived from intra-
residue and sequential NOEs and J couplings by using the
program DYANA. No hydrogen bonding constraints were used in
the calculations.

Among one hundred calculated structures, the twenty with
the lowest target function were selected and subjected to
further energy minimization. The small size and small number of
residual violations indicate that the input data set is self-
consistent and show that the constraints are well satisfied by the
structures obtained (Table 2). Analysis of the calculated struc-
tures, for residues 1-29 with the PROCHECK-NMR program?”!
revealed that 98.1% of backbone ¢/ pairs lie within the most
favoured or additional favoured allowed regions of the Ram-
achandran plot. Data concerning hydrogen bonds are reported
in Table 3.
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Table 3. Hydrogen bond distances and angles derived from the 20 energy-

minimized structures of Zn-SUP37.

Location Donor - Acceptor H-0O distance  N-H"O Angle

[A] |

N-terminal region  Arg4 Hy-Pro2 O 20+0.2 154+8

B hairpin Tyr6 Hy-Phe15 O 23404 150+ 8
Thr7 Hy-Arg13 0 26+04 147 +£8
Cys8 Hy-Arg13 O 22+0.2 153+4
Phe10 Hy-Cys8 Sy 24403 153+15
Phe10 Hy-Cys8 O 26+0.2 139+9
Cys11 Hy-Cys8 Sy 2.8+0.1 161+£5
Lys12 Hy-Cys8 O 25+0.1 13242
Arg13 Hy-Cys11 Sy  2.8+0.2 150+9
Phe15 Hy-Tyr6 O 1.8£0.1 177 £2

a helix Ala20 Hy-Ser17 O 22402 149+ 8
Leu21 Hy-Ser17 O 24+04 152422
Leu21 Hy-Ala18 O 23+03 147 +16
Gly22 Hy-Ala18 O 20+0.2 171+8
Gly23 Hy-GIn19 O 26+03 165+8
His24 Hy - Ala20 O 24+03 142+ 4
His24 Hy-Leu21 O 22+0.1 145+2
Met25 Hy-Leu21 O 2.2+0.1 167 +2
Asn26 Hy-Gly22 O 25+0.2 161+6
Asn26 Hy-Gly23 O 26+0.1 135+4
Val27 Hy-Gly23 O 26+0.1 15745
Val27 Hy-His24 O 27402 136+6
His28 Hy—His24 O 28+0.1 155+1
His28 Hy-Met250 23 +04 147 +£11
Arg29 Hy-Met250  2.0+0.2 162+13
Arg29 Hy-Val27 O 22+0.2 143+13

The NMR structure of Zn-SUP37

The NMR structure of Zn-SUP37 (Figure 4) consists of a very
well-defined core region (residues 5-28), a less-ordered N-ter-
minal end (residues 1-4), and a highly disordered basic tail
(residues 29-37). Figure 5 shows a ribbon diagram of a repre-
sentative structure. The overall fold of the QALGGH zinc finger
domain from the SUPERMAN protein is very similar to the
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NMR Structure of the SUPERMAN Single QALGGH Zinc Finger

Figure 4. Superposition of the 20 energy-minimized conformers of Zn—SUP37
used to obtain the minimal root mean square deviation (RMSD) of the backbone
heavy atoms of residues 5-28. The polypeptide backbone and the side chains
of Tyr6, Cys8, Phel0, Cys11, Phel5, Leu21, His24, and His28 are shown. The
B-sheet region is shown in cyan, the a-helical region in red, and the segments
1-4 and 29-37 in grey; the coordinating side chains are depicted in magenta,
the hydrophobic side chains in yellow, and the zinc ion in blue.

classical zinc finger domains that have been structurally
characterized (Table 4); the structure includes two successive
short § strands composed of residues 6 -7 and 13- 14 that form
a P sheet, which is packed against the subsequent o helix
composed of residues 18 -28. The f§ sheet and the a helix are
held together by the zinc ion and by a small

hydrophobic core constituted of the side chains of

Figure 5. Ribbon drawing of one of the 20 energy-minimized conformers of
Zn-SUP37 used to represent the NMR structure. Side-chain conformations of
Ser17, GIn19, Ala20, Asn26, Val27, and Arg29 of Zn-SUP37 are also shown.

The helix is essentially in o conformation and includes entirely
the highly conserved sequence QALGGH. Remarkably, two
glycine residues occupy the helix positions +5 and +6, a
feature not yet found in any zinc finger domain high-resolution
structure. The C terminus of the a helix comprises the Arg29 Hy

the conserved re.SIdue.S Tyr6, Phe15, and Leu2.1, which Table 4. Comparison of one representative conformer of Zn-SUP37 with the natural zinc
are very well-defined in the NMR structure (Figure 4). finger domains structurally characterized that have only two amino acids between the two
Interestingly, the well-ordered side chain of Phe10 cysteine residues (C-X-X-C in the sequence).’”
stacks against the aromatic ring of His28 and protects
) 9 o A 9 P Protein PDB Code®  Technique  RMSD [A]
the zinc coordination site from solvent exposure
: GAGA complexed to DNA®! 1YUJ NMR 1.44
(Figure 4). e
. Tramtrack first finger complexed to DNAM! 2DRP X-ray 1.15
Several hydrogen bonds connect the first 3 strand Tramtrack second finger complexed to DNA#¢!  2DRP X-ray 1.34
with the second (see Table 3). Additional hydrogen ADR1 first finger®”! 2ADR NMR 0.96
bonds are found from Phe10 Hy to Cys8 S, and from | ADR1 second finger” 2ADR NMR 113
) I EPB“® 4ZNF NMR 127
Arg13 Hy to Cys11 S,; these interactions form the ) ) ’
Y B Zif268 second finger complexed to DNA# 1AAY X-ray 127
well-known “knuckle” structure common to many | 7it¢g third finger complexed to DNA®! 1AAY X-ray 143
classical zinc finger domains.®! The slow proton/ Xfin316501 1ZNF NMR 1.23
deuterium exchange of Tyr6, Cys8, Phe10, and Phe15 | YY1 second finger complexed to DNA®Y 1UBD X-Ray 1.32
. . X - ZFYb2 5ZNF X-Ray 1.34
amide protons (Figure 3) confirms their involvement
in hydrogen bonds with the Phel5 and Argi13 [a] The RMSD values refer to the superposition of the backbone atoms of Zn-SUP37
carbonyl oxygen, Cys8 sulphur, and Tyr6 carbonyl residues 5-28 with those of the corresponding residues of each zinc finger domain.
' . ' [b] PDB = Protein Data Bank.
oxygen atoms, respectlvely.
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atom, which is, in half of the structures, hydrogen bonded to the
Met25 carbonyl oxygen atom. A detailed analysis of the
hydrogen-bond interactions (see Table 3 and Figure 3) under-
lines some 3,, character in the turn comprising the two zinc-
coordinating histidine residues. This feature is often observed
when the fingers have an H-X;-H sequence pattern.

The N terminus (residues1-4) of Zn-SUP37, although
relatively disordered, tends to fold into a turned conformation
(Figure 4) and we could argue that this folding results in a more
ordered structural element within the whole SUPERMAN protein.

In Table 4, the structure of Zn-SUP37 is compared with those
of the classical zinc finger domains, which contain the —C—X,—C—
moiety (see the consensus sequence) in the { hairpin. The
tertiary fold of Zn— SUP37 is generally very similar to the selected
domains, especially when compared to the structures of zinc
finger domains, which are not complexed to DNA.

Discussion

More than 80 plant genes have been reported containing one,
two, three, or four Cys,-His, zinc finger domains. Zinc fingers in
plant proteins are characterized by spacers of very different
lengths between adjacent fingers (with a range of 19-65 amino
acids) and a highly conserved QALGGH sequence.™ These two
important features strongly distinguish plant zinc fingers from
their counterparts in other eukaryotes. In animal proteins, the
spacer between successive zinc finger domains is mostly short
and of invariant length, and includes the sequence TGEKP in
about half of the known Cys,-His, zinc finger proteins.2 This
common structural feature allows the recognition of contiguous
sets of three DNA base pairs, with each triplet recognized by one
finger. Conversely, it has been demonstrated that the two-
fingered ZPT-2 protein from Petunia, which has a spacer of
44 amino acids, binds to two separate DNA triplet core sites and
that each finger makes a specific contact solely with one site; the
protein binds with the highest affinity when the target sites are
spaced by 10 base pairs."” Furthermore, the base determinant
positions of TFIIIA-type zinc finger proteins in animals lie in the
a-helical region and are hypervariable in their amino acid
composition in order to allow recognition of a large number of
possible DNA triplets.® In striking contrast, almost all the
classical zinc finger domains from plant proteins so far reported
include the highly conserved QALGGH sequence.?? These
important features make the structural characterization of the
QALGGH Cys,-His, zinc finger domain a first essential step to fully
understanding the DNA recognition mechanism used by these
proteins.

We have focused our attention upon the SUPERMAN protein
of Arabidopsis thaliana, which comprises a single QALGGH zinc
finger domain and was found to play a role in maintaining the
Arabidopsis floral whorl boundaries. Recently, we reported!"® that
a 64-residue fragment of SUPERMAN comprised of the residues
in the region 15-78 and containing the single zinc finger
domain and two extra N- and C- terminal basic regions, is able to
specifically bind a 20 base pair DNA sequence. However, smaller
fragments of the protein that lack any of the basic regions do not
bind DNA with high affinity. In this paper we report the synthesis,
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UV/Vis characterization, and NMR spectroscopy solution struc-
ture of Zn-SUP37, a smaller fragment of SUPERMAN that
includes the QALGGH zinc finger domain and only the C-terminal
basic region, and thus provide a structural description of this
particular DNA-binding zinc finger domain. Though Zn-SUP37
lacks the N-terminal basic region and fails to display specific
high-affinity DNA binding (data not shown), nonetheless this
SUPERMAN region is structurally of a great interest since it
includes the zinc finger motif and the C-terminal basic extension,
which are involved in the recognition of DNA by the SUPERMAN
protein.l's! Moreover, the high degree of conservation of the zinc
finger domain sequence in plant zinc finger proteins makes it
possible to extend the structural features presented in this paper
to the other QALGGH zinc-finger-containing proteins.

UV/Vis data and structure calculation based on the NMR data
confirmed that two cysteine sulphur and two histidine N,
nitrogen atoms tetrahedrally coordinate the zinc ion in Zn-
SUP37. The measured values of the Co-SUP37 and Zn-SUP37
dissociation constants (5.59 x 10~’m and 2.17 x 1078w, respec-
tively) are within the range typical for zinc finger domains.

The global fold of the domain is essentially identical to all the
other Cys,-His, zinc fingers structurally characterized so far
(Figure 4 and 5, Table 4). In particular, the ffa motif is preserved,
along with the knuckle structure in the (3 hairpin; the small
hydrophobic core between the a helix and 3 sheet consists of
the side chains of the conserved residues Tyr6, Phel5, Leu21.
These structural features are additionally validated by the
analysis of Zn-SUP37 key conserved 'H chemical shifts (Table 1),
which lie within the ranges typical for zinc finger domains. The
structural features cause the QALGGH sequence, highly con-
served in plant zinc finger proteins, to be located at the
N terminus of the o helix (Figure6). Moreover, the basic
C-terminal tail, demonstrated to be critical for high-affinity
binding to DNA,"® appears to be largely disordered in solution
and presumably adopts a more rigid conformation when bound
to the DNA.

Hypotheses for QALGGH zinc finger DNA recognition

In the animal zinc-finger - DNA complexes solved so far, specific
recognition of the target site by the protein is achieved by
contacts between the helix of each finger and the major groove
of the DNA.B3 All the structural and functional studies con-
ducted on animal zinc finger proteins interacting with DNA led
to the proposal of a generalized consensus zinc finger recog-
nition code in which three of the four residues at positions — 1,
+2, +3, and +6 (numbered relative to the N terminus of the
helix) recognize the third, the second, and the first base of a DNA
triplet (reading the DNA sequence in the 5’ to 3'direction). In
particular, in the case of the GAGA DNA binding domain, whose
structure complexed with DNA is the only high-resolution
characterization of a natural single Cys,-His, zinc finger bound to
its target sequence, the three amino acid residues of the finger
that specifically make contacts with the DNA bases (Arg47,
Asn48, and Arg51) occupy the helix positions 42, +3, and +6,
respectively.
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Figure 6. Location of the QALGGH sequence with respect to the tertiary fold of
Zn-SUP37. The side chains of GIn19, Ala20, Leu21, His24, and H, protons of
Gly22 and Gly23 are shown in yellow. The 3-sheet region is depicted in cyan, the
a-helical region in red.

Indeed, in Zn-SUP37 the QALGGH sequence occupies
positions 2-7 of the helix, that is, it includes all the three
residues (+2, + 3, and +6) corresponding to the base determi-
nant positions in the GAGA DNA complex. In SUPERMAN,
position 2 is occupied by a glutamine residue, position 3 by an
alanine, and position6 by a glycine residue. Even though
glutamine and more infrequently alanine residues are reported
to act as base determinants,*¥ a glycine residue could hardly be
involved in base-specific DNA contacts. This observation sug-
gests that SUPERMAN uses residues present in different
positions with respect to the GAGA factor to recognize DNA. It
must be noted that in GAGA no apolar amino acid residues are
involved in the base recognition, and two of the base-contacting
residues are charged and basic.

Position — 1 in Zn-SUP37 is occupied by serine 17, whose
side chain has already been shown to specifically contact DNA.©!
Thus, residues Ser17, GIn19, and Ala20, which correspond to
positions — 1, 2, and 3 with respect to the a helix, could act as
base determinants in the interaction of SUPERMAN with the DNA
in a noncanonical docking arrangement,® and recognize the
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third, second, and first base of the DNA triplet, respectively. This
recognition hypothesis is supported by the recent paper by
Takatsuj and co-workers,3" in which the authors found that the
two fingers in a double QALGGH zinc finger protein from Petunia
(ZPT2-2) bind to two different DNA sequences. The most
favorable binding site found for the N-terminal zinc finger
includes the AGC sequence, while that for the C-terminal finger
comprises the AGT triplet. Interestingly, the two zinc finger
domains differ at position — 1 with respect to the a helix (they
have a serine and a threonine residue, respectively), while
positions2 and 3 of both the fingers are occupied by the
glutamine and alanine residues of the QALGGH sequence,
respectively. Consequently, the above proposed recognition
mechanism could explain the diverse optimal binding DNA
sequences for the two zinc finger domains as a result of the
difference in one of the three putative base determinant
residues. In Figure 5, the conformation of Ser17, GIn19, and
Ala20 (positions — 1, +2, and + 3, respectively) is shown with
respect to the zinc finger folding. As is clearly evident, the Ser17
and GIn19 side chains are largely solvent exposed and in
principle available for a specific interaction with DNA bases.
Conversely, the Ala20 side chain is partly folded towards the
small hydrophobic core present between the a helix and the 3
hairpin and would need a big conformational change to form
proper contacts with a DNA base. For Gly23 (Figure 6), which
lacks a side chain, we can imagine a sort of passive role in DNA
recognition in which its presence allows the nucleic acid to
closely approach the a helix.

Alternatively, we could assume that SUPERMAN binds DNA in
a more peculiar manner, significantly different from binding
observed in the zinc finger DNA complexes characterized so far.
In this case, some of the base determinant residues might lie in
the C terminus of the o helix. Indeed, previous experiments
indicate that helix position 10 is base determinant in EPF2-5
and EPF2-7, two double QALGGH zinc finger proteins from
Petunia.® In Zn - SUP37, this position is taken by Val27, which is
partially folded towards the 8 sheet and, as in the case of Ala20,
capable of freely contacting a DNA base only if DNA binding
causes a side chain conformational change. On the contrary, the
side chain of the preceding residue, Asn26, as well as that of the
residue just at the end of the helix, Arg29, is fully solvent
exposed (Figure5) and could readily form specific strong
interactions such as hydrogen bonds, with DNA bases. This
alternative recognition hypothesis would imply a very atypical
DNA -zinc-finger docking arrangement. Intriguingly, in such a
interaction mechanism, the presence of a couple of highly
conserved glycine residues within the a helix could provide the
conditions required for considerable a helix bending during
DNA binding.

In this paper we have presented the synthesis, UV/Vis
characterization, and NMR solution structure of a 37 amino acid
region (Zn-SUP37) of the SUPERMAN DNA binding protein,
which contains a single QALGGH zinc finger motif. The analysis
of the solution structure of Zn-SUP37, which is the first high-
resolution characterization of a classical zinc finger domain from
a plant protein, clearly establishes that the zinc finger motif in
plants recognizes the target DNA base pairs in a manner peculiar
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to plants. This consensus recognition code presumably includes
all or some of the amino acid residues at the helix positions — 1,
2, and 3, and possibly other positions at the C-terminal end of
the recognition helix. The structural details of SUP37 confirm
that the zinc finger domain, though very simple, is an extremely
versatile DNA binding motif and indicate that a complete
description of all the possible recognition codes used in DNA -
zinc-finger-domain interaction is still to be obtained.

Experimental Section

Peptide synthesis: SUP37 was synthesized on a MilliGen 9050
peptide synthesizer with 5-(4-N-Fmoc-aminomethyl-3,5-dimethoxy-
phenoxy)valeryl-polyethylene glycol-polystyrene (Fmoc-PAL-PEG-PS)
as the starting resin (substitution 0.195 mmolg~') in order to obtain a
C-amidated sequence. Glass beads were added to the resin at a ratio
of 1:1 (w/w) with the initial dry solid support to improve the swelling
properties.

The side chain protecting groups used were: Trp(tert-butyloxycar-
bonyl (Boc)), Arg(2,2,5,7,8-pentamethylchroman-6-sulfonyl), Ser(tri-
phenylmethyl (Trt), Tyr(tBu), Glu(OtBu), Cys(Trt), GIn(Trt), His(Trt),
Lys(Boc), Asp(OtBu), GIn(Trt), Thr(tBu), and Asp(OtBu). The synthesis
was carried out in the presence of a fourfold excess of amino acid at
every cycle and the residue was twice recirculated through the resin
for 1 h.

The N-a-amino acids were activated in situ according to the standard
1H-benzotriazol-1-yl-oxy-tris-pyrrolidino-phosphonium (PyBop)/N-hy-
droxybenzotriazole (HOBt) procedure® except in the case of the
difficult couplings of Pro36, Pro35, Arg34, Cys30, Arg25, Glu24, Ser21,
Ala20, GIn19, Ala18, Gly16, Gly15, Met13, His10, Arg9, Arg8, Arg4,
Arg2, for which the more effective O-(7-azabenzotriazol-1-yl)-1,1,3,3-
tetramethyluronium (HATU)/HOBt mixture was used.?” A final
acetylation step on the resin gave an N-acylated product. Cleavage
of the peptide from the resin was accomplished by treating the
peptidyl resin with a mixture of TFA and scavengers (TFA, thioanisole,
phenol, water, 1,2-ethanedithiol, and triisopropylsilane 81.5:5:5:5:2.5:1
v/v) for 4 h. The resin was filtered off and the crude peptide was
precipitated with diethyl ether, dissolved in water, and lyophilized.

The peptide was analyzed by RP-HPLC performed on a Shimadzu LC
instrument equipped with a diode array SPDM AV-10 and a SIL-10A
autosampler. A Phenomenex C;5 column (4.6 x 250 mm, 5 pm, 300 A)
was used and eluted with a H,0/0.1% TFA (A) and CH;CN/0.1% TFA
(B) linear gradient, from 5 to 70% B over 30 min, at 1 mLmin~' flow
rate. Analytical analysis by RP-HPLC showed a main peak at R,=
20.67, which corresponds to the desired product.

The crude peptide was reduced prior to purification by incubation at
60°C for 3 h in the presence of 10 equivalents DTT/cysteine residue
in phosphate buffer at pH 7. The peptide was purified on a Waters
Delta Prep 4000 HPLC equipped with a UV Waters Mod 441 detector
(Vydac C;g column 22 x 150 mm, 15 um, 300 A) by using the linear
gradient described above.

The collected fractions were lyophilized and analyzed by a MALDI-
TOF Perseptive spectrometer. The MALDI-TOF analysis of the samples
containing the peptide gave a molecular ion peak [M — H]* of 4502.8,
as was expected.

All Amino acids used were in L configuration. The amino acids and
HOBt were purchased from NovaBiochem; N,N-diisopropylethyl-
amine and TFA were from Applied BioSystems; piperidine, pyridine,
DTT and scavengers were from Fluka; HATU and Fmoc-PAL-PEG-PS
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resin from Primm. The solvents used in the synthesis, purification,
and characterization of the peptide were anhydrous and HPLC grade
and were supplied by LabScan Analytica.

UV/Vis studies: Optical absorption spectra were recorded with a UV/
Vis Jasco model 550 spectrophotometer from 800 to 200 nm at room
temperature and by using a cell with a 1-cm path length. The free
thiol concentration of SUP37 was measured before cobalt titration
with 5-5'-dithiobis (2-nitrobenzoic acid) to confirm that the peptide
was fully reduced throughout the experiment.3

The spectra were acquired in water containing 0.05% TFA, with the
pH value adjusted to 6.4 with NaOH. CoCl,, ZnCl,, and SUP37 peptide
stock solutions were prepared by dissolving a weighed amount of
the product in water containing 0.05% TFA. All TFA solutions were
degassed by bubbling with nitrogen for 30 minutes prior to use. The
peptide concentration was determined by using averaged extinction
coefficients at 280 nm of 1490m~"cm~" and 5500m~'cm~" for Tyr and
Trp, respectively.

For the cobalt titration experiment the peptide stock solution
(1.82x 10°m) was divided into nine samples (1 ml) to which
different sized aliquots of CoCl, (4.8 x 10~3m) solution were added
to give a Co™%/Sup37 ratio of up to 2.0. The pH value was slowly
raised to 6.4 with NaOH solution (0.1 m). The samples were lyophilized
and then resuspended in water (400 L) to give the final solutions
(4.61 x 10~°m). The absorbance at 290 nm was recorded and used to
calculate the cobalt binding affinity constant.

To estimate the zinc binding constant, the competition procedure
was used as a convenient indirect spectroscopic method for
monitoring the binding of zinc to the peptide. Titration of the
Co(1) -SUP37 complex with a Zn(i) species was carried out by the
addition of aliquots of ZnCl, solution (2.4 x 10—3m) to the sample
containing 2.0 Co*%/ 1.0 peptide to give a Zn*?/peptide ratio of up to
3.0. The decrease of the 290nm absorbance maximum was
monitored.

Preparation of NMR samples: The NMR samples of SUP37 and the
Zn-SUP37 complex were prepared according to the following
procedure: SUP37 (about 6 mg) was dissolved in H,O containing
0.05% TFA to give a final solution concentration of 1.5 x 10~*m; for
the preparation of the complex, ZnCl, was slowly added until a 1.1:1
ratio of Zn?* to SUP37 was obtained. For both samples, the pH value
was corrected with NaOH until a value of 6.4 was reached, then the
solutions were lyophilized. Finally, the samples were prepared by
dissolving SUP37 in H,0/2H,0 (9:1, 650 uL; Isotec Inc., USA) and Zn -
SUP37 in H,0/?H,0 (9:1, 650 pL) or neat 2H,0 (650 pL).

NMR spectroscopy: NMR experiments were carried out at the
Bioindustry Park del Canavese (Colleretto Giacosa Torino, Italy) on a
Bruker Avance 600 MHz spectrometer equipped with a triple axis-
PFG probe optimized for 'H detection and operating at 14 T, which
corresponds to a proton Larmor frequency of 600 MHz. The 2D
spectra were recorded by using the time-proportional phase-
incrementation method to obtain complex data points in the t,
dimension. Water suppression was achieved by means of presatura-
tion of the solvent line during the recycle delay (2.5 s) in the case of
2H,0 solutions or by means of the WATERGATE PFG“Y technique in
the case of H,0/?H,0 solutions.

The 2D-TOCSY™! experiments were recorded at 28 °C with a MLEV17
mixing scheme of 70 ms with 9 kHz spin-lock field strength (spectral
width 8000 Hz both along f; and f,, 2048 x 256 data points in
t, and t;, respectively, recycle delay 3's, 16 scans per t; increment).
The 2D-NOESY™! spectra, used to derive the geometric constraints,
were carried out at 28°C by the standard pulse sequence with a
mixing time of 100 ms (spectral width 8000 Hz along both f; and f,,
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4096 x 512 data points in t, and t;, respectively, recycle delay 3 s, and
72scans per t; increment). The 2D-DQFCOSY?* spectra were
obtained at 28°C (spectral width 8000 Hz along both f; and f,,
2048 x 650 data points in t, and t,;, respectively, recycle delay 2.5,
128 scans per t; increment). The data were typically apodized with a
square cosine window function and zero-filled to a matrix of size
4096 x 1024 prior to Fourier transformation and baseline correction.
Chemical shifts were referenced to external tetramethylsylane (6 =
0 ppm). The programs PROSA®!! and XEASY™? were used for data
processing and spectral analysis.

Determination of the amide protons exchange rates was performed
by dissolving a perfectly dried sample of Zn-SUP37 in pure 2H,0 and
recording a series of monodimensional 'H spectra at 28°C on a
Varian Inova spectrometer operating at 14T, 600 MHz for the 'H
nucleus, located at the Centre for Design and Structure in Biology
(CDSB) of Jena (Germany).

Determination of the three-dimensional structure: Experimental
distance restraints for structure calculations were derived from the
cross-peak intensities in NOESY spectra recorded in H,O and 2H,0.
NOESY cross-peaks were manually integrated by using the XEASY
software and converted to upper distance constraints according to
an inverse sixth power peak volume-to-distance relationship for the
backbone and an inverse fourth power function for side chains by
using the CALIBA module of the DYANA program.®® Distance
constraints together with 15 scalar coupling constants were then
used by the GRIDSEARCH module, implemented in DYANA, to
generate a set of allowable dihedral angles. Structure calculations,
which used the torsion angle dynamics protocol of DYANA, were
then started from 100 randomized conformers. The inspection of
these structures clearly identified the cysteine S, and the histidine N,
atoms as Zn?' ion binding ligands. Additional upper and lower
distance limits were successively inserted between the two cysteine
S, and the two histidine N, atoms to better restrain the tetrahedral
geometry. These limits were obtained from measurement of the
corresponding distances in the crystal structure of different zinc
fingers (Zif268 (PDB code 1ZAA), TFIIIA (PDB code 1TF6)).

The 20 structures with the lowest target functions were further
refined by unrestrained energy minimization with the GROMOS96
program.”¥! Several cycles of steepest descent®* were repeated until
the energy difference between two successive steps was less then
0.001 KJmol=". No zinc ion was included, and the zinc coordinating
residues were kept fixed during energy minimization. The obtained
structures were examined with the programs MOLMOL“! and
PROCHECK-NMR.?! The color figures were obtained by using the
program MOLMOL.

The complete assignment of the protein has been deposited at the
BioMagResBank under accession number 5342. The coordinates of
Zn-SUP37 (entry 1NJQ) have been deposited in the Protein Data
Bank.
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DMACM-Caged Adenosine Nucleotides:
Ultrafast Phototriggers for ATP, ADP, and AMP
Activated by Long-Wavelength Irradiation**

Daniel GeiB3ler,”? Wolfgang Kresse,®! Burkhard Wiesner, Jiirgen Bendig,
Helmut Kettenmann, and Volker Hagen*!!

The development of new photocleavable adenosine nucleotides
based on the photochemistry of [7-(dimethylamino)coumarin-4-
ylimethyl (DMACM) esters is described. The phototriggers liberate
adenosine triphosphate (ATP), diphosphate, and monophosphate
upon UV/Vis irradiation between 334 and 405 nm. The efficiency of
photocleavage at long wavelengths is high as a result of a
combination of appropriate quantum yields and intensive absorp-
tivities. By using time-resolved fluorescence spectroscopy, we
determined a lower limit of 1.6 x 10°s~" for the rate constant of
the release of ATP from DMACM-caged ATP. The favorable proper-

Introduction

Controlled temporal and spatial release of biomolecules from
photolabile precursors, known as “caged” molecules, has
become increasingly important in biological studies.! When
caged, a biomolecule is rendered biologically inactive by
derivatization with a photolabile protecting or caging group.
The caged form does not evoke biological responses when
applied. Flash photolysis with UV light cleaves the caging group
and generates the biologically active molecule. In this way, fast
jumps in the concentration of the biomolecule can be achieved
at a defined location.

Caged adenosine 5'-triphosphates (caged ATPs) are frequently
used caged biomolecules. The derivatives most commonly used
for protection of ATP are P3-(2-nitrobenzyl),? P3-[1-(2-nitrophe-
nyl)ethyl] (NPE),>4 or P3-[1-(4,5-dimethoxy-2-nitrophenyl)ethyl]
(DMNPE) esters®. However, the nitrophenylalkyl esters photo-
lyze relatively slowly and display rather low photoefficiencies
upon irradiation at 1 > 360 nm." The recently reported desoxy-
benzoinyl-caged (desyl-caged) ATPs”- and p-hydroxyphenacyl-
caged (pHP-caged) ATP® '@ seem to have more favorable
properties, but their small extinction coefficients at longer
wavelengths permit only small jumps in ATP concentration at
A>360nm, whilst short-wavelength light has poor tissue
penetration because of absorption by intra- and extracellular
chromophores in this region of the electromagnetic spectrum.
Furthermore, the use of desyl-caged ATPs is limited by their
sensitivity to solvolysis in aqueous buffer solutions.®” Caged
adenosine 5'-diphosphates (ADPs) and adenosine 5'-monophos-
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ties of DMACM-caged ATP were confirmed in physiological studies
by confocal laser scanning microscopy. We were able to uncage
DMACM-caged ATP in cultures of mouse astrocytes and in brain
tissue slices from mice and were also able to measure the effect of
photoreleased ATP on the cellular response of astrocytes, namely
the ability of the ATP to evoke Ca’* ion waves.

KEYWORDS:

astrocytes - calcium - nucleotides -

caged compounds -
protecting groups

phates (AMPs) have been introduced as the nitrophenylalkyl
derivatives.®! As in the case of the nitrophenylalkyl-caged ATPs,
these compounds have disadvantages that limit their applications.

We recently reported the use of [7-(dialkylamino)coumarin-4-
yllmethyl esters of adenosine 3',5-cyclic monophosphate
(cAMP) and guanosine 3',5'-cyclic monophosphate (cGMP) as
highly efficient, ultrafast phototriggers for cyclic nucleotides that
can be activated by long-wavelength radiation.!"" 2 With the aim
of developing better phototriggers for ATP, ADP, and AMP, we
have also applied the concept to the adenosine nucleotides.
Here we describe the synthesis and photochemical properties of
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DMACM-Caged Adenosine Nucleotides as Phototriggers

[7-(dimethylamino)coumarin-4-yllmethyl (DMACM) esters of ad-
enosine nucleotides as new phototriggers for ATP, ADP, and AMP.
The novel DMACM caging group shows an intensive absorption
maximum at around 400 nm and should, as in the case of caged
cyclic nucleotides, allow efficient photorelease of the adenosine
nucleotides at excitations between 330 and 440 nm.

We used cultured mouse astrocytes in combination with
confocal laser scanning microscopy (CLSM) to test the DMACM-
caged ATP 2 under physiological conditions. Astrocytes repre-
sent the largest cell population in the brain and are now
recognized, in concert with the neurons, as important elements
for signaling. Astrocytes are a subtype of glia and not only are
they important for normal brain function, but they also change
their properties in response to pathologic events related to, for
example, Alzheimer’s disease or stroke. It has recently become
evident that glial cells express a large repertoire of neuro-
transmitter receptors, and that purinergic receptors in particular
represent a common receptor system for all the glial cell types.
Purinergic receptors are an important prerequisite for the
generation of astrocytic Ca?* ion waves, a specific form of glial
communication observed both in vitro and in situ.'® Astrocytes
express both ionotropic (P2X) and metabotropic ATP receptors
(P2Y), the latter of which are more abundant.!" Binding of ATP to
P2Y receptors gives rise to an increase in intracellular inositol
1,4,5-tris(phosphate) (IP;); this results in IP;-driven mobilization
of Ca?* ions from internal Ca%t stores.'™ These increases in
cytoplasmic Ca?* ion concentration ([Ca%'],) in response to ATP
can be recorded with fluorescent Ca?*-sensitive dyes such as
fluo-3.

To test the release of 2 in a tissue and to measure its impact on
cells, we used acutely isolated brain slices in which we
preferentially labeled astrocytes with a Ca?* indicator. We were
able to uncage 2 in brain tissue slices and to measure the effect
of photogenerated ATP on the cellular response of the
astrocytes, that is, the ability of 2 to evoke Ca?* ion waves.

Results and Discussion
Synthesis

The synthesis of the DMACM-caged adenosine nucleotides 2 -4
followed two different strategies. The first synthetic route
(Method A) involved alkylation of ATP with 4-(diazomethyl)-7-
(dimethylamino)coumarin (1; Scheme 1).'¢4 In the second
approach (Method B, Scheme 2), the DMACM phosphate 7 was
prepared in 46 % overall yield from the alcohol 52 by treatment
with a phosphoramidite, oxidation with tert-butyl (tBu) hydro-
peroxide to the ester 6, and subsequent hydrolysis of the tert-
butoxy groups with trifluoroacetic acid (TFA). Compound 7 was
coupled with carbonyldiimidazole-activated ADP or AMP by the
general procedure described for the NPE or pHP esters of
ATP®2 46l or the [7-(diethylamino)coumarin-4-ylimethyl ester of
cytidine diphosphate.'”? Method A gave DMACM-caged ATP (2)
in only 1.7% yield. This low yield is attributed to the relatively
low reactivity of 4-(diazomethyl)coumarins.!'® Because ADP and
AMP are formed from ATP under the reaction conditions,
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Scheme 1. Synthesis of 2—4 (Method A): a) CHCly/H,0 (1:1, v/v), RT, 24 h, pH 4.2.
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Scheme 2. Synthesis of 2 and 3 (Method B): a) Et,NP(OtBu),, 1H-tetrazole, THF,
—20°C—RT, 12 h; b) tBuOOH, Et;N, THF, 0°C—RT, 4 h; ¢) TFA, CH,Cl,, 0°C,

6 h; d) ADP, Im,CO, HMPA, RT, 3 d; e) AMP, Im,CO, DMF, RT, 3 d. Im,CO = carbonyl!-
diimidazole, HMPA = hexamethylphosphoric triamide, DMF = dimethylform-
amide.

DMACM-caged ADP (3) and DMACM-caged AMP (4) were also
isolated in 3.5% and 1.7 % yields, respectively. The mixture was
separated by preparative reversed-phase HPLC. Method B af-
forded 2 and 3 in nonoptimized 20% and 23% yields,
respectively. Clearly, Method B is superior to Method A for the
synthesis of 2 and 3. Contamination of 2 — 4 with free nucleotides
was less than 0.5% as judged by analytical HPLC.

The hydrolytic stability of a caged compound in physiological
salt solutions is important for its use as a phototrigger. HPLC
analysis showed that 2 - 4 are stable in aqueous media. Solutions
of the caged compounds in N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES) buffer at pH 7.2 showed losses of
less than 0.5% over a 24-h period.
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Photochemical properties

The absorption spectra of 2 -4 are characterized by the intensive
So—S; absorption maxima at around 385 nm (Table 1, Figure 1),
which allow efficient activation of the caged compounds
between 330-440 nm. This is desirable for cell biological
applications because it is possible to reduce the light energy
in the uncaging reaction to minimize cell damage and chromo-
phore bleaching.

Table 1. Long-wavelength absorption maximum A5%, extinction coefficient
€M photochemical quantum yield ®,.,, fluorescence maximum A\7®,
fluorescence quantum yield ®;, and fluorescence lifetime t; of 2-4, 5, and
the axial diastereomer of DMACM-caged cAMP.

Compound max - gmax Dy AP P T
[nm]  [M"cm™] [nm] [ns]
20 385 15300 0.086 496 0.217 1.71
3@ 385 15000 0.063 496 0.253 1.98
4@ 385 14300 0.072 496 0.235 1.88
5(b] 378 17800 - 491 0.214 1.70
DMACM-cAMP®! 394 17200 0.28 482 0.008 <«0.2

[a] HEPES, pH 7.2. [b] MeOH/HEPES 1:4 (v/v), pH 7.2. [c] Error limit£0.01.
[d] Error limit + 0.002.
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Figure 1. UV/Vis absorption and fluorescence spectra of a 25 um solution of 2 in
HEPES buffer, pH 7.2.

Irradiation of 2 -4 at 330-440 nm in aqueous buffer solutions
resulted in the photorelease of ATP, ADP, or AMP, together with 5
(Scheme 3). HPLC measurements confirmed the clean photo-
generation of the nucleotides and 5 from 2-4. As regards the
mechanism of the underlying photochemical conversion, we
assume it to be a photochemical Sy1 reaction (solvent-assisted
photoheterolysis) analogous to that of (7-methoxycoumarin-4-
yl)methyl-caged cAMP'® No trace of radical-derived products
was observed for any of the compounds 2-4. The quantum
yields (@) for the disappearance of caged nucleotides were
0.06-0.09 (Table 1), determined by the relative method by use of
a standard in combination with analytical HPLC. These values are
significantly lower than the quantum yield of DMACM-caged
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Scheme 3. Photolysis of 2—4 in HEPES buffer solutions, pH 7.2.

cAMP!™ 121 (Table 1), a result showing that the cAMP anion is a
better leaving group than the ATP, ADP, or AMP anion.

The fluorescence quantum yields (@) of 2-4 are relatively
high and comparable to that of 5 (Table 1). Therefore, in contrast
to the case of DMACM-caged cAMP, no enhancement of the
fluorescence should be expected upon photolysis of 2-4. The
fluorescence lifetimes (z;) are 1.71-1.98 ns for 2-4 and 1.70 ns
for 5 (Table 1). In order to measure the magnitude of the rate
constant of product formation during photolysis of 2, time-
resolved fluorescence spectroscopy was used. The fluorescence
decay curve of the alcohol 5 is strictly mono-exponential
(Figure 2). Analysis of the fluorescence decay of 2 at low-
intensity excitation (Figure 3; nitrogen laser, A, =337 nm, pulse
half-width about 0.5 ns) also shows a mono-exponential decay,
and this decay is described by the fluorescence lifetime

1.0+
pulse
1 ---- signal
------- fit
1 7.=1.70ns
1
1
0.5
T ]
F
0.0
T T T T T v 1
0 2 4 6 8 10 12
t/ns -
2 0.00 MVMA
3 ] A \/ 7
2 -0.014
[ v T v T T v T T T v 1
0 2 4 6 8 10 12

t/ns >

Figure 2. Fluorescence decay curve of a 25 um solution of 5 in methanol/HEPES
buffer (1:4, v/v), pH 7.2; Ao =337 nm, A, =500 nm. F = relative fluorescence
intensity.
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\\ intensity of 2
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Figure 3. Fluorescence decay curves of a 30 um solution of 2 and 5 in methanol/
HEPES buffer (1:4, v/v), pH 7.2, ey =337 nm, Aoy = 500 nm. F = relative
fluorescence intensity.

7= 1.71 ns. At high-intensity one-pulse excitation of 2 (Figure 3),
more complex decay behavior is observed. Within the timescale
of the fluorescence rise (0-4 ns) the decay curves with low- and
high-intensity excitation are very similar. At timescales longer
than 4 ns, however, the high-intensity decay is much slower than
the low-intensity decay. This difference occurs because the high-
intensity decay curve is shaped by the mono-exponential decay
of 2 and additionally by the decay of the alcohol 5 formed within
the pulse duration. The high-intensity decay curve is therefore
the superimposition of these two signals (Figure 3). Mathemat-
ical deconvolution?? of the experimentally determined high-
intensity decay curve gives a rate constant of alcohol and ATP
formation larger than 1.6 x 10° s~ (i.e., the subnanosecond time
scale is achieved for the liberation of ATP). The measured rate
constant is comparable to those of the coumarinylmethyl-caged
cAMPs!™ 12191 and means that the rate of ester cleavage is at least
six to seven orders of magnitude faster than those reported for
the cleavage of the o-nitrobenzyl esters of ATP® %21 and three
orders of magnitude faster than that of pHP-caged ATP.® '@ The
high rate of photorelease corroborates the proposed photolytic
reaction mechanism.

Table 2 gives the efficiencies of photorelease of 2 in compar-
ison to those of the NPE- and DMNPE-caged ATPs in HEPES
buffer solutions at different wavelengths. The results show that 2
was converted twice as efficiently as the nitrophenylethyl-caged
ATPs under identical experimental conditions at 365 nm, and ten
times more efficiently at 405 nm.

Table 2. Comparison of the efficiency (in %) of the photorelease of ATP from
25 um solutions of NPE-caged ATP, DMNPE-caged ATP, and 2 in HEPES buffer
(pH 7.2) at different wavelengths.

Phototrigger Aexe =334 nm Aexe =365 nm Aexe =405 nm
E[mJ] E[mlJ] E[mlJ]
90 900 9000 90 900 9000 90 900 9000
NPE-caged ATP 7 55 >99 3 22 93 <1 2 12
DMNPE-caged ATP 4 35 >99 3 28 9% <1 4 30
2 3 24 92 7 46 >99 6 41 >99
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Physiological experiments

The biological activity of our caged construct was tested in cell
cultures and in tissue slices. ATP is known to elicit transient
[Ca?*]; increases in astrocytes. To measure the response of
uncaged ATP, cytosolic Ca** concentrations were recorded from
confluent astroglial cultures stained with the Ca?* indicator fluo-
3 (Figure 4a, upper left panel). UV irradiation alone did not evoke
any change in fluo-3 fluorescence when it is taken into account
that some cells exhibited spontaneous Ca** oscillations, which
sometimes coincided with the UV irradiation. When 500 pm of
caged ATP was applied it did not trigger a Ca** response; this
observation indicates that 2 is indeed biologically inactive and
reasonably stable against hydrolysis (data not shown). A period
of 60 s after the application of 2, UV light (1 =364 nm) from an
argon ion laser was used to illuminate a confined area (diameter
10-40 um) within the scanning area of the culture for 250 ms.
An average 1.840.5s after UV irradiation, an increase in
fluorescence was recorded in cells close to the UV spot. Over
the next 30s, fluorescence also increased in cells surrounding
the irradiated spot, which resulted in a fluorescence wave
propagating from the original point of stimulation in a circular
fashion, with the maximal extension depending on the size of
the illumination area and the applied concentration of 2
(Figure 4a).

When we focused the UV beam on a small cell-free area within
the astrocytic monolayer (Figure 4b and c), the spreading Ca*"
signal in the surrounding cells was similar to that seen in
experiments in which liberation of ATP occurred in cell-contain-
ing areas (data not shown). This result further indicates that the
spreading fluorescence signal was triggered by uncaged ATP,
rather then cell damage. We successfully elicited astrocytic Ca?*
responses up to three times, provided that the cells were
allowed to recover for at least 20 s (Figure 4c). In addition, the
amplitude of the response is negatively correlated with increas-
ing distance from the release area. The Ca?' response was
transient and showed the typical time course of an ATP-triggered
signal: a fast increase in cytosolic Ca?t ion concentration and a
subsequent slow decay back to the concentration level prior to
the ATP-triggered response.[

To investigate correlation between the propagating Ca?*
signal and the diffusion of photoliberated ATP from its release
area, we analyzed the relationship between distance and onset
times of the Ca?* responses. One typical experiment is shown in
Figure 4d. The best nonlinear least-squares fit of Equation (3) to
the experimental data assumes a threshold concentration of
liberated ATP of 0.44 +0.14 pum (mean + standard error of mean
(SEM); R?=0.66 + 0.16; see the Experimental Section for details).
The mean delay between UV irradiation and the first Ca**
response was 0.8 0.4 s (n=>5) in vitro. The obtained threshold
concentration is in the order of the ECy, value (the concentration
that gives half the maximum effect; 4.3 um) reported for P2Y-
receptor-triggered Ca*" responses in acutely isolated astro-
cytes.?2

To test whether ATP can be uncaged from 2 in tissue, we
prepared frontal brain slices from five-day-old mice. We
restricted our analysis to the corpus callosum, since all somata
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Figure 4. Focal photorelease of ATP in cultured mouse astrocytes. a) Time series of differential pictures taken sequentially after the photolytic liberation of ATP from its
caged precursor 2. The top left picture shows the resting fluorescence of the cultured astrocytic monolayer prior to UV irradiation. Each subsequent picture shown is
presented as a pixel-by-pixel difference picture of the picture recorded at the time point indicated minus the top left picture. Times indicated are given relative to the end
of the photolytic exposure (254 ms). Approximately 2.6 s after the end of the UV irradiation, cells in close proximity to the illumination area (square, 39.6 x 39.6 um) start
to show an increase in intracellular Ca?* ion concentration, as seen by the increased fluo-3 fluorescence. With increasing distance from the release area, the rise in [Ca**];

is increasingly delayed. The scan area is 575.8 x 575.8 um. The sequence was recorded with a sampling rate of 2.5 Hz. White scale bar in the top left picture = 100 um.
b) Regions of interest (ROIs) 2 and 3, which represent individual astrocytes at different spatial distance from the focal illumination area (ROl 1, square), were used

to analyze the distance/time relationship of the onset of the transient Ca®* response as shown in (c). The scan area is 394.9 x 382.2 um, the sampling frequency 4 Hz, and
the white scale bar (lower left) = 50 um. c) Kinetics of the Ca** ion transients of ROIs 2 and 3 shown in (b). Traces represent the mean fluorescence in each ROl relative to
the fluorescence before UV irradiation. Compound 2 was irradiated three times (3 x 307 ms, dashed lines) resulting in three Ca?* responses. d) Analysis of the relationship
between the propagating Ca** signal and the diffusion of ATP in culture. Data points show the onset time of the Ca®* response with respect to the respective distance to

the illumination area. The curve shows the best fit of Equation (3) to the datapoints with the free parameters c.;;=0.17 £ 0.04 um and ty,,, = 1.7 £0.3 s (R?=0.73).

in this white matter tract are from glial cells (Figure 5a). The cells
were loaded with fluo-3 by a procedure described previously?*!
to allow for the detection of changes in [Ca?*];. As in the culture,
addition of 1 mm 2 to the slice did not result in a fluorescence
signal. Excitation of an area approximately 20 um in diameter
triggered a fluorescence signal. As in the culture, the Ca?* signal
spread in an approximately circular fashion from the point of
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stimulation, with a limited extension of about 250+ 50 um.
Again, the kinetics of the Ca** transient in individual cells
showed the typical time course, as described previously (Fig-
ure 5b).l"3!

We analyzed the relationship between distance and onset
times of the Ca*" responses in a similar way to that described for
the data obtained in the culture (Figure 5c). Here, nonlinear
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least-squares fitting of Equation (3) resulted in a threshold
concentration for the propagating Ca*" wave of 4.4+0.8 um
(mean £ SEM; R?=0.54 £ 0.14). The mean delay between UV
irradiation and the first Ca?* response in situ was 3.1+0.3s
(n=3).

Conclusions

Ultrafast photorelease of the adenosine nucleotides ATP, ADP,
and AMP can be achieved at wavelengths greater than 360 nm
in amounts sufficient to trigger biological responses from
single cells both in cell cultures and in tissue slices. This
approach shows great potential for the study of time- and
spatially resolved aspects of ATP-, ADP-, and AMP-dependent
cellular processes under nondamaging light conditions.

Experimental Section

Materials: 4-(Diazomethyl)-7-(dimethylamino)coumarin (1) was
prepared by SeO, oxidation of 7-(dimethylamino)-4-methylcou-
marin to the corresponding coumarin-4-carbaldehyde, followed by
a triethylamine-mediated Bamford - Stevens reaction of its tosyl-
hydrazone according to a procedure described for 4-(diazomethyl)-
7-(diethylamino)coumarin.'®  7-(Dimethylamino)-4-(hydroxyme-

b 164 4 : ROl 2 thyl)coumarin (5) was synthesized as described previously.'? The
: ‘-\J : preparation of [7-(dimethylamino)coumarin-4-ylimethyl di-tert-bu-

144 N PR tyl phosphate (6) and [7-(dimethylamino)coumarin-4-yllmethyl

1 TN phosphate (7) is described in the Supporting Information. Adeno-

Ty2d " o sine 5'-triphosphate (ATP), adenosine 5'-diphosphate (ADP), and di-
FiF, W Y tert-butyl N,N-diethylphosphoramidite were obtained from Sigma
1.0 '.u--;' Mg . et P04 »@b.x.j\ TR (Germany). The P*-1-(2-nitrophenyl)ethyl and P3-1-(4,5-dimethoxy-

| T . N . 2-nitrophenyl)ethyl esters of ATP (NPE- and DMNPE-caged ATP),

16 - : ROI 3 fluo-3/AM, and Pluronic F-127 were acquired from Molecular

Probes (USA). The remaining chemicals were of the highest grade
commercially available and were used without further purification.
Only HMPA was dried, over molecular sieves. TLC plates (silica gel,
60 F,s,) were purchased from E. Merck (Germany). Acetonitrile and

methanol were HPLC grade (Riedel - deHaén, Germany). Water was

M purified with a Milli-Q-Plus system (Millipore, Germany).
T T T T 1 Instrumentation: Analytical HPLC was carried out on a Hewlett -
0 30 60 80 120 150 180 210 240 packard HP 1100 system (flow rate 1 mLmin=") with diode array
tis— detector (Aeye; =254 nm, A =385nm), fluorescence detector
(Aexc =385 nm, A, =495 nm), and a PLRP-S column (300 A, 8 um,
150 x 4.6 mm, from Polymer Laboratories Ltd. (UK)). Preparative

¢ 250 »®  expernmental data
— nonlinear best fit
200 according to Eq. (3)
Figure 5. Focal photorelease of ATP in acute brain slices. a) Fluorescence
150 picture of the corpus callosum (cc) in acute mouse brain slices stained with
fluo-3. Adjacent areas are indicated as cort. cer. (cortex cerebrum) and stria.
100 (striatum). The release area is indicated as a square (34.2 x 34.2 um, ROI 1). The
T w sampling rate used for the recording was 2.5 Hz. The area shown is 921.3 x
d/um e ths— 921.3 um. The white scale bar is 100 um. b) Ca®* ion transients in two individual
50 X 0 2 4 6 810121418 cell bodies as marked by circles in (a). Traces represent the mean fluorescence in
o " ' :u 4 each ROI relative to the fluorescence before UV irradiation. ATP was released
0 = P t. i S @ twice (dashed lines), which resulted in two Ca?* ion transients. The rise in [Ca**];
P 0 is delayed according to the increasing distance from the release area.
- £ L3 ) ; . . )
W ¢) Analysis of the relationship between the propagating Ca** signal and
-50 T T T T T T 80 £

diffusion of ATP in the slices. Data points show the onset time of the Ca** ion
transient with respect to the distance from the illumination area for all
fis— responding cells. The curve shows the best fit of Equation (3) to the data points
with the free parameters c.,;,=4.9+ 0.9 um and ty,,,=2.8 £0.2 s (R>=0.69).
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HPLC was performed on a Shimadzu LC-8A system (flow rate:
10 mLmin~') with a UV/Vis detector (SPD-6AV, A..=254 nm) on a
Nucleogel RP 100-10 (300 x 25 mm) column from Macherey - Nagel
(Germany). Mass spectra were determined by electrospray ionization
mass spectrometry in the positive or negative ionization mode on a
TSQ 700 (Finnigan MAT) spectrometer. 'H and 3'P NMR spectra were
measured on a Bruker DRX 600 NMR spectrometer. 'H chemical shifts
are given in parts per million (ppm) relative to tetramethylsilane as
an internal standard. 3'P chemical shifts are reported in ppm
referenced to external 85% H;PO,. UV/Vis spectra were recorded on
a UV/Vis spectrophotometer (Lambda9, Perkin-Elmer). Fluores-
cence spectra were taken on a MPF-2A fluorescence spectrometer
(Hitachi/Perkin — Elmer, Japan) combined with a personal computer
plus a configured data analysis software package (SPECTRACALC).
Photolysis of all employed caged compounds in solution was
performed by use of a high-pressure mercury lamp (HBO 500, Oriel,
USA) with controlled light intensity and corresponding metal
interference transmission filters (334, 365, or 405 nm; Oriel, USA).
The light intensity of the irradiation passing through each filter was
registered by the power meter (model 1815-C plus detector 818-UV,
Newport Corporation, USA) at the position of the cuvette. UV and
fluorescence quartz cuvettes with a path length of 1 cm were used
for all photochemical and photophysical experiments, respectively.
During irradiation the solutions in the cuvettes were agitated with a
small magnetic stirrer. All synthetic and analytical procedures were
performed under yellow light provided by sodium vapor lamps.

Syntheses

P3-[7-(Dimethylamino)coumarin-4-yllmethyl adenosine 5'-tri-
phosphate trisodium salt (2), P>-[7-(dimethylamino)coumarin-4-
yllmethyl adenosine 5’-diphosphate disodium salt (3), and [7-
(dimethylamino)coumarin-4-yllmethyl adenosine 5’-monophos-
phate sodium salt (4); Method A: The disodium salt of ATP (551 mg,
1 mmol) was dissolved in water (20 mL) and adjusted to pH 4.2 with
1N sodium hydroxide solution. Compound 1 (344 mg, 1.5 mmol)
dissolved in chloroform (20 mL) was added, and the resultant
mixture was vigorously stirred at room temperature in the dark for
24 h. The aqueous phase was separated, washed three times with
chloroform (each 10 mL), and evaporated in vacuo. The reaction
products 2 -4 were separated by preparative HPLC by use of a linear
gradient procedure for elution as follows: 0— 10 min, 0% B in A; 10—
60 min, 0-30% B in A; 60-85 min, 30-100% B in A; eluent A was
triethylammonium acetate (5 mm) in water (pH 7.0), and eluent B was
methanol. The triethylammonium salts of 2 (r.t.: 56.3 min, 20.1 mg;
r.t.=retention time), 3 (r.t.: 66.0 min, 37.2 mg), and 4 (r.t.: 79.6 min,
16.6 mg) obtained after lyophilization were hygroscopic substances.
They were therefore converted into their corresponding sodium salts
by loading onto a cation exchanger column (filled with Dowex
50WX-2 and charged with sodium ions), elution with water,
evaporation, and purification by preparative HPLC (same conditions
as above, but eluent A was water instead of 5 mm triethylammonium
acetate buffer). Yields: 14.1 mg of 2 (1.7 %), 26.1 mg of 3 (3.5%), and
11.6 mg of 4 (1.7 %).

Compounds 2 and 3, Method B: Compounds 2 and 3 were
synthesized by the procedure described for P*-[7-(diethylamino)cou-
marin-4-yllmethyl cytidine 5-diphosphate,"” from ADP (free acid,
76.9 mg, 180 umol) and AMP (free acid, 65.7 mg, 180 umol), respec-
tively, tri-n-octylamine (879 uL, 360 umol for ADP and 44.0 pL,
180 umol for AMP), carbonyldiimidazole (117 mg, 720 pmol), 7
(36 mg, 120 umol), and tri-n-butylamine (28.6 uL, 120 umol) by
stirring in HMPA (2 mL, for ADP) or in DMF (2 mL, for AMP) at room
temperature for 3 days. The solvents were removed in vacuo and the
raw materials were purified by preparative HPLC (same conditions as
in Method A). The triethylammonium salts of 2 (r.t.: 56.3 min) and 3
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(rt.: 66.0min) formed were converted into their corresponding
sodium salts and purified as described in Method A to give 21 mg
(20%) of 2 (12 mg= 13 % of 3 as by-product) and 21 mg (23 %) of 3.

Data for compound 2: '"HNMR (600 MHz, D,0): 6 =2.87 (s, 6H),
4.17-4.19 (m, 2H), 4.23-4.31 (m, 3H), 4.94-5,03 (m, 2H), 5.69 (d, J=
4.0Hz, 1H), 6.12 (m, 2H), 6.34 (dd, J=9.1, 25Hz, 1H), 701 (d, J=
9.0Hz, 1H), 7.95 (s, 1H), 8.11 (s, 1H) ppm; 3'P NMR (243 MHz, D,0)
heteronuclear decoupled: 6=—10.8, —11.1 (a and y P), —22.5 (8
P) ppm; MS: m/z: 707.35 (free acid) [M —H]~; elemental analysis:
caled (%) for C,,H,4NgO,5PsNa;-4.5H,0 (855.43): C 30.89, H 3.89, N
9.82; found: C 30.83, H 3.93, N 9.94.

Data for compound 3: 'HNMR (600 MHz, D,0): 6 =2.83 (s, 6H),
4.13-4.15 (m, 1H), 426-4.27 (m, 2H), 4.33-4.36 (m, 2H), 4.90 (m,
2H),5.73 (d,J=4.5, 1H), 5.97 (d, J=2.2 Hz, 1 H), 6.05 (s, 1 H), 6.26 (dd,
J=8.7, 2.5Hz, 1H), 6.84 (d, /=88Hz, 1H), 788 (s, 1H), 8.05 (s,
1H) ppm; 3'P NMR (243 MHz, D,0) heteronuclear decoupled: 6 =
—11.1 (@ and B P)ppm; MS: m/z: 62722 (free acid) [M—H];
elemental analysis: calcd (%) for C,,H,,NsO;,P,Na, - 4.5 H,0 (753.46): C
35.09, H 4.19, N 11.05; found: C 35.18, H 4.24, N 11.00.

Data for compound 4: '"H NMR (600 MHz, D,0): 6=2.92 (s, 6H),
414-4.16 (m, 1H), 427-4.28 (m, 1H), 4.32 (s, 1H), 4.39-4.40 (m,
1H), 4.49-4.50 (m, 1H), 4.69 (d, J/=15.5Hz, 1H), 4.92 (d, J=15.5 Hz,
1H), 5.84 (d, J=4.5Hz, 1H), 6.01 (d, J=2.2Hz, 1H), 6.10 (s, 1H), 6.24
(dd, /=74, 25Hz, 1H), 6.71 (d, J=74Hz 1H), 795 (s, 1H), 8.04 (s,
1H) ppm; 3'P NMR (243 MHz, D,0) heteronuclear decoupled: 6 =
0.95 ppm; MS: m/z: 547.22 (free acid) [M — H]~; elemental analysis:
caled (%) for Cy,H,N;OoP;Na, -5.5H,0 (669.51): C 39.47, H 5.27, N
12.55; found: C 39.34, H 4.83, N 11.78.

UV/Vis spectroscopy, photochemical quantum yield, and compar-
ison of photoefficiencies: Solutions of 2-4 (25 uv) in HEPES buffer
(20 mm HEPES and 240 mm KCl adjusted to pH 7.2 with 1N KOH) were
used for UV/Vis spectroscopy.

The differential photochemical quantum yield @, defined as the
ratio of the number of molecules converted to the number of
absorbed photons, was determined for 2 -4 by a relative method?4
on the basis of the equation @, = (dc/dt) X (I,,)~" x V, with the
axial isomer of [7-(diethylamino)coumarin-4-ylimethyl-caged 8-bro-
moguanosine 3',5'-cyclic monophosphate (ax-DEACM-caged 8-Br-
CGMP; @, =0.27"%) as a standard (for details see the Supporting
Information).

To compare the photoefficiency of 2 with those of commercially
available ATP-phototriggers, 25-um solutions of 2 and DMNPE- and
NPE-caged ATP were irradiated at 334, 365, and 405 nm, with stirring.
The photodecomposition of the caged ATPs was analyzed by HPLC
as described for 2 -4 in the Supporting Information.

Fluorescence spectroscopy, fluorescence quantum yield, and
time-resolved fluorescence spectroscopy: To minimize photolysis
of 2-4 during the investigations, this analysis was performed with
very low excitation intensities and very short registration times.

The fluorescence spectra of 2-4 (25 pm) were measured in HEPES
buffer. The fluorescence quantum vyields (@, of 2-4 were deter-
mined at 298 K by the relative method®! versus quinine sulfate in
0.1~ H,SO, as a standard (@, = 0.54612%). The optical densities of the
solutions of 2-4 in HEPES buffer and that of the standard were
adjusted to identical values (0.3-0.5) in the range of the excitation
wavelength (from 357 to 358 nm). The different refractive indices of
the solutions were taken into account in the calculation.

Time-resolved fluorescence rise and decay curves were recorded in
right-angle arrangement.?”2% As excitation source we used an
MSC 1600 N, laser from LTB (i..=337 nm, pulse width 0.5ns,
maximum pulse energy 0.7 mJ). Excitation was carried out in 1 cm x
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1cm fluorescence quartz cells, observed through appropriate
interference filters (4., =500 nm) with a wide aperture collection
lens and detected by an amplified AD 110 silicon avalanche diode
from opto-electronics, with a rise time of 600 ps. All signals were
digitized and fed into a Tektronix TDS 620A storage oscilloscope. The
apparatus function was obtained by irradiation of a layer of MgO
with N, laser pulses and recording the light reflected by the setup.
Here the signal was averaged over 50 laser shots. In the case of 5,
signals were also averaged to improve the signal-to-noise ratio
further, whereas with photolabile caged compounds only single-shot
experiments were allowed.

The evaluation of the decay time of 5 was performed by nonlinear
least-squares fitting routines and convoluting the apparatus function
with the monoexponential decay function. For the signals of the
caged compounds, convolution was performed with a biexponential
rise and decay function with the known lifetime of 5 as the one fixed
decay constant. The achieved time resolution was about 200 ps.

Preparation of cell cultures: Astrocytes were prepared from cortex
tissue of newborn NMRI mice as described previously.?® Briefly,
cortical tissue was carefully freed from blood vessels and meninges,
trypsinized, and gently triturated with a fire-polished pipette in the
presence of 0.05% DNAase (Worthington Biochem. Corp., Freehold,
USA). The tissue was then washed twice with Hank’s Balanced Salt
Solution (HBSS), resuspended in Eagle’s Basal Medium (BME;
Seromed, Berlin, Germany) containing 10% heat-inactivated fetal
calf serum (FCS; Gibco), penicillin (100 .U.mL™"), and streptomycin
(100 pg mL™") (BME/FCS). DNase was added to produce a final
concentration of 0.05% and the tissue was triturated through
Pasteur pipettes to yield a single-cell suspension. The suspension
was centrifuged at 800 rpm for 10 min at 4 °C and washed twice with
ice-cold HBSS. After resuspension in BME/FCS medium, cells were
plated on poly-L-lysine-coated (100 ug mL~"; Sigma, Deisenhofen,
Germany) coverslips (with approximately the cells from one brain per
petri dish), and then incubated at 37°C in 5% CO, atmosphere. One
day later, cultures were washed twice with HBSS to remove cellular
debris and maintained in BME/FCS medium for 4 days. After a
subconfluent state was reached, cellular debris, microglia cells,
oligodendrocytes, and their early precursor cells were dislodged by
manual shaking and removed by washing the cultures three times
with HBSS.

The purity of the prepared astrocyte cultures was routinely
determined by immunofluorescence with a polyclonal antibody
against glial fibrillary acidic protein (GFAP; DAKO, Hamburg,
Germany), and dichlorotriazinylamino fluorescent-conjugated or
Cy3-conjugated secondary antibodies (Boehringer, Mannheim, Ger-
many). Subconfluent monolayer prepared of cells showed more than
90% positive staining for GFAP, a specific astrocyte marker.

Preparation of acute brain slices: For acute brain slice preparations,
mice were decapitated and the brain was immediately removed. The
forebrain was glued to a glass block and frontal sections of 250 um
were cut with a vibratome (Leica Microsystems AG, Wetzlar, Germa-
ny). Slicing was performed in ice-cold bicarbonate-buffered salt
solution gassed with carbogene (5% CO, and 95% O,). This bath
solution contained (mm): NaCl (134), KCI (2.5), MgCl, (1.3), CaCl, (2),
K;HPO, (1.25), NaHCO; (26), and p-glucose (10). The brain slices were
kept in bath solution at room temperature until used for measure-
ments.

Optical Ca?" measurements by confocal laser scanning micro-
scope (CLSM): These studies were performed on an LSM510
inverted confocal laser scanning microscope (Carl Zeiss Jena GmbH,
Germany) with a 10 x /0.5 objective. The cell cultures and the brain
slices, respectively, were loaded with the Ca** indicator fluo-3/AM
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(4.4 x 10-°m in the buffer medium in the presence of 0.01% Pluronic
F-127) for 30 min at 37 °C in darkness, then washed three times and
incubated for another 30 min in the buffer medium to allow
complete hydrolysis of the AM ester. The fluo-3 experiments were
conducted with an argon laser (A1 =488 nm) for excitation. The
excitation wavelength was directed onto the sample by means of a
dichroic mirror (FT 490). The fluorescence intensities were detected
at wavelengths greater than 505 nm by using an additional cut-off
filter (LP 505) in front of the detector. Fluorescence images were
usually scanned and stored as time series.

Photorelease of 2 in the CLSM: Coverslips with cultured astrocytes
were mounted on a perfusion chamber and perfused with HEPES
buffer until the start of recording. Perfusion was then stopped, and a
stock solution of 2 in HEPES buffer (100 uL) was added to produce a
final concentration of 2 of 500 uw. Similarly, brain slices were placed
in a chamber (V~500 pL) and perfused with bicarbonated artificial
cerebral brain fluid until the beginning of the experiment. Here,
buffer was superficially gassed to maintain pH buffering and a stock
solution of 2 (100 uL) was added. To attain an equal concentration
distribution, the final solution was incubated for 5min (final
concentration of 2: 1 mm). Compound 2 was photolyzed by use of
a continuous wave argon ion laser (1 =364 nm, Coherent, Germany).
This UV laser is integral to the confocal system (part of the
commercially available LSM 510 inverted setup) and tracks, in the
normal scanning mode of the instrument, point-by-point in a line (X-
direction) and also line-by-line (Y-direction) over the image. The
cross-sectional area of the UV laser could be confined to a small
region of interest within the imaging area.

General setup for Ca?* measurements with 2 in the CLSM: For
rapid Ca?"™ measurements we typically scanned an area of 921.3 x
921.3 um with 512 x 512 pixel resolution at time intervals of 400 ms.
Before each measurement we defined an ROI for the UV irradiation
(e.g., 10.8 x 10.8 um). After the start of the time series, UV irradiation
could be manually triggered for a predefined duration. For analysis,
images of the time series were computed offline by use of the Laser
Scanning Microscope LSM 510/Version 3.0 SP 2 (Carl Zeiss GmbH,
Germany) confocal system software.

Recorded fluorescence images before UV irradiation (about 30) were
used to define a control (F,) for each evaluated cell. Changes in Ca?*
concentration within the cells were monitored by changes in the
fluorescence intensity (F) relative to F, and displayed as relative
fluorescence intensity (F/F,).

Nonlinear diffusion fitting procedure: To test for correlation
between ATP diffusion and the resulting fluorescent Ca?* signal,
we used the following model to describe the ATP diffusion. The
concentration of liberated ATP is considered to be uniform in the
release volume regarding the transverse direction, since only a
relatively small fraction of the incident light is actually absorbed. This
assumption is based on the measured UV laser intensity of 0.7 mW
(Newport power meter, for details see the Instrumentation section)
at the coverslip position (that is, the calculated number of absorbed
photons per second exceeds the number of molecules of 2 in the
irradiation volume by approximately two orders of magnitude).
Diffusion will then lie in the two-dimensional plane of the buffer
solution. Since the release area is small compared to the extension of
the propagating Ca’*" signal, we approximated the initial ATP
concentration to be concentrated axial to the release area [Eq. (1)].

crit = 0) = d(x)-0(y)-p2) (1)

In this equation, c is the concentration of ATP, t is time since ATP
release, and 7 is the distance from the release point. The solution of
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the general diffusion equation for this initial concentration distribu-
tion is than given by Equation (2),

- ( - )
crt) = —-exp|——
4Dt P 4Dt
that is, the concentration distribution shows a Gaussian profile
collapsing with t (D is the diffusion coefficient of ATP=
368 pmz 5—1).[30]
The time-dependent spatial expansion of the particles described by
the time-dependent distance of a threshold concentration ¢, from
the initial release point is therefore given by Equation (3).

rt) = 2 Dt~|n(L> (3)
¢, - 4m - Dt

@

The logarithm turns negative with t and therefore the square root
turns imaginary, which describes the finite maximum expansion of a
selected c, value.

We compared the temporal development of the propagating Ca**
ion wave by Marquardt-Levenberg nonlinear regression of Equa-
tion (3) by use of the Origin 6.1 program (Microcal, USA). The c, value
was kept as a free parameter and t was substituted with t' = t,—
taeny to allow for delay between ATP diffusion and corresponding
Ca?* response.
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p-Tyrosine as a Chiral Precusor to Potent
Inhibitors of Human Nonpancreatic Secretory
Phospholipase A, (lla) with Antiinflammatory

Activity

Karl A. Hansford, Robert C. Reid, Chris I. Clark, Joel D. A. Tyndall,
Michael W. Whitehouse, Tom Guthrie, Ross P. McGeary, Karl Schafer,

Jennifer L. Martin, and David P. Fairlie*[!

Few reported inhibitors of secretory phospholipase A, enzymes
truly inhibit the lla human isoform (hnpsPLA,-lla) noncovalently at
submicromolar concentrations. Herein, the simple chiral precursor
p-tyrosine was derivatised to give a series of potent new inhibitors
of hnpsPLA-lla. A 2.2-A crystal structure shows an inhibitor bound
in the active site of the enzyme, chelated to a Ca’* ion through
carboxylate and amide oxygen atoms, H-bonded through an

Introduction

The phospholipase A, (PLA,) class of enzymes!"” catalyse
hydrolysis of the 2-acyl ester of 3-sn-phosphoglyceridest’® to
yield arachidonic acid (metabolised to eicosanoids by cyclo-
oxygenase and lipoxygenase) and lysophospholipid (converted
into platelet activating factor).”! The enzymes tend to hydrolyse
substrate aggregates like monolayers, micelles, vesicles and
membranes.®’ Mammalian tissues contain both secretory (sPLA,
groups I, 1A, 11IC, V, X) and cytosolic (cPLA, group IV) enzymes that
require Ca%* ions for activity,? as well as a Ca*"-independent
intracellular isoform (group VIA iPLA,).! Although relationships
between isoforms, relative capacities to degrade membrane
phospholipids and specific isoform physiology remain uncertain,
there is substantial evidence in support of pathogenic roles for
PLA,.

For example, sPLA, and cPLA, enzymes have been directly
implicated in eicosanoid production®” and human nonpancre-
atic secretory PLA, isoform lla (hnpsPLA,-lla) has been found to
be secreted from many eicosanoid-producing cell types,? 8
which include human platelets,”” neutrophils'® and mast cells.!"!
HnpsPLA,-lla has also been found in abnormally high concen-
trations in human synovial fluid from rheumatoid"? and osteo-
arthritis patients and in blood from patients with burns, sepsis,
asthma, pancreatitis, psoriasis, Crohn’s disease, adult respiratory
distress syndrome and atherosclerosis.'>* 2 There is a strong
correlation between severity of disease and sPLA, levels, and
intravenous administration of hnpsPLA,-lla to rabbits also
produces symptoms of arthritis and sepsis.l'! Most reported
hnpsPLA,-lla inhibitors lack potency! but some show effica-
cy™ 1 in animal models of inflammation, and an analogue of
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amide NH group to His48, with multiple hydrophobic contacts and
a T-shaped aromatic-group —His6 interaction. Antiinflammatory
activity is also demonstrated for two compounds administered
orally to rats.

KEYWORDS:
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structure - activity relationships

inhibitors - medicinal chemistry -

1% s in clinical trials. We now report: 1) potent inhibitors 2a-q
of hnpsPLA,-lla derived from p-tyrosine, 2) a crystal structure for
2b complexed with the enzyme, and 3) preliminary anti-inflam-
matory activity in rats.
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Synthesis

We used glycerophospholipid substrates as a basis to construct
chiral substrate analogues (Scheme 1, 2), derived simply by using
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Scheme 1. Reagents: a) BOP, DIPEA, DMF, NHMe(OMe) - HCI; b) LiAIH,, THF;
¢) Ph;P=CHCO,Me or Ph;P=CHCO,Et, THF; d) Pd/C, H,, EtOAc; e) (i) TFA, CH.Cl,,
(i) BOP, DIPEA, DMF, substituted or unsubstituted phenyl- or pyridylalkanoic
acid, (iii) H,, Pd/C, EtOAc, (iv) ag. NaOH, THF, MeOH, (v) 1m HCI; f) (i) TFA, CH.CI,,
(ii) BOP, DIPEA, DMF, 7-(3-nitro-phenyl)-heptanoic acid, (iii) ag. NaOH, THF,
MeOH (iv) Tm HCl. Boc = tert-butoxycarbonyl, Bn = benzyl, BOP = benzotria-
zol-1-yloxy-tris(dimethylamino)phosphonium hexafluorophosphate, DIPEA =
N,N-diisopropylethylamine, DMF = dimethylformamide, THF = tetrahydrofur-
an, Ac = acetyl, TFA =trifluoroacetic acid.
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Scheme 2. Reagents: a) H,, Pd/C, THF, HCI; b) (i) R—X (X =Cl, Br, 1), K,CO;, DMF,
(i) NaOH, THF, MeOH.

the commercially available Boc-p-tyrosine (Boc = tert-butoxcar-
bonyl) derivative 3 as a chiral template for the series of
compounds 2a-q, which inhibit hnpsPLA,-lla in vitro.
Inhibitors 2a-g (Table 1) were prepared from benzyl-protect-
ed Boc-p-tyrosine 3 according to the synthesis shown in
Scheme 1, which involves conversion to the Weinreb!'72 amide
4, reduction with LiAIH, to aldehyde 5 and homologation with
either methyl- or ethyl(triphenylphosphoranylidene)acetate to
give intermediate 6. Mosher analysis!'®! of the amine corre-
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Table 1. Compounds from Scheme 1 and their relative potencies as inhibitors
of the enzyme hnpsPLA-lla./”!

Structure  R? R3 X n 1Cs0 [m]®! Mole fraction (Xi)
1 - - - - 0.060 0.000045!"¢!

2a H H CH 5 0.662 0.00044

2b H H CH 6 0.029 0.000019

2c H H CH 7 248 0.0017

2d OMe H CH 6 1.82 0.0012

2e H NHAc CH 6 4.05 0.0027

2f H H N 6 0.761 0.00051

2g H NO, CH 6 0.536 0.00036

[a] Determined in a chromogenic assay'® by using Ellman’s reagent to
detect cleavage of a thioester substrate. [b]ICs,=the concentration of
inhibitor required to achieve 50% inhibition.

sponding to 6 confirmed that S stereochemistry was preserved.
Compounds 2a-f were synthesised directly from 6 by sequen-
tial deprotection (TFA in CH,Cl,), coupling of the appropriate
pyridyl or phenyl alkanoic acid derivative!'”’? and hydrogenation
over Pd/C in ethyl acetate (Scheme 1). Saponification with NaOH
produced the inhibitor series 2a-f.

Inhibitor 2 g was prepared by hydrogenation of 6 over Pd/Cin
ethyl acetate to give 7. The benzyl ether was stable under these
conditions. Removal of the Boc group with TFA, BOP-mediated
coupling of the liberated amine with 7-(3-nitro-phenyl)-hepta-
noic acid'’? and saponification gave 2g. Inhibitors 2h-p
(Table 2) were prepared from the ester of 2b (R'=Me, Et)
as shown in Scheme 2. The benzyl group was removed by
hydrogenolysis over Pd/C in THF/HCI to give 8, which was
alkylated with the appropriate alkyl halide in the presence of
K,CO,, and the ester was hydrolysed under alkaline conditions to
give 2h-p.

Table 2. Compounds from Scheme 2 and their relative potencies as inhibitors
of the enzyme hnpsPLA-lla.”!

Structure R? 1Cso [m] Mole fraction (Xi)
2h 2-picolyl 0214 0.00014

2i 3-picolyl 0.247 0.00017

2j cyclohexylmethyl- 0.067 0.000045

2k cyclopentylmethyl- 0.057 0.000038

21 1-napthylmethyl- 0.019 0.000013

2m 2-napthylmethyl- 0.039 0.000026

2n cinnamyl- 0.116 0.000078

20 iso-butyl 0.170 0.00011

2p n-heptyl 0.086 0.000058

2q H 2.57 0.0017

[a] Determined in a chromogenic assay'® by using Ellman’s reagent to
detect cleavage of a thioester substrate.

Enzyme Inhibition

Compounds 2a-q were evaluated as inhibitors by using an in
vitro colorimetric enzyme assay,""® which showed that inhibition
correlates strongly with in vivo antiinflammatory activity in rats
(for example, against arthritis, ischemia-reperfusion injury).
Thirteen of the seventeen compounds 2a-q have submicro-
molar inhibitory potencies against hnpsPLA,-lla (Tables 1, 2)
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under conditions in which indole 1 has comparable in vitro
potency (Table 1). Like 1, compounds 2a-q are also potent in
vitro inhibitors of rat uterine contractions and of rat models of
arthritis and rat intestinal ischemia-reperfusion injury (manu-
scripts containing these results are in preparation).

Crystal Structure

During the past decade, X-ray crystal structures have been
reported for human cPLA,'™ and sPLA,-11a?*?¥ bound to
different substrate-derived inhibitors ranging from transition
state and substrate analogues!'? 22 to indoles,"® indolizines®?4
and carboxamides,>! and there is now also a structurel® for the
enzyme sPLA,-X. The information provided by these structures
will guide the design and development of new and possibly
isoform-selective inhibitors that can be used to probe the
significance of each of these enzymes in disease.

Compound 2b was cocrystallised with hnpsPLA-lla by the
sitting drop method (20°C, 0.1m tris(hydroxymethyl)aminome-
thane (Tris), pH 7.4) under previously reported conditions.”?® The
X-ray crystal structure (2.2-A resolution, space group P31, a=
b=75.11A4, c=50.03 A, a=8=90° y=120°) shows 2b bound
within the hydrophobic active site cavity®?”! very much like other
known inhibitors2>-2! (Figure 1). In fact, the key enzyme-binding
components (two calcium-binding oxygen atoms, a His48-
binding H-bond donor, and a hydrophobic component) that
bind in the active site of this enzyme are virtually super-
imposable for all known inhibitors. Thus, the amide carbonyl
oxygen atom and one carboxylate oxygen atom are chelated to

the Ca?* ion, with enzyme residues Asp49, His48, Gly30 and
Gly32 completing the octahedral 6-coordinate environment of
calcium. The amide NH group of 2b makes an important?®
hydrogen bond with the catalytic residue His48, analogous to
the transition state for substrate hydrolysis.

All of the inhibitors possess hydrophobic chains that mimic
the sn-1 and sn-2 aliphatic chains!'® of endogenous substrates
and have similar interactions with enzyme residues. The phenyl-
heptanoyl chain corresponding to the sn-2 position of the
endogenous substrate (Figure 1) lies deep within the active site
cavity and makes numerous close contacts (<4.3 A) with the
enzyme through the hydrophobic residues Phe5, Ile9, Ala18,
Ala19, Tyr22, Gly23 and Cys45, which line the cavity. The phenyl
ring displaces the imidazole ring of His6, a residue unique to
human sPLA,-lla, and forms edge-to-face T-shaped interactions
with His6 and the tyrosinyl phenyl ring of the sn-11"¢! chain. The
O-benzyl group of 2b has been modelled in two alternative
conformations,?” each of which allow it to make additional close
contacts with hydrophobic enzyme residues Leu2, Phe24 and
either Ala18 or Val31.

Structure - Activity Relationships

An extended conformation for the phenylheptanoyl chain of 2b
(Figure 1) appears to be required for optimal filling of the
hydrophobic active site of the enzyme, since alteration of the
length of this chain by subtraction (2a, IC5, = 0.6 pM) or addition
(2¢, IC5p=2.5 um) of just one methylene unit reduces inhibitory
potency by up to 100-fold (Table 1). This optimal length (six

Figure 1. Left: Crystal structure of 2b (dark blue) in the active site of hnpsPLA,-lla (grey), with nearby enzyme residues (green), Ca?* (pink) and an alternative
orientation®” of O-benzyl (light blue). Right: Representation of other interactions between enzyme residues and 2b.
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methylene groups) for 2b has similarly been reported for
another inhibitor series.?> 2% His6, which is displaced by the
terminal phenyl ring of the phenylheptanoyl chain, lies at the
base of the hydrophobic cavity and is unique!'? to the human
enzyme. It is similarly displaced upon binding of other substrate
analogues!'? 2 to hnpsPLA,(lla). The terminal phenyl ring also
forms a nonbonded intramolecular interaction with the tyrosine-
derived aromatic ring, the two rings being perpendicular to one
another. Such non-bonded interactions may contribute signifi-
cantly toward the binding affinity of 2 to hnps-PLA,, although
there is controversy about the importance of such T-shaped
edge-to-face interactions in small molecules and proteins.3%

In an attempt to modulate putative edge-to-face interactions
between His6é and the terminal phenyl ring derived from the
phenylheptanoyl chain, we incorporated electron-donating (o-
methoxy, 2d; m-acetamido, 2e) and electron-withdrawing (m-
nitro, 2 g) substituents into the phenyl ring (Table 1), but found
reduced inhibitory potency in each case. Substitution of the
terminal phenyl ring for a pyridine ring also resulted in loss of
activity (2f, 1C;,=0.76 uM). These results suggest that polar
functional groups are not well tolerated within the hydrophobic
cavity, and that the edge-to-face interactions are either un-
affected by electronic changes or do not contribute much to
inhibitor binding.B%

To improve the solubility of 2b (Log D,5 =4.06, calculated with
the Pallas 2.1 program, CompuDrug Chemistry Ltd., Hungary),
we replaced the benzyloxy group with a pyridinemethoxy
group, with moderate loss of activity (Table 2: 2 h, IC5, =0.21 um;
2i, 1C;,=0.25 pm), which suggests a preference for nonpolar
groups in the hydrophobic region defined by residues Leu2, lle9,
Ala19, Phe24 and Val31 (Figure 1). Removal of the benzyloxy
group altogether (2 q) dramatically reduces activity, but replace-
ment of the benzyloxy group by various alkyl, cycloalkyl or
naphthyl hydrophobic substituents (2j-2p) alters potency
within only a fivefold range.

Efficacy In Vivo

We conducted a very preliminary investigation (Table 3) of the
efficacy of two of the above compounds (2b, 2h) in a standard
systemic rat model of chronic adjuvant-induced arthritis®" that
has been used extensively to evaluate numerous antiinflamma-
tory drugs. Injection of complete Freund'’s adjuvant at the tail
base of a rat results in a polyarthritis that usually manifests itself
after 12 days as inflammation of the tail and all four paws, and
lesions on the forepaws and ears. The arthritic syndrome,

D. P. Fairlie et al.

measurable on Day 14 by paw swelling, resembles to some
extent human arthritic conditions such as rheumatoid arthritis.
Herein, we use this assay as a simple gauge of the likely in vivo
efficacy of compound series 2 given orally to rats in a single dose
(5mgkg~"day~' on Days 10-13). Results on Day 14 (Table 3)
show substantial inhibition of the oedema following oral
administration of these compounds on Days 10- 13 inclusive.
In addition, histology of the spleens from drug-treated rats
showed mild capsular oedema and minimal infiltration of
macrophages into the red pulp, which indicates that both
compounds were effective in preventing the histological
damage and splenomegaly seen for untreated arthritic controls.
Overall, the results suggest that further investigation of this
compound series as antiinflammatory agents may be warranted.

The expression of sPLA, and cPLA, enzymes has been
monitored during the course of this adjuvant arthritis model in
Lewis rats.B? A maximal increase of SPLA, mRNA was observed in
paws, lung and aorta (32 umol/30") on Day 14, and in lymph nodes
and spleen on Day 28, with negligible protein expression in the
liver, whereas cPLA, mRNA levels remained unchanged during
the course of the disease. The observed parallel between expres-
sion of sPLA, and severity of disease is consistent with sPLA,
having a pathogenic role, and supports the anti-inflammatory activ-
ity observed in this model for hnpsPLA,-lla inhibitors 2b and 2 h.

There remains considerable uncertainty about the relative
merits of sPLA, (for example, lla, V, X) versus cPLA, enzymes as
prospective targets for anti-inflammatory drugs. However, the
reports that indole analogues of 1 have anti-inflammatory
activity in vivo,"™ together with the findings that oral admin-
istration of the structurally quite different compounds described
here (such as 2b, 2 h) also show antiinflammatory activity in vivo
in a systemic model of chronic inflammatory disease, and a
recent report*3*? that 2b also inhibits myocardial ischemia in
Lewis rats, lend support to the idea that inhibitors of sPLA, do
have value as antiinflammatory drugs.

Conclusion

A strategy in which p-amino acids are used as templates for the
development of sPLA, inhibitors®3®! is exemplified herein by the
simple synthesis of 17 compounds 2a-q from the chiral
precursor p-tyrosine. Thirteen of the compounds had submicro-
molar inhibitory potency against hnpsPLA,-lla in vitro. Com-
pound 2b was co-crystallised with hnpsPLA,-lla and the crystal
structure showed 2b bound within the active site in the
expected binding mode. Two of the compounds (2b, 2 h) were

Table 3. Inhibition of adjuvant arthritis (Day 14) in Wistar rats by oral administration (Day 10-13) of 2b and 2h.

Treatment[a] ni! Rear paw swelling (cm) Forepaw inflammation (score)! AWt (g)®
Vehicle only 12 0.80 £0.06 29+ (£0.3) +02
2b (5mgkg'day") 8 0.04+0.03 02+ (£02) +04
2h (5mgkg-'day") 8 0.18+0.03 0.7+ (£0.2) +01

Days 10-13.

[a] Administered orally on Days 10- 13 after inoculation with arthritogen (Mycobacterium tuberculosis in squalane) on Day 0. [b] Number of rats. [c] Mean +
standard error of the mean, measured by microscrew gauge. [d] Average subjective score (0-4 +) for severity of lesions and swelling. [e] Weight change over
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orally administered to rats and showed antiinflammatory activity
in vivo. The results support the notion that sPLA,-Ila may indeed
be important in the pathogenesis of inflammatory disease,
although this work does not discount the possibility that other
isoforms of sPLA, are similarly inhibited in vivo. Clearly more
extensive testing of inhibitors of this enzyme against other forms
of sPLA, and in other animal models of inflammatory disease is
warranted.

Supporting Information: The crystal structure coordinates
have been deposited in the Protein Data Bank (code 1j1a).
Synthetic procedures and characterisation data for compounds
2a-q, details of the enzyme assay, crystal structure and
crystallographic information files (37 pages) are available free
of charge as supporting information.

We thank the National Health and Medical Research Council of
Australia and ARC for partial financial support, and Dr. lan Shiels
for preparing histological sections.
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Solid-Phase Synthesis and Biological Activity of a
Thioether Analogue of Conotoxin G1

Jon Bondebjerg,”? Morten Grunnet,™ Thomas Jespersen, and Morten Meldal*™

A bicyclic thioether analogue of a-conotoxin G1, a neurotoxin
found in the venom of cone snails, was synthesized on solid phase.
Two successive intramolecular on-bead cyclizations between a
cysteine residue and a chloroacetylated reduced peptide bond are
the key steps in the synthesis. The first reduced peptide bond was
introduced by a reductive alkylation with a 9-fluorenylmethoxy-
carbonyl protected amino aldehyde, and the second by coupling of
a dipeptide building block containing an allyloxycarbonyl protect-
ed reduced peptide bond. The desired bicyclic product was

Introduction

Cyclization is an important tool for introducing conformational
restriction into peptides, which leads to increased in vivo
stability, bioavailability, receptor selectivity, and potency.'-3 By
introducing multiple disulfide bridges into short peptide se-
quences, nature has devised a unique class of biologically active
molecules that are able to adopt well-defined three-dimensional
structures because of the conformational stability conferred by
these disulfide bridges. These highly potent and specific toxins,
found in the venom of cone snails, spiders,” scorpions,
snakes,"” and lizards,”® target the ion channels® and cell-surface
receptors in the neurological system, which results in reduced or
blocked neurotransmission and causes paralysis and sometimes
death. These neurotoxins have become interesting as biological
probes and drug discovery leads!'>" because ion channels in
particular are crucial to many biological processes, such as nerve
transmission, hormone secretion, and the generation of cellular
energy.l'" A number of potential therapeutic targets include
multiple sclerosis, diabetes, and cystic fibrosis.'® Neurex’s
prototype drug Ziconotide (SNX-111, Neurex Corp/Elan Pharma-
ceuticals), an w-conotoxin from the venom of conus magus that
targets calcium channels, has recently entered the final clinical
trials before its intended commercial release as a potent
analgesic for chronic pain." This drug has paved the way for
research and development of conotoxins and synthetic ana-
logues. It was recently demonstrated that replacement of the
smaller disulfide bridge in a-conotoxin S1 with a lactam group
resulted in complete loss of activity, whereas replacement of the
larger disulfide bridge gave a 60-fold reduction in affinity for one
subsite of the muscular nicotinic acetylcholine receptor (nAchR),
and a 70-fold increase in affinity for the other.'"” Thus, moderate
modifications of the knotted disulfide framework are allowed
and are in some cases beneficial from a biological stand-
point.
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obtained as a mixture of two isomers, which were evaluated for
their ability to inhibit the muscular nicotinic acetylcholine receptor
expressed in Xenopus oocytes. The two isomers were found to have
ICs, values (inhibitory activities) of 144 um and 48 um, compared to
0.18 um for native conotoxin GI.
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The present report describes the design of a conotoxin
analogue based on thioether bridges, previously demonstrated
as disulfide bond mimetics that offer advantages under phys-
iological conditions."® ' The thioether bond is formed between
a cysteine residue and an internally N-haloacetylated peptide.
This highly selective reaction has previously been used for
intermolecular ligation of large, unprotected peptide frag-
ments.?? It has also been used to form intramolecular thioether

§S——S

Glu-Cys—(‘Ks-Asn-Pro-Ala-Cys-Gly-Arg-His-Tyr-Ser-Cys-NH2

S S

Conotoxin G1

S (0]
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Conotoxin G1 thioether analogue
1

Scheme 1. Structures of conotoxin G1 and the thioether analogue 1.
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bridges,'® 222 however, in these reports the
haloacetylation is performed on the N-terminal
end of the peptide, thus effectively terminating
the sequence after the first cyclization.

Herein, we report a solid-phase approach to
the synthesis of an analogue of conotoxin
G122 in which both the disulfide bridges
have been replaced with thioether bridges
(Scheme 1). The synthetic methodology
(Scheme 2), which is based on intramolecular
on-bead cyclization between a cysteine residue
and a chloroacetylated reduced peptide bond,
is applicable to continous solid-phase peptide
synthesis of knotted bicyclic structures that
resemble the structural framework found in
conotoxins.

A previous report on modification of cono-
toxin G1 demonstrated that neither truncation
of the sequence to the des-Glu analogue nor
substitution of His10 with a Phe residue results
in significantly reduced potency.??! The con-
otoxin G1 thioether analogue was synthesized
as the des-Glu sequence. To facilitate synthesis,
a Lys residue was used instead of Arg9 and a
Phe residue instead of His10. Arg9 has recently
been identified as the key residue in a-
conotoxin G1,%7 however, Lys is found in this
position in the equally potent a-conotoxins M1
and S1A.?

Results and Discussion

Synthesis of a thioether conotoxin G1
analogue

The chemistry was developed on poly(ethylene
glycol)-poly(acryl amide) copolymer (PEGAg)
resin with the Rink amide linker (p-[(R,S)-a-
[1-(9H-fluoren-9-yl)-methoxyformamido]-2,4-

dimethoxybenzyl]-phenoxyacetic acid; Scheme
2a, b). An Ala residue was attached to the
linker by standard 9-fluorenylmethyloxycar-
bonyl (Fmoc) solid-phase peptide synthesis

Scheme 2. A) Solid-phase synthesis (SPPS) of the thioether
analogue of conotoxin G1: assembly of the peptide chain.
a) Fmoc-Ser(tBu)-H (3 equiv), NaBH;CN (6 equiv), AcOH

(20 equiv), DMF; b) Several cycles of SPPS; c) Fmoc-
GlyW[CH,N(Alloc) JGly-OH (3 equiv), TBTU (2.88 equiv), NEM
(4 equiv), DMF; d) Fmoc-Cys(StBu)-OH (3 equiv), TBTU
(2.88 equiv), NEM (4 equiv), DMF; e) 20 % (v/v) piperidine in
DMF; f) 2-acetyldimedone (3 equiv), DMF. B) Formation of
macrocyclic rings: a) (CICH,CO),0 (3 equiv), NEM (3 equiv),
DCM; b) Bu,P (100 equiv), THF, H,O; ¢) NEM (3 equiv), DMF;
d) 3% (v/v) NH,NH,, DMF; e) Fmoc-Cys(StBu)-OH (3 equiv),
TBTU (2.88 equiv), NEM (4 equiv), DMF; f) 20% (v/v)
piperidine in DMF; g) 2-acetyldimedone (3 equiv), DMF;

h) (Ph,P),Pd (3 equiv), NEM, AcOH, CHCl;; i) TFA/TIPS (95:5).
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0 bonyl) were then coupled as their
Fmoc-protected  pentafluorophenyl
(Pfp) esters by standard SPPS. Accord-

o~ o~ o~ ing to HPLC and MS analysis, the

/ﬁ\ /{\ /{\ sterically congested reduced peptide

bond was not acylated under these

A conditions. The inherent problem of

dialkylation when Gly is used as a

ab H cd H oy feactant in the reductive alkylation led

HN o~ : Fmoc/N\/\H/\[(OK —=—~  Fmoc” N7 Y us incorporate the next two Gly resi-
o Alloc © dues by coupling of the dipeptide

5 3 building block 3 (Scheme 3B), which

Scheme 3. A) Preparation of Fmoc-Ser(tBu)-H: a) iBuOCOCI, NEM, THF, 82 %; b) Dess — Martin periodinane, DCM,
77 %. B) Preparation of building block 3: a) CICH,COOtBu, DCM, 80 %; b) Fmoc-OSu, DIPEA, DCM, 90 %; c) Alloc-Cl,

DIPEA, DCM, quant.; d) TFA, TIPS, 56 %. DIPEA = diisopropylethylamine.

(SPPS). After Fmoc deprotection, the free amine was reductively
alkylated with Fmoc-Ser(tBu)-H by reaction with NaBH;CN in
DMF/AcOH (DMF = N,N-dimethylformamide; Ac=acetyl). The
reductive alkylation proceeds quantitatively to the monoalky-
lated product in 3-4 h at room temperature, as indicated by a
negative result from the Kaiser test.”® Fmoc was removed and
the Tyr(tBu), Phe, and Lys(Boc) residues (Boc = tert-butyloxycar-

contains an allyloxycarbonyl (Alloc)
protected reduced bond, to the grow-
ing peptide. This building block was
prepared in solution, in part based on a
previous report,? and coupled
through N-[(1H-benzotriazol-1-yl)-(di-
methylamino)-methylene]-N-methylmethan-aminium tetrafluor-
oborate N-oxide (TBTU) activation. Ala, Pro, and Asn(Trt) residues
were coupled as their Fmoc-protected Pfp esters, followed by
attachment of Fmoc-Cys(StBu)-OH (StBu = tert-butylthio) by
TBTU activation. The Fmoc group was then exchanged for the
more base-stable N®-1-(4,4-dimethyl-2,6-dioxocyclohexylide-
ne)ethyl (Dde)B% 3" protecting group. The Ser reduced bond

A Crude monocyclic product

' |
Absorption }
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10i __JLA_‘_/»\.‘ .

li T T T T
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Figure 1. RP-HPLC chromatograms of: A) crude monocyclic product; B) crude bicyclic product. The peaks corresponding to the desired products are marked with a*.
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was acylated quantitatively with chloroacetic anhydride in
dichloromethane/N-ethylmorpholine (DCM/NEM) in less than
30 minutes, as indicated by a negative result from the Chloranil
test for secondary amines.*? The StBu cysteine protection group
was removed with Bu;P in tetrahydrofuran (THF)/H,O to give the
free thiol cyclization precursor. Cyclization to form the resin-
bound monocyclic intermediate 2 was achieved by treatment
with NEM in DMF at room temperature overnight and the
presence of 2 was confirmed by a negative result from the
Ellman test for free thiols.¥ The purity of the crude monocyclic
product 2 was determined by cleaving an aliquot of the peptide
from the resin and analyzing it by reversed-phase HPLC (RP-
HPLC; Figure 1TA) and ES-MS. The resin-bound monocyclic
intermediate 2 was treated with 3% hydrazine in DMF to
remove the Dde group and coupled to Fmoc-Cys(StBu)-OH by
TBTU activation. The Fmoc group was again replaced with the
Dde group, and the Alloc group was subsequently removed by
treatment with (PhsP),Pd in CHCl;/NEM/AcOH. The liberated
reduced bond was acylated with chloroacetic anhydride, and the
thiol was deprotected by treatment with BusP. The second
thioether bridge was formed by treatment with NEM in DMF for
7 days to give the bicyclic resin-bound peptide. The Dde group
was removed and the product was cleaved from the resin by
treatment with trifluoroacetic acid/triisopropylsilane (TFA/TIPS).
The crude bicyclic product 1 (Figure 1B) was obtained as a
mixture of two distinct isomers, which were isobaric according
to high-resolution MALDI-TOF MS results. The two isomers were
separated by RP-HPLC to give the pure isomers 1A and 1B in
yields of 3.4% and 3.1 %, repectively, based on the initial loading
of Fmoc-Rink-PEGA. Chiral HPLC of the two isomers did not
reveal any isomeric peaks. Racemization of the Ser a carbon
atom, which could potentially occur during the reductive
alkylation, was not detected by 2D NMR studies of both isomers;
this result indicates that 1A and 1B are not epimers. However,
the 2D TOCSY spectra showed the presence of many (8 for 1A)
conformers, which indicates that the two isomers are in fact
slowly exchanging conformers that arise from rotation around
the three tertiary amide bonds. NMR temperature experiments
showed that heating the sample to 50°C in D,0/H,0 did not
cause coalescence of the isomeric resonances, which indicates
that the different conformers are quite stable.

Biological results

1A and 1B were tested for their ability to inhibit the conducting
property of the adult muscular nAchR expressed in Xenopus
oocytes. For an initial characterization of the muscular nicotinic
acetylcholine receptor, the four subunits a1, 81, d, and ¢ were
injected into Xenopus oocytes in approximately equal molar
amounts. Oocytes were clamped at —50 mV and acetylcholine
receptors were activated by application of acetylcholine (10 pw).
This process gave rise to an inward current with rapid activation
and stable activity as long as the agonist was applied, as shown
in Figure 2 A. Current activity was easily terminated by washing
out the agonist, and receptor activity could be repeated after
3 min washing with Kulori medium without any noticeable
difference in the magnitude of the observed current activity
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(n=5). An inward current could not be observed when 10 um
acetylcholine was applied to non-injected oocytes (data not
shown). For a more complete examination of acetylcholine
activation, oocytes were clamped at —50 mV and superfused
with different concentrations of agonist interrupted by washes
with Kulori medium (Figure 2B). Application of a solution of
acetylcholine elicited a concentration-dependent activation of
the acetylcholine receptor. When high concentrations of acetyl-
choline were applied (100 and 300 um) a reduction in current
amplitude could be observed even in the presence of agonist,
which indicates that the muscular acetylcholine receptor under-
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Figure 2. Initial characterization of adult muscular nicotinic acetylcholine
receptor expressed in Xenopus oocytes. A) Oocytes expressing muscular acetyl-
choline receptors were clamped at — 50 mV and activated by a 30-s application of
acetylcholine (10 um; black bars), which resulted in a sustained inward current.
B) Concentration-dependent activation of acetylcholine receptors. Oocytes
clamped at — 50 mV were superfused for 30 s with increasing concentrations of
acetylcholine (black bars) followed by washes. Acetylcholine concentrations are
given in um in the figure. C) Summary of acetylcholine activation. The IC, value
was calculated to be 15.4 4+ 6um and R?=0.99 (n=6).
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goes a partial desensitization at high acetyl- A

choline concentrations. The observed current 2~ ach
amplitude was therefore recorded as the
peak current. A summary of these activation
experiments is presented in Figure 2C. The
ICs, value for acetylcholine activation was
calculated to be 154 +6 pwm (linear regres-
sion, where R?=0.99 and n=6). Once the
normal expression of the muscular nicotinic
acetylcholine receptor in oocytes had been
established, the inhibitory properties of 1A

Current/ A —-»
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and 1B were tested. In addition, the potency
of the crude, unpurified mixture of the two
isomers, named 1C, was also tested. Wild-
type conotoxin G1 was used as a reference
compound. Application of 1 A was performed
in the following way: Oocytes clamped at
— 50 mV were initially activated by treatment
with 10 um acetylcholine for 30 s, followed by
at least 3 min wash with Kulori medium. This
activation was followed by 30 s application of
10 pum acetylcholine in the presence of toxin
then at least 3 min wash. Finally oocytes were
again activated by 30 s application of acetyl- 0
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Relative currenti% » w

100 -

501

Relative current ! % -»

choline. Application of agonist both before
and after application of 1A made it possible
to determine the degree of desensitization of
the receptor. The inhibitory impact of the
applied antagonist was established by mea-
suring the magnitude of the observed de-
sensitization. Once the potency of a specific
concentration of 1A had been confirmed, the
same oocyte was exposed to the other toxin
isomers in a similar manner before the
experiment was terminated by application
of wild-type conotoxin G1. A representative
current trace from such experiments is shown
in Figure 3A. When toxins were applied in
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high enough concentrations to inhibit more 0 T
than 50% of the current, the current trace
showed an initial peak followed by a reduced
and stable current level. In these cases, the
degree of inhibition was determined from
the stable plateau current. The observations
indicated that the on-rate for toxin binding is
slow. On- and off-rates of toxin inhibition
were not investigated further. A summary of
the inhibitory activities of 1A, 1B, and 1C is
presented in Figure 3B. Application of antagonists were limited
to 100 pum because of the limited availability of the compounds.
Calculated ICs, values for inhibition and linear regression
coefficients for the different isomers were as follows: 1A=
144+210pum (R*=0.70); 1B=48+55um (R*=0.97); 1C=
1.5+ 0.7 um (R*=10.99). The IC5, value of the reference compound
conotoxin Gl was calculated to be 0.176 £+ 0.004 um (R*=1.00).
For all experiments n =4. Thus, the two isomers 1A and 1B were
found to be 800-fold and 244-fold less potent, respectively, than
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Figure 3. Inhibitory properties of different conotoxin G1 derivates. A) Oocytes expressing adult rat
muscular nicotinic acetylcholine receptors were clamped at — 50 mV and exposed to acetylcholine (10 um)
or acetylcholine + different derivates of conotoxin (overall 10um) for 30 s (black bars). Experiments were
terminated by application of wild-type conotoxin G1 to confirm the nature of the expressed current.

B) Dose - response curves for the inhibitory property of conotoxin G1, 1A, 1B, and 1C (crude). Calculated
ICs, values and regression coefficients are given in the text.

native conotoxin, which indicates a slight preference for isomer
1B. The crude mixture of the two isomers was found to be only
eightfold less potent than conotoxin G1; this indicates that
impurities present in the mixture are highly potent. Further
studies may determine if the thioether modification is bio-
logically tolerated in conotoxin G1. Furthermore, changing the
orientation of the thioether bridges could have a significant
impact on potency and selectivity, as previously reported for
lactam analogues of conotoxin S1.1'7!

ChemBioChem 2003, 4, 186194





A Thioether Analogue of Conotoxin G1

In conclusion, the solid-phase synthesis of a bicyclic thioether
analogue of conotoxin G1 has been described. The thioether
bridges were formed by intramolecular reactions between a
cysteine residue and a chloroacetylated reduced bond. The
synthetic methodology presented here should be perceived as
a general tool for introducing conformational constraints
into a peptide to mimic the disulfide-knotted motif found in
naturally occurring toxins. The two isomers tested herein were
found to be significantly less potent than native conotoxin G1.
However, the observed activity provides hope that other
analogues may be as potent as, or more potent than the parent
toxin.

Experimental Section

Reagents and general methods: All solvents were HPLC grade.
Anhydrous solvents were obtained by storing the solvents over 4-A
activated molecular sieves. Degassed solutions were obtained by
bubbling with Ar for 10 minutes. PEGA resin was purchased from
Polymer Laboratories, England. Fmoc amino acids, Rink linker, and
TBTU were purchased from Bachem. 2-Acetyldimedone was pre-
pared according to a previous procedure.? Dess-Martin period-
inane was purchased from Relakem (Riga, Latvia). All other starting
materials were purchased from Fluka and Sigma - Aldrich and used
without further purification. Solid-phase reactions were performed in
flat-bottomed polyethylene syringes equipped with sintered Teflon
filters (50-pum pores), Teflon tubing, Teflon valves for flow control, and
a suction device to drain the syringes from below. Fmoc depro-
tection was performed with 20% piperidine in DMF (2 + 10 min).
TBTU couplings were performed by dissolving the acid (3 equiv) in
DMF with NEM (4 equiv), followed by addition of TBTU (2.88 equiv).
The resulting solution was preactivated for 10 min before use
(reaction time 2h). Pfp esters were coupled by using the ester
(3equiv)  with  3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine
(DhbtOH; 1 equiv) present. The disappearence of the bright yellow
color indicated complete reaction of the resin-bound amino groups.
Unless otherwise noted, solid-phase reactions were generally run in
sufficient solvent to cover the resin. Resin loadings were determined
by Fmoc cleavage and optical density measurements at 290 nm by
using a calibration curve. Routine NMR data were acquired on a
Bruker Avance DRX 250 spectrometer. Chemical shifts are reported in
ppm downfield, relative to internal solvent peaks (2.49 ppm for
dimethylsulfoxide (DMSO-d,), 7.25 ppm for CDCl;). ES-MS spectra
were obtained in the positive mode on a Fisons VG Quattro 5098
spectrometer. LC-MS spectra were obtained in the positive mode on
a Hewlett Packard MSD1100 LC-MS apparatus. MALDI-TOF spectra
were recorded on a Bruker Reflex Il MALDI-TOF mass spectrometer
with a-cyano-4-hydroxycinnamic acid as the matrix. High-resolution
MALDI-TOF MS spectra were recorded at the University of Odense,
Denmark on a 4.7-T lonspec FT-ICR mass spectrometer, with 2,5-
dihydroxybenzoic acid as both matrix and internal reference
(substance P (RPKPQQFF GLM-NH,) was used for 1A and 1B). The
TLC plates used were Merck silica gel 60F,5, on aluminum. Visual-
ization was achieved with UV light when applicable, or developed by
staining with the AMC reagent (21 g (NH,)sMo0,0,,, 1g Ce(SO,),,
31 mL H,SO,, 500 mL water). Analytical HPLC was performed on: 1) a
Waters system (490E detector at 215 and 280 nm, two 510 pumps
with gradient controller, and a Zorbax RP-18 column, 300 A, 0.45 x
50 mm, with eluents A (0.1% TFA in water) and B (0.1% TFA in
acetonitrile/water 9:1) used in a linear gradient (0% B—100% B in
25min.), or 2)a Merck-Hitachi D7000 system (L-4250 UV/Vis
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detector 215 nm, L-6250 intelligent pump, with eluents A (0.1%
TFA in water) and B (0.1% TFA:MeOH 1:9) used in a linear gradient
(0% B—100% B in 25 min.)). Retention times refer to the designated
system. Preparative HPLC was performed on a Waters 600E system
(Waters 991 photodiode array detector at 215 and 280 nm, FOXY
fraction collector) connected to a Millipore Delta Pak RP-18 column
(47 x 300 mm), with eluents A (0.1 % TFA in water) and B (0.1 % TFA in
MeCN/H,0 9:1) in a linear gradient starting at 100 % A, with a slope of
0.5% min~" and a flow of 20 mLmin~".

tert-Butyl N-(2-aminoethyl)glycinate:? A solution of tert-butyl
chloroacetate (10 mL, 63 mmol) in DCM (100 mL) was added
dropwise to a solution of ethylenediamine (45 mL, 830 mmol) in
DCM (100 mL) at 0°C over a period of 2 h. The mixture was warmed
slowly to room temperature and then stirred for a period of 18 h. The
reaction mixture was washed with water 3 times, and the combined
aqueous wash was back-extracted with DCM. The combined organic
layers were dried (Na,SO,) and concentrated in vacuo to give a clear
oil. Yield: 10 g (82 %). '"H NMR (CDCl,, 250 MHz): 6 = 1.37 (br, 3H), 1.40
(s,9H),2.57-2.62 (m, 2H), 2.69-2.74 (m, 2H), 3.22-3.23 (s, 2H) ppm.

tert-Butyl N-[2-(N-9-fluorenylmethoxycarbonyl)aminoethyllglyci-
nate hydrochloride:** A solution of N-(9-fluorenylmethoxycarbo-
nyl)succinimide (9.5 g, 29 mmol) in DCM (50 mL) was added to a
solution of tert-butyl N-(2-aminoethyl)glycinate (5 g, 29 mmol) and
DIPEA (4.8 mL, 29 mmol) in DCM (100 mL) at room temperature over
a period of 1 h. The reaction mixture was stirred for 18 h and then
washed with HCl (1m; x5) and once with brine. The organic layer
was dried (Na,SO,) and partially concentrated (to about 50 mL) in
vacuo. Cooling to —20°C for a period of 18 h gave the desired
compound as a white solid, which was isolated by filtration, washed
with ice-cold DCM, and dried. Yield: 11.1 g (88%). R; (petroleum
ether/ethyl acetate 1:3, + a few drops of AcOH) ~0.27. '"H NMR and
3CNMR as reported;®?% LC-MS calcd for C,3H,0N,0,Cl: 432.18 [M]F;
found (negative mode): m/z 431.1 [M —H]*.

N-[2-(N-9-Fluorenylmethoxycarbonyl)aminoethyl]-N-(allyloxycar-
bonyl)Iglycine (3): tert-Butyl-N-[2-(N-9-fluorenylmethoxycarbonyl)-
aminoethyllglycinate hydrochloride (2 g, 4.65 mmol) was dissolved
in DCM (30 mL). DIPEA (1.6 mL, 9.3 mmol) and allyl chloroformate
(750 uL, 7 mmol) were added. The mixture was stirred for 2 hours,
washed with 1m HCl and brine, dried (MgSO,), and concentrated in
vacuo to give a clear oil. TLC (petroleum ether/ethyl acetate 2:1)
showed one spot (R;=~0.39). Efforts to crystallize the intermediate
failed. The oil was redissolved in DCM (30 mL) and TIPS (0.5 mL) was
added, followed by 95% TFA (10 mL). The slightly yellow solution
was stirred for 4 hours then concentrated to give a yellow residue,
which was coevaporated with chloroform twice to give a yellow oil.
The crude product was dissolved in the minimum amount of ethanol
(96 %), diluted with water until the solution became hazy, and then
cooled to —20°C overnight. The white solid was isolated by
filtration, washed with water, and dried in vacuo. The solid was then
dissolved in a minimum of ethyl acetate, diluted with petroleum
ether until the solution became hazy, and cooled to —20°C for a few
hours. Compound 3 was isolated by filtration, washed with
petroleum ether (x 3), and dried. Yield: 0.9 g. A further 0.2 g could
be isolated from the filtrate by dilution with additional petroleum
ether. Total yield: 1.1 g (56%). R; (chloroform/methanol 5:1) ~0.43;
'HNMR (DMSO-d,, 250 MHz): 6 =3.17-3.20 (m, 2H, FmocNHCH,),
335 (br, 2H, FmocNHCH,CH,), 3.94-3.97 (app d, J=6.6, 2H,
CH,COOH), 4.22-4.25 (t, J=6.2, TH, CH(Fmoc)), 4.30-4.33 (d, J=
6.2, 2H, CH,(Fmoc)), 4.51-4.52 (br, 2H, OCH,CH=CH,), 5.12-5.33 (m,
2H, CH=CH,), 579-5.97 (m, 1H, CH=CH,), 731-745 (m, 5H,
Ar(Fmoc) + NH), 7.68-770 (d, J=72, 2H, Ar(Fmoc)), 7.88-7.91 (d,
J=73, 2H, Ar(Fmoc)), 12.77 (br, 1H, COOH) ppm. 3C NMR (DMSO-dj,
62.9 MHz; 2 rotamers, rotameric signals given in parentheses):
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0=38.8((39.2); FmocNHCH,), 471 (CH(Fmoc)), 47.4((48.1);
FmocNHCH,CH,), 49.2((49.4); CH,COOH) 65.6 (CH,(Fmoc)), 65.8
(OCH,CH=CH,), 116.7 ((117.1); CH=CH, ), 120.5 (Ar(Fmoc)), 125.5
(Ar(Fmoc)), 127.4 (Ar(Fmoc)), 128.0 (Ar(Fmoc)), 133.5 (CH=CH,), 141.1
(Ar(Fmoc)), 144.3 (Ar(Fmoc)), 155.6((155.8); CO(Alloc)), 156.5 (CO(F-
moc)), 171.5((171.6); COOH)ppm. HR-MS (MALDI): calcd for
Cy3HuN,ONa: 447.1527 [MNa]*; found: m/z 447.1519. HPLC purity:
97 %. R, (A) =15.06.

(S)-N-a-(Fluorenylmethyloxycarbonyl)-O-(tert-butyl)-serinol:  Mi-
nor modifications were made to a previous procedure for prepara-
tion of amino alcohols.? (S)-N-a-(Fluorenylmethyloxycarbonyl)-O-
(tert-butyl)-serine (3 g, 7.8 mmol) was dissolved in THF (45 mL) and
cooled in an ice bath. NEM (990 L, 1 equiv) was added, followed by
isobutylchloro formate (1120 L, 1.1 equiv). After 10 min, the precip-
itate was filtered off and washed with THF. The combined filtrate and
washings were cooled to 0°C and a solution of NaBH, (480 mg,
1.6 equiv) in water (5mL) was added dropwise. The mixture was
stirred for 15 min after the evolution of gas had subsided. After
dilution with water (250 mL), the crude product was isolated by
extraction with ethyl acetate (x 3). The combined organic layers
were washed with saturated NaHCO; (x 3), 1m HCl (x 2), and brine,
then dried (MgSO,). Concentration in vacuo gave the product as a
clear oil, which was found to be sufficiently pure for further use.
Yield: 2.36g (82%). Ri=0.50 (petroleum ether/ethyl acetate 1:1).
'H NMR (CDCl;, 250 MHz): 6 = 1.10 (s, 9H), 2.83 (br, 1H) 3.50 (br, 2H),
3.61-3.79 (m, 3H), 4.11 -4.17 (t, J=6.84, 1H), 430-4.32 (d, /= 6.85,
2H), 5.44 (br, 1H), 717 - 7.34 (m, 4H), 7.50-7.53 (d, /=730, 2H), 7.66 -
768 (d, J=735, 2H)ppm. *CNMR (CDCl;, 62.9MHz): & =278,
477, 52.1, 63.8, 64.8, 67.2, 74.2, 120.4, 125.5, 1275, 128.1, 1417,
144.4 ppm. ES-MS: mass calcd for C,,H,;NO, 370.20 [MH]*; found:
m/z 370.29.

(S)-N-a-(Fluorenylmethyloxycarbonyl)-O-(tert-butyl)-serinal: The
amino alcohol obtained above was dissolved in DCM (50 mL). The
solution was cooled in an ice bath and Dess—Martin periodinane
(4 g, 1.5 equiv) was added in one portion. The mixture was stirred for
30 min then warmed to room temperature and stirred for 1 h. The
reaction was quenched by addition of saturated ag. NaHCO; and
10% ag. Na,S,0; (20 mL each). After 10 min vigorous stirring the
organic layer was separated, washed with brine, and dried (MgSO,).
Filtration and evaporation of the solvent gave the crude aldehyde as
a yellowish oil. This was dissolved in chloroform and left in a freezer
for 1 h. The precipitate was filtered off and the filtrate concentrated
in vacuo. The residue contained only one major component
according to TLC (petroleum ether/ethyl acetate 1:1), however,
minor impurities (<5%) were observed by 'HNMR spectroscopy.
This material was used directly without further purification. Yield:
1.89 (77%). R=0.74 (petroleum ether/ethyl acetate 1:1). '"H NMR
(CDCl;, 250 MHz): 6 =1.07 (s, 9H), 3.51-3.57 (dd, /=9.5, 44, 1H),
3.84-3.89 (dd, /=9.4,3.0, 1H), 4.12-4.18 (t, J=6.80, 1H), 4.24-4.40
(m, 3H), 5.58 (br, TH), 7Z.19-7.33 (m, 4H), 7.51-7.53 (d, /=730, 2H),
765-769 (d, J=735, 2H), 953 (s, 1H)ppm. CNMR (CDCl,,
62.9 MHz): 6 =276, 47.6, 60.4, 60.9, 67.6, 74.2, 120.4, 125.5, 1275,
128.2, 141.7, 1442, 156.7, 199.6 ppm. ES-MS: mass calcd for
CyH,sNO,: 368.19 [MH]*; found: m/z 368.32.

Synthesis of the thioether analogue of conotoxin G1: Lyophilized
Fmoc - Rink - PEGAgy, resin (1g, L=0.27 mmolg~') was Fmoc de-
protected and washed with DMF (x 5). Fmoc-Ala-OPfp (3 equiv) was
coupled onto the resin and the product washed with DMF (x 5). The
Fmoc group was removed and the resin was washed with DMF (x 5).
AcOH (325 pL, 20 equiv), NaBH;CN (115 mg, 6 equiv), and Fmoc-
Ser(tBu)-H (3 equiv) were added in DMF (7 mL). After 3.5 h, the Kaiser
test gave a negative result and the resin was washed with DMF (x 3),
96 % EtOH, and DMF (x 3). The Fmoc group was removed and the

192

M. Meldal et al.

resin washed with DMF (x 5). Fmoc-Tyr(tBu)-OPfp, Fmoc-Phe-OPfp,
Fmoc-Lys(Boc)-OPfp, Fmoc-Glyy[CH,N(Alloc)1Gly-OH (3 equiv of
building block 3; coupled by TBTU activation), Fmoc-Ala-OPfp,
Fmoc-Pro-OPfp, Fmoc-Asn(Trt)-Opfp, and Fmoc-Cys(StBu)-OH (cou-
pled by TBTU) were then coupled sequentially by using standard
procedures. The Fmoc group was removed and the resin was washed
with DMF (x5) and treated overnight with 2-acetyldimedone
(147 mg, 3 equiv) in DMF (7 mL). The resin was washed with DMF
(x 5) and DCM (x 5). Chloroacetic anhydride (139 mg, 3 equiv) and
NEM (103 pL, 3 equiv) were added in DCM (10 mL), and after 30 min a
negative Chloranil test for secondary amines indicated complete
acylation of the reduced bond. The resin was washed with DCM (x 5)
and treated with Bu;P (6.7 mL, 100 equiv) in THF/H,O (19:1; 7 mL) for
1 h. The resin was then washed with DCM (x 5) and DMF (x 5) and
left in DMF (7 mL) and NEM (103 pL, 3 equiv) until an Ellman test for
free thiols was no longer positive, which indicates complete
formation of the first thioether bridge (32 h). An aliquot (a few mg)
of the resin was removed, treated with DMF/allyl alcohol/809%
hydrazine hydrate (46:3:1; 3 x 3 min), washed with DMF (x 5), and
cleaved by treatment with TFA/TIPS (95:5) for 2 h. The cleavage
mixture was concentrated to dryness by using a speed vac
apparatus. The residue was dissolved in water (500 pL) and extracted
with diethyl ether (x 4). The aqueous phase (20 pL) was subjected to
HPLC analysis. The identity of the desired monocyclic intermediate 2
was verified by ES-MS: caled for CssHg;N;,0,55: 1209.57 [MH]*; found:
m/z 1209.3, 605.3 [M+2H]**. The rest of the resin was treated with
DMF/allyl alcohol/80% hydrazine hydrate (46:3:1; 3 x 3 min) and
washed with DMF (x 5). Fmoc-Cys(StBu)-OH was then coupled by
TBTU activation. The resin was washed with DMF (x 5) and the Fmoc
group was removed, followed by washing with DMF (x 5). 2-Ace-
tyldimedone (147 mg, 3 equiv) was added in DMF (7 mL) and the
resin was left for a period of 18 h. The resin was washed with DMF
(x 5). The Alloc group was removed by treatment with (Ph;P),Pd (1 g,
3equiv) under Ar in a degassed solution of CHCl,/AcOH/NEM
(92.5:5:2.5; 7 mL) for 7 h. The resin was washed with DCM (x 5) and
DMF (x5). The reduced bond was acylated with chloroacetic
anhydride (139 mg, 3 equiv) and NEM (103 pL, 3 equiv) in DCM
(10 mL) for 30 min then washed with DCM (x 5). The tert-butylthio
group was removed by treatment with BusP (6.7 mL, 100 equiv) in
THF/H,O (19:1; 7 mL) for 1 h. The resin was washed with DCM (x 5)
and DMF (x 5). The resin was left in DMF (7 mL) and NEM (103 pL,
3 equiv) for 7 days, after which time an Ellman test gave a negative
result (the reaction was not monitored during this time). The resin
was washed with DMF (x 5). The Dde protection group was removed
by treatment with 3% hydrazine hydrate in DMF (3 x 3 min). The
resin was washed with DMF (x 5). The bicyclic peptide was cleaved
from the resin by treatment with TFA/TIPS (95:5) for 2 h. The resin
was subsequently washed with TFA (x 10) and the combined TFA
fractions were concentrated in vacuo. The oily residue was
precipitated with ice-cold diethyl ether to give the crude product
1 as an off-white solid. Yield: 162 mg. This crude product was purified
by preparative HPLC to give two isomers:

1A: White solid. Yield: 11.5mg (3.4%). RP-HPLC purity >98%. R,
(1)=9.07; (2)=10.79. HRMS (MALDI) exact mass calcd for
CsgHaiN;50,55,Na: 1290.5375 [MNal*; found: 1290.5374.

1B: White solid. Yield: 10.6 mg (3.1%). RP-HPLC purity >98%. R,
(1)=9.20; (2)=11.29. HRMS (MALDI) exact mass calcd for
CseHg1N150455,Na: 1290.5375 [MNa]*; found: 1290.5403.

Inhibition of acetylcholine binding to adult muscular nAchR
expressed in Xenopus oocytes:

Molecular biology: The cDNA coding for rat «,AChR, 3;AChR, dAchR,
and eAChR (kindly provided by Veit Witzemann, Max-Planck Institute,
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Heidelberg, Germany) were subcloned into the duel-function
expression vector pXOOM to obtain robust expression in Xenopus
laevis oocytes.*® All four receptor subunits were amplified by
PCR with oligonucleotides introducing a Kozak consensus trans-
lation initiation sequence (5-end)®” and the appropriate re-
striction enzyme recognition sites (EcoRIl, Notl). The integrity
of all PCR-generated DNA fragments was confirmed by sequenc-
ing.

In vitro transcription and capping were performed according to the
manufacturer’s instructions by using the mCAP mRNA capping kit
(Stratagene, La Jolla, CA, USA). mRNA was phenol/chloroform
extracted, ethanol precipitated, and dissolved in tris(hydroxymeth-
yllaminomethane-HCl/ethylenediaminetetraacetate  (TE)  buffer
(pH 8) to a concentration of approximately 0.1 ug uL=". The integrity
of the transcripts was confirmed by agarose gel electrophoresis, and
mRNA was stored at — 80 °C until injection.

Expression in Xenopus oocytes: Xenopus laevis surgery and oocyte
treatment were done as previously described.®® Oocytes were kept
in Kulori medium (90 mm NaCl, 1 mm KCl, T mm MgCl,, 1 mm CaCl,,
5 mm 2-[4-(2-hydroxyethyl)-1-piperazinyllethanesulfonic acid
(HEPES), pH 7.4) for 24 hours at 19°C before injection of mRNA
(50 nL, approximately 5 ng). mRNA coding the four subunits a1, 51, ¢,
and 0 was mixed in an approximate 1:1:1:1 molar ratio. All injections
were performed with a Nanoject microinjector (Drummond, USA).
Oocytes were kept at 19°C in Kulori medium for 2 -4 days before
measurements were performed. The Kulori medium was changed
once a day.

Electrophysiology: The experimental set-up is depicted in Figure 4.
Measurements were performed on a conventional two-electrode
voltage-clamp set-up with a Dagan amplifier (Dagan CA-1B,
Minneapolis, MN, USA). Electrodes were pulled from borosilicate
glass capillaries on a horizontal patch electrode puller (DMZ universal
puller, Zeitz instruments, Miinchen, Germany) and had tip resistance
between 0.3 and 2.0 mQ when filled with 1m KCI. During the
experiments oocytes were placed in a small chamber (volume:
200 pL) and continually superfused (flow: 6 mLmin~) with a gravity-
driven perfusion system. Activators and inhibitors were applied by
this system. For all recordings the solution for superfusion was Kulori
medium consisting of NaCl (90 mwm), KCI (1 mm), MgCl, (1 mwm), CaCl,
(1 mm), HEPES (5 mwm, pH 7.4). Experiments were performed at room
temperature. The condition of each single oocyte was controlled
before the membrane potential was recorded. Only oocytes with
membrane potentials below —20 mV were used for current record-
ings. Oocytes were clamped at —50 mV and adult muscular nAch

solution

solution
out

objective

Figure 4. Experimental setup for oocyte assay. “i” is the voltage tip and “v" is the
tip used to measure the oocyte membrane potential.
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receptors were activated by application of acetylcholine alone or of
acetylcholine and various amounts of inhibitors. Agonist application
both in the presence and in the absence of antagonist was carried
out over 30s, followed by at least 3 min superfusion of Kulori
medium.

Data Analysis: Results of dose-response studies were subjected to a
sigmoidal dose-response analysis with the equation:

top — bottom
Y = bottom+————

(1 + 10(LogIC5O—X)

where Y=relative current (%), bottom=Ilevel of current in the
presence of the highest inhibitor concentration used, top = level of
current in the presence of the lowest inhibitor concentration, ICs, is
the inhibitor concentration required for half the maximum inhibition
of current, and X is the logarithm of the inhibitor concentration. In
situations where the maximum concentration of inhibitor was
insufficient to obtain a complete block of the current, the top and
bottom values were fixed at 1 and 0, respectively. Unless otherwise
stated, all data points represent the average of the results from four
different oocytes. Results are given as the mean value + standard
deviation.

This work was supported by the Danish National Research
Foundation. We thank Dan A. Klaerke and Sgren-Peter Olesen for
scientific advice and for supplying the Xenopus laevis oocytes.

[1] J.N. Lambert, J. P. Mitchell, K. D. Roberts, J. Chem. Soc. Perk. Trans. 1 2001,
471 -484.

[2] J.V. Hruby, H. Bartoz-Bechowski, P. Davis, J. Slaninova, T. Zalewska, D.
Stropova, F. Porreca, H.l. Yamamura, J. Med. Chem. 1997, 40, 3957 -
3962.

[3] S.C. Koerber, J. Gulyas, S. L. Lahrichi, A. Corrigan, A. G. Craig, C. Rivier, W.
Vale, J. Rivier, J. Med. Chem. 1998, 41, 5002 -5011.

[4] A.R. Myers, J. L. Cruz, J. E. Rivier, M. B. Olivera, Chem. Rev. 1993, 93, 1923 -
1936.

[5] A. Stapleton, D.T. Blankenship, B. L. Ackermann, T. M. Chen, G. W. Gorder,
G.D. Manley, M. G. Palfreyman, J. E. Coutant, A.D. Cardin, J. Biol. Chem.
1990, 265, 2054 - 2059.

[6] E.Blanc, R. Romi-Lebrun, O. Bornet, T. Nakajima, H. Darbon, Biochemistry
1998, 37, 12412-12418.

[71 G.A. Grant, V. A. Chiappinelli, Biochemistry 1985, 24, 1532 - 1537.

[8] G. Datta, T. A. Tu, J. Pep. Res. 1997, 50, 443 - 450.

[9] F. Hucho, C. Weise, Angew. Chem. 2001, 113, 3194-3211; Angew. Chem.
Int. Ed. 2001, 40, 3100-3116.

[10] P. Berressem, Chem. Br. 1999, 40-42.

[11] W.W. Gibbs, Sci. Am. 1996, 20-21.

[12] A. Harvey, Chem. Ind. 2000, 174 -176.

[13] D.J. Adams, P.F. Alewood, D.J. Craik, R.D. Drinkwater, R.J. Lewis, Drug
Dev. Res. 1999, 46, 219 -234.

[14] J. M. McIntosh, B. M. Olivera, J. L. Cruz, Methods Enzymol. 1999, 294, 605 -
624.

[15] R.M. Jones, G. Bulaj, Curr. Pharm. Des. 2000, 6, 1249 - 1285.

[16] M. Laniado, E.-N. Lalani, Chem. Ind. 1999, 100 - 104.

[17] B. Hargittai, N. A. Sole, D.R. Groebe, S.N. Abramson, G. Barany, J. Med.
Chem. 2000 , 43, 4787 —4792.

[18] T.F-D. Lung, R.C. King, P.P. Roller, Lett. Pept. Sci. 1999, 6, 45 -49.

[19] L. Oligino, F-D.T. Lung, L. Sastry, J. Bigelow, T. Cao, M. Curran, T.R. Burke,
Jr., S. Weng, D. Krag, P.P. Roller, R.C. King, J. Biol. Chem. 1997 , 272,
29046 -29052.

[20] R.D. Englebretsen, G.B. Garnham, A.D. Bergman, P.F. Alewood, Tetrahe-
dron Lett. 1995, 36, 8871 -8874.

[21] L.P. Barker, S. Bullens, S. Bunting, J. D. Burdick, S.K. Chan, T. Deisher, C.
Eigenbrot, R.T. Gadek, R. Gantzos, T. M. Lipari, D.C. Muir, A. M. Napier,

193





[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

BIO

M.R. Pitti, A. Padua, C. Quan, M. Stanley, M. Struble, K.Y.J. Tom, P.J.
Burnier, J. Med. Chem. 1992, 35, 2040 - 2048.

Y.C. Cho, S.R. Youngquist, J.S. Paikoff, H. M. Beresini, R. A. Hebert, T.L.
Berleau, W. C. Liu, E. D. Wemmer, T. Keough, G. P. Schultz, J. Am. Chem. Soc.
1998, 120, 7706-7718.

J. Gehrmann, P.F. Alewood, D.J. Craik, J. Mol. Biol. 1998, 278, 401 -
415.

A. Pardi, A. Galdes, J. Florance, D. Manticonte, Biochemistry 1989, 28,
5494 -5501.

L. W. Guddat, J. A. Martin, A. B. Edmunson, W. R. Gray, Biochemistry 1996,
35,11329-11335.

R.G. Almquist, S.R. Kadambi, D. M. Yasuda, F.L. Weitl, W. E. Polgar, L.R.
Toll, Int. J. Pept. Protein Res. 1989, 34, 455 - 462.

R.M. Hann, O.R. Pagan, L.M. Gregory, T. Jacome, V.A. Eterovic,
Biochemistry 1997, 36, 9051 - 9056.

E. Kaiser, R. L. Colescott, C. D. Bossinger, P. 1. Cook, Anal. Biochem. 1970, 34,
596 - 598.

S. A. Thomson, J. A. Josey, R. Cadilla, M. D. Gaul, C. F. Hassman, M. J. Luzzio,
A.J. Pipe, K.L. Reed, D.J. Ricca, R.W. Wiethe, S. A. Noble, Tetrahedron
1995, 51, 6179-6194.

[37]
[38]

M. Meldal et al.

B. W. Bycroft, W. C. Chan, S.R. Chhabra, N.D. Hone, J. Chem. Soc. Chem.
Commun. 1993, 778-779.

I.A. Nash, B.W. Bycroft, W.C. Chan, Tetrahedron Lett. 1996, 37, 2625 -
2628.

V. Vojkovsky, Pept. Res. 1995, 8, 236 —237.

L. G. Ellman, Arch. Biochem. Biophys. 1959, 82, 70-77.

A.N. Pyrko, J. Org. Chem. USSR 1991, 27, 1981 -1981.

M. Rodriguez, M. Llinares, S. Doulut, A. Heitz, J. Martinez, Tetrahedron Lett.
1991, 32, 923-926.

T. Jespersen, M. Grunnet, K. Angelo, D. A. Klaerke, S.-P. Olesen, Biotechni-
ques 2002, in press.

M. Kozak, Nucleic Acids Res. 1987, 15, 8125-8148.

M. Grunnet, B.S. Jensen, S.-P. Olesen, D. A. Klaerke, Eur. J. Physiol. 2001,
441, 544 -550.

Received: July 12, 2002
Revised version: October 23, 2002 [F453]

194

ChemBioChem 2003, 4, 186194






Photocrosslinking in Ruthenium-Labelled Duplex

Oligonucleotides

O. Lentzen, J.-F. Constant,® E. Defrancq,® M. Prévost,@ S. Schumm,
C. Moucheron,? P. Dumy,®! and A. Kirsch-De Mesmaeker*t@ [+

The formation of a photoadduct between a [Ru(1,4,5,8-tetraaza-
phenanthrene),4,7-diphenylphenanthrolinel** complex chemically
attached to a synthetic oligonucleotide, and a guanine moiety in a
complementary targeted single-stranded DNA molecule was
studied for ten 17-mer duplexes by denaturing gel electrophoresis.
This photoadduct formation leads to photocrosslinking of the two
strands. The percentage quenching of luminescence of the complex
by electron transfer was compared to the resulting yield of
photocrosslinked product. This yield does not only depend on the
ionisation potential of the guanine bases, which are electron
donors, but also on other factors, such as the position of the

Introduction

The use of oligonucleotides (ODNs) for gene expression
inhibition represents an attractive therapeutic approach. Oligo-
nucleotides can target mRNA (antisense strategy)!" or double-
stranded DNA by triple helix formation (antigene strategy).l!
Numerous in vitro and in vivo studies have shown the efficacy of
antisense oligonucleotides.® Several clinical trials directed at
various targets that play a role in cancer are underway
However, some major problems remain: low stability of oligo-
nucleotides in biological media, poor delivery into cells and
insufficient affinity of the probe for the target sequence
(especially for the triple helix strategy). To circumvent these
problems, a number of chemically modified oligonucleotides
have been prepared. These modifications include changes in the
backbone (for example, phosphorothioate analogues, etc.) and
the sugar units (for example, 2’-O alkylated sugar, a-nucleosides,
etc.) and attachment of a variety of reporter groups at the 3’ or 5’
extremities of the oligonucleotides.”™ In this context, the tether-
ing of transition metal complexes to oligonucleotides has
received considerable attention. Artificial sequence-specific
nucleases have thus been designed by anchoring metal com-
plexes such as Fe'-EDTA (EDTA = ethylenediaminetetraacetate),!
Cu'-phenanthroline,” Fe'-bleomycin® and metalloporphyrins
on oligonucleotides.” Conjugation of ruthenium complexes to
synthetic DNA has found widespread interest as a useful process
for the preparation of luminescent DNA probes,'™ DNA photo-
cleavage reagents,!"" triple-helix photoprobes!"'? or for studies
of long-distance electron transfer.'? Some transition metal
complexes have also been shown to be highly efficient as
chemotherapeutic agents targeting the nucleic acid. Indeed,
some Pt(in complexes are employed for the treatment of certain
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guanine bases as compared to the site of attachment of the
complex. The photocrosslinking yield is higher when the guanine
moieties are towards the 3' end on the complementary strand as
compared to the tethering site. Computer modelling results are in
agreement with this preference for the 3’ side for the photoreaction.
Interestingly, the photocrosslink is not alkali labile. Moreover, a
type lll exonuclease enzyme is blocked at the position of photo-
crosslinking.

KEYWORDS:

DNA electron transfer -

conjugates
photocrosslinking - ruthenium

recognition

human cancers.'™® The anticancer properties of these agents
have been shown to derive from the formation of adducts with
DNA guanine or adenine bases and formation of intra- and inter-
strand cross-links.!

We recently demonstrated that Ru(l) complexes containing
highly nt-deficient polyazaaromatic ligands such as tap (1,4,5,8-
tetraazaphenanthrene) are efficient DNA photoprobes. These
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complexes are able to undergo photoadduct formation and can
cause photocleavage of DNA.' A photoinduced electron
transfer process is the first step in this DNA photodamage.'?
The structure of the photoadduct has been determined in the
case of the photoreaction of the [Ru(tap);]** complex
with guanosine-5-monophosphate and calf thymus DNA
(Scheme 1).® In order to target this photoreaction towards a
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Scheme 1. Structure of the photoadduct formed between the [Ru(tap);]**
complex and the guanine residue after acid hydrolysis.

guanine residue of a specific sequence, [Ru(tap),dip]** (dip=
4,7-diphenylphenanthroline) was anchored on a series of
oligonucleotides.'” Significant luminescence quenching was
observed upon hybridisation of the Ru-labelled oligonucleoti-
des, provided that the complementary strand contained a
guanine residue accessible to the complex. However, this
extinction takes place only when guanine residues are present
in the complementary strand. The percentage quenching has
been correlated to the calculated ionisation potential of
the guanine residues in the different sequences.'® Therefore,
the formation of a photoadduct that generates an irreversible
photocrosslinking of the two strands has been attributed
to an initial charge transfer process."” This photoreaction could
offer an interesting opportunity to design new anticancer
agents by combining the sequence specificity of the antisense
oligonucleotide with the irreversible formation of a photo-
crosslink.

With the aim of studying the parameters controlling
the electron transfer and photoadduct formation (that is,
photocrosslinking), we prepared ten different duplexes
containing various numbers of guanine residues located at
particular positions of the complementary strand. The
[Ru(tap),dip]** complex was tethered to the oligonucleotides
in two different ways, either in the middle of the sequence
by derivatisation at position 5 of an internal thymine base, or at
the 5 terminal phosphate group of the sequence (Schemes 2
and 3).
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(a) Central thymine
residue of the
modified oligonucleotide.

R= '\
- /N'(CH2)3_O_
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(b) 5' terminal phosphate group of
the modified oligonucleotide.

Scheme 2. a) Anchoring of the [Ru(tap),dip]** complex in the middle of the
strand at position 5 of a modified thymine base; b) anchoring at the 5'-extremity.

Results and Discussion
Percentage quenching in the Ru-labelled duplexes

As previously shown,['7-'¥! the presence of guanine residues in
the complementary strands of the Ru-labelled oligonucleotides
induces luminescence quenching (Table 1). Since steady-state
luminescence data and lifetime measurements yielded the same
percentage values, the quenching can be regarded as dynamic.
The percentage quenching can be correlated to the ionisation
potentials (L.P.) of the involved guanine residues upon first
examination.'® This is in agreement with quenching by electron
transfer as previously demonstrated by flash photolysis of this
complex with guanosine monophosphate.™™ Such a charge
transfer process with a guanine residue generates a photo-
adduct" and therefore, the percentage quenching should also
correlate with the percentage photoadduct produced. In other
words, in the case of the oligonucleotide duplexes, a correlation
should also be obtained between the ionisation potential and
the percentage photocrosslinking of the two strands. In order to
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Oligonucleotide Photocrosslinking

Ru0 35 Ru2 35 Ru3 35
A=T A=T A=T
T=A T=A T=A
T=A T=A T=A
T=A T=A T=
A=T A=T A=T
A=T A=T A=T
A=T A=T C=G
T=A T=A Cc=G
RuL,L'--T=A RuL,L'--T=A RuL,L'--T=A
A=T C=G A=T
T=A C=G T=A
T=A T=A T=A
T=A T=A T=
T=A T=A T=A
T=A T=A T=
T=A T=A T=A
T=A T=A T=
53 53 53
Rué 35 Ru7 3's Ru8 35
A=T A=T A=T
T= T=A T=A
T=A T= T=A
T=A T=A T=A
A= A= A=T
A=T A=T A=T
A=T A= A=T
T=A T= T=A
T=A T=A RuL,L'--T=A
A=T A= C=G
T=A T=A T=A
T=A T= T=A
C=G T=. T=A
Cc=G T=, T=A
C=G Cc=G T=A
C=G Cc=G T=A
RuL,L'--PC=G RuL,L'--PC=! T=A
53 53 53
Rul0 35 Rull 35
A=T A=T
T=A T=A
T=A T=A
T=A T=A
A=T A=T
A=T A=T
T=A c=G
C=G T=A
RuL,L'--T=A RuL,L'--T=A
A=T A=T
T=A T=A
T=A T=A
T=A T=A
T=A T=A
T=A T=A
T=A T=A
T=A T=A
53 53

Scheme 3. The different sequences of duplex studied in this work. RuL,L’ = [Ru(tap),dip]?*; P = terminal phosphate

group.

test this hypothesis, experiments were performed by gel
electrophoresis to determine the percentage photocrosslinking.

Photoadduct formation
Continuous illumination of Ru-labelled duplexes

The different oligonucleotides were illuminated for one hour and
the reaction mixtures were analysed by gel electrophoresis
under denaturing conditions. Figure 1 shows the gel electro-
phoresis analysis of the illuminated sequences Ru3, Ru7, Ru8 and
Ru10, which are representative of the different behaviours
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Ru0’ 35 exhibited by the duplexes. The
;‘i presence of a retarded band that
T=A migrates like a duplex (i.e. a 34-mer)
XZ‘; is attributed to the formation of a
A=T photoadduct, which involves pho-
fA:I tocrosslinking between the two
T=A strands. lllumination of the two
?i reference sequences Ru0 and Ru0’
T=A (containing no guanine) under the
Eﬁ same conditions does not lead to
T=A the formation of this new species.
RuIQL,__P;:: Photoadduct formation that leads
53 to crosslinking of the two oligonu-
cleotide strands has been detected
Ru9 3A=5T for all guanine-containing duplex-
T=A  es. The yield of photoadduct varied
by between 16 and 56% depending
A;T on the number and position of the
:fT guanine residues (Table 1).
T=A
RuL,L'--T=A
T=A  Correlation between I.P.,
(if: percentage quenching and
¥=A photoadduct formation
ii Although a correlation can, upon
1=o first examination, be found be-
5'3"  tween the L.P. of the guanine resi-

dues in the different sequences and
the percentage quenching, careful
examination of the data in Table 1
shows that the percentage quench-
ing and photoadduct formation are
also controlled by factors other
than the I.P. This conclusion is more
striking for photoadduct formation.
Among other factors, the distance
between the quencher and the
excited complex should clearly play
a role. This is evidenced by a
comparison of sequence Ru8 with
Ru9, for which, even though the I.P.
is the same, the percentage
quenching and photoadduct for-
mation is higher when the guanine
residue is closer to the site of
anchoring. The same conclusion can be drawn by comparing
sequences Ru10 and Ru11, although in this case, there is no
difference in the percentage of photoadduct formed, probably
because the amount of photoadduct formed is rather low for
both sequences.

In addition to the I.P. and distance between quencher and
complex, a third factor affects the quenching of luminescence
and photoadduct formation: the position of the guanine residue
(3" or 5" on the complementary strand) as compared to the
anchoring site. A guanine residue 3’ from the anchoring site
quenches luminescence more efficiently and gives a higher
percentage photocrosslinking than a guanine residue positioned
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Table 1. Percentage quenching® and ODN adduct formation® for [Ru(tap),dip]**-labelled duplex oligonucleotides.‘!

Duplex Quenching [%]®?! Calcd I.P. [eV] HF/6 31G(d) ODN adduct formation [%]® Relative position of G
Ru0’ - - 0 -
Ru6 87+2 6.17 56+5 5
Ru7 81+2 6.26 50+5 5’
Ru0 - - 0 -
Ru2 59+2 6.32 5445 3
Ru3 4942 6.42 17+4 5
Ru8 3842 6.55 44+ 4 3’
Ru9 30+3 6.55 41+4 3
Ru10 31+2 6.60 16t4 5
Rul1 2343 6.65 20+4 5

site of the complex.

[a] Percentage quenching (Q) of luminescence of the complex: Q=1 — (I/lp) =1 — (ty/Tyo)-""" ' 7, is the pre-exponential weighted average lifetime (7, = (Za;7))/
(Za;)] and 7y, the corresponding value for the reference sequence (Ru0’ for Rué and Ru7, and RuO for the other sequences). Luminescence decay was
monitored at 650 nm (4., =379 nm) and analysed according to a sum of exponential functions: I(t) = Z[a,exp(— t/7)]. «; are the corresponding pre-exponential
factors and 7; the discrete lifetime components. [b] Yields were recorded after 1 h continuous illumination of a solution containing 2 pmol 5’-*2P-labelled duplex
oligonucleotide. The intensity of the spot corresponding to the ODN adduct (photocrosslinked) was compared to the total radioactivity observed in the
experiment. [c] All the measurements were performed at 25 °C (air-saturated solutions, 50 mm NaCl, 10 mm Tris—HCI, pH 7). [d] Calculated ionisation potentials
of the guanine residues present in the different sequences.''® [e] Position of the guanine residue on the complementary strand as compared to the anchoring

ABCD ABCD ABCD ABCD

N A

,‘ > i

’ il
-

Ru3 Ru? Rus Rul®

Figure 1. Gel electrophoresis analysis of oligonucleotides Ru3, Ru7, Ru8 and
Ru10 in 20% denaturing polyacrylamide gel. Lane A: non-illuminated duplex;
lane B: duplex after one hour of illumination; lane C: G-specific treatment; lane D:
piperidine treatment of the illuminated duplex.

towards the 5" end. This effect is evidenced by comparison of
sequence Ru8 with Ru10 or Ru9 with Ru11. As shown in Table 1,
the difference is more pronounced for ODN adduct formation
than for quenching. This result indicates that there is not a direct
correlation between I.P. and ODN adduct formation. In Table 1,
the order of presentation of the complexes corresponds to the
decreasing percentage of quenching. However the order of
decreasing percentage of ODN adduct formed is different:
Ru2 > Ru8 >Ru3 ~Ru10 or Rull. This lack of proportionality
can be understood by consideration of the multistep character
of the photoadduct production. Luminescence quenching by
electron transfer generates a radical cation on the guanine
residue and a radical anion on the tap ligand of the complex.
These two radicals recombine to form a covalent bond between
one of the tap ligands and the base.!® The first step is clearly the
electron transfer, which depends directly on the LP, as
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determined from the correlation between the percentage
quenching and the I.P. of the stack of guanine residues. However,
the recombination of the radicals formed by the electron transfer
may also depend on other constraints in the system. In particular,
the formation of the covalent bond between the ligand and the
guanine moiety is expected to depend tremendously on the
geometry of the system. Thus, the results indicate that stretching
of the complex linker along the duplex groove to form the
photoadduct and produce photocrosslinking is favoured toward
the 3’ side on the complementary strand. This geometric
influence is also exemplified by sequences Ru2, Ru8 and Ru9,
which give a larger amount of ODN adduct than sequences Ru3,
Ru10 and Ru11, respectively. Moreover, it should be noted that
the amounts of ODN adduct formed with sequences Ru6é and
Ru7 are not very large, in contrast to the amounts expected from
the corresponding low L.P. values of the stacks of three and five
guanines. This observation stresses again the influence of the
direction of stretching of the complex linker in the duplex
groove (5 direction disfavoured). These geometric factors play a
much less important role for luminescence quenching.

It is also notable that for Ru6é and Ru7, although the number of
guanine residues is different, the total percentage of ODN
adduct formed is similar. This result can be attributed to the fact
that stacks of three and five G bases have similar low I.P. values.
Moreover, as the fourth and fifth guanine residues in Ru6 have a
lower probability of being reached by the attached complex, the
difference between the number of G residues in Rué and Ru7
does not influence the percentage of ODN adduct formed much.

Computer modelling for photoadduct formation

We tried to prove the presence of the geometric difference (3’
versus 5') deduced from the percent ODN adduct formed by
computer modelling. The lack of a well-developed force field for
ruthenium complexes means that the computer modelling
performed in this work is a coarse approach. Nevertheless, we
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think this rough model is complementary to the experimental
results and can help to interpret some of the data discussed
above. A conformational search was performed on the metal
complex attached to oligonucleotides Ru8 and Ru10 by rotating
the bonds along the linker from 0 to 360° in fixed increments
(see the Experimental Section), with the torsion angle values
corresponding to torsion minima. All possible combinations of
torsion angles were generated. This systematic search produces
data that is impractical to analyse given the number of
conformations generated. Moreover, some combinations of
torsion values may be incompatible and lead to high energy
structures because of atom clashes either within the linker or
between the complex and the oligonucleotide. A selection was
performed for each ensemble of conformations on the basis of
two criteria: 1) As we are searching for conformations that could
potentially lead to the formation of a photoadduct between the
tap ligand and the only guanine residue in the sequences, we
selected those conformations that feature a distance lower than
6 A between the C2 and C7 atoms of each tap ligand (for
numbering, see Scheme 1) and the six-membered ring of the
guanine base. 2) Energetic conditions were also imposed (see
the Experimental Section). This selection gave rise to a severe
restriction in the number of conformations and produced 69 and
36 conformations for the two sequences Ru8 and Ru10,
respectively. Interestingly, these numbers correlate with the
percentage photoadduct formation for a guanine residue in the
3’ direction (Ru8) and for one in the 5" direction (Ru10) from the
point of anchoring. This outcome suggests that the observed
differences arise mainly from geometric requirements fulfilled by
conformers selected on the basis of sampled torsion minima
within the linker.

Stability of the ODN photoadduct
Piperidine treatment

Oxidative modifications to nucleic acids quite often take place
on guanine nucleobases. A common method used to detect
such damage is treatment with heat and alkali, which leads to
strand scission. This method relies upon the removal of the
nucleobase by N-glycosidic bond hydrolysis, followed by (-
elimination at the resulting abasic site. In practice, piperidine is
the amine most commonly used to catalyse f-elimination. The
illuminated duplexes Ru2, Ru8 and Rul0 were treated with
piperidine (1 m) at 90°C for 1 hour. Very little cleavage (less than
3%) was detected at the level of the guanine residues of the
complementary strand (Figures1 and 2). This cleavage is
attributed to natural thermal depurination because a control
experiment consisting of the same treatment but applied to
duplexes that had not been illuminated led to a comparable
amount of cleavage.

Piperidine treatment of the duplexes after illumination leads
to a decrease in the intensity of the spot corresponding to the
ODN adduct and to an increase of that corresponding to the
single-strand oligonucleotide. In order to clarify this behaviour
upon treatment with alkali, we isolated the spots corresponding
to the ODN adducts for the illuminated sequences Ru2, Ru8 and
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Figure 2. Gel electrophoresis analysis of oligonucleotide Ru8 in 20 % denatur-
ing polyacrylamide gel. Lane A: non-illuminated duplex; lane B: duplex after
one hour of illumination; lane C: isolated ODN adduct; lane D: piperidine
treatment of the isolated ODN adduct; lane E: enzymatic treatment of the
isolated ODN adduct.

Ru10 on a preparative gel. Treatment of the extracted ODN
adducts with piperidine leads to a negligible amount of specific
cleavage but to the appearance of a new band that moves on
the gel at the same rate as the initial single strand. Thus, the ODN
photoadduct seems to be partially destroyed by piperidine
treatment. This behaviour could be explained by a partial
dechelation of the complex under basic conditions, which could
generate a species similar to the starting material (Scheme 4).
Indeed, although very stable in acidic conditions, complexes
containing m-deficient ligands such as tap are unstable in basic
conditions. This partial dechelation of the ruthenium moiety was
confirmed by treatment of the free [Ru(tap),dip]** complex with
piperidine. This treatment induces a loss of emission, a decrease
in intensity of the metal-to-ligand charge transfer band at
422 nm in the absorption spectrum of the complex and the
occurrence of a new bathochromic band at 550 nm, character-
istic of the bis-chelated complex. Dechelation was also detected
by thin layer chromatography.

Enzymatic treatment

In plasma and tissues, oligonucleotides are quickly degraded by
nucleases. The major pathway is an exonucleolytic degradation
that proceeds through successive removal of nucleobases from
the 3’ end of the oligonucleotide.?” The photocrosslinked
duplexes Ru2, Ru8 and Ru10 were purified by gel electro-
phoresis and incubated in the presence of exonuclease lll from
Escherichia coli to examine their resistance to such a 3'’-
exonucleolytic activity. The digested DNA samples were analysed
by electrophoresis on a denaturing polyacrylamide gel (PAGE)
and visualised by autoradiography (Figure 2). The appearance of
a single band that moves faster than the adduct but slower than
the 17-mer target strand strongly suggests that one or both 3’
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Scheme 4. Schematic representation of dechelation of the complex in the ODN adduct under basic conditions. X=a monodentate ligand.

end(s) of the crosslinked duplex is (are) degraded by the enzyme
to give the ultimate product of digestion. The fact that the
enzymatic reaction stops in the presence of the photoadduct
might be explained by blockage of progression of the enzyme or
by hindrance of its site for binding to DNA. A more precise
analysis of the structure of the ultimate degradation product is in
progress.

Conclusion and perspectives

The results presented herein confirm the formation of ODN
photoadducts between a probe Ru sequence and a target
sequence. High percentages of adduct are obtained even when
there is only a single guanine residue in the target strand. Gel
electrophoresis experiments clearly show that the LP. of the
involved guanine bases, their distance from the site of tethering
and geometric factors originating from the linker, influence the
formation of the ODN adduct. The electron transfer (the first step
of the reaction in the formation of the adduct) detected by
quenching of the luminescence of the complex is, to a first
approximation, directly dependent on the LP. of the guanine
residue in the complementary strand. In contrast, the recombi-
nation of the radicals formed by the electron transfer seems to
depend tremendously on geometrical constraints. This recombi-
nation reaction is more favourable when the guanine residues
are on the 3’ side of the complementary strand as compared to
the anchoring position of the complex. This geometrical
favouring of the 3’ direction over the 5’ direction is in agreement
with computer modelling results.

We might also extrapolate from the results described herein
that the ODN adduct produced under illumination should be
rather stable in living cells since the N-glycosidic bond of the
damaged guanine residue is resistant to piperidine treatment.
Moreover, the fact that the ODN adduct is able to block an
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exonuclease enzyme is of course very interesting for inhibition of
a targeted gene.

Experimental Section

Automated DNA synthesis was carried out on an Expedite DNA
synthesiser (Perkin—Elmer) by using standard -cyanoethyl nucleo-
side phosphoramidite chemistry on a 1-um scale. Bacteriophage T4
polynucleotide kinase was purchased from Pharmacia (9500 UmL™")
and [y3?P]-ATP (ATP =adenosine triphosphate; specific activity
3000 Cimmol~") from Isotopchim. HPLC purification as well as HPLC
analysis of oligonucleotides and conjugates were performed on a
Waters system equipped with two M510 pumps, a M490E detector
and a M680 system controller, with a u-bondapak C-18 column
(Macherey-Nagel Nucleosil: 10 x 250 mm, 7 um). The following
solvent system was used: solvent A, 20 mm ammonium acetate/
CH,CN, 95:5 (v:v); solvent B, CH,CN; flow rate, 4 mLmin~'; a linear
gradient from 0 to 30% B over 20 min was applied. Electrospray mass
spectrometry (ES MS) analyses were carried out on a VG Platform
(Micromass) in the negative mode.

Synthesis of functionalised ruthenium complex: The synthesis of
the [Ru(tap),dip]*t complex was carried out according to a
procedure published previously."”?!

Synthesis of oligonucleotide - [Ru(tap),dip]*" conjugates: To ach-
ieve covalent coupling of the [Ru(tap),dip]?* complex to the
oligonucleotide, the activated ester (succinimide ester) of the
ruthenium complex and an amino-modified oligonucleotide were
used according to the protocol described previously.'”? The amino-
modified oligonucleotides were prepared by using commercially
available aminohexyl phosphoramidite (MMT-aminolinker) for intro-
duction of the modification at the 5’-end, or the phosphoramidite of
5-aminopropyl-2’-deoxyuridine for introduction in the middle of the
sequence. The different modified oligonucleotides were obtained in
50% isolated yield and characterised by ES MS: m/z: Ru0: calcd:
60775, found: 6076.2; Ru0’: calcd: 6213.5, found: 6210.7; Ru2: calcd:
6038.5, found: 6037.1; Ru3: calcd: 6038.5, found: 6036.5; Ru6: calcd:
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6138.4, found: 6137.8; Ru7: calcd: 6168.4, found: 6168.4; Ru8: calcd:
6053.5, found: 6051.0; Ru9: calcd: 6053.5, found: 6051.8; Rul0:
calcd: 6053.5, found: 6053.1; Ru11: calcd: 6053.5, found: 6053.2.

Spectroscopic studies: The duplex solutions (600 pL) used for
guenching measurements were prepared at a concentration of 10 uv
by dissolving the appropriate volume of conjugate and a volume of
the complementary strand corresponding to an excess of 5-10% (as
compared to the probe strand) in aqueous buffer (50 mm NaCl, 10 mm
tris(hydroxymethyl)aminomethane (Tris), pH 7). The hybridisation of
the two strands was realised by incubation at 90 °C for 5 minutes and
then at room temperature for 1 hour. All the measurements were
carried out in 600-pL quartz cells (UV Select, 1.0 x 0.2 cm) and data
from at least three trials were used for all analyses. Emission spectra
were recorded at room temperature on a Shimadzu RF-5001PC
spectrofluorimeter equipped with a Hamamatsu R928 red-sensitive
photomultiplier tube. The excitation wavelengths used were 379 and
422 nm; the spectra were recorded from 500 to 800nm and
corrected for the photomultiplier response. The emission maximum
is centered at 646 +2 nm.

Emission lifetimes were measured by single-photon counting with
an Edinburgh Instruments FL900 spectrometer equipped with a
hypobaric nitrogen discharge lamp and a Hamamatsu R928 photo-
multiplier tube. The cell was kept at 25°C with a Haake NB22
temperature controller.

Photocrosslinking experiments: Each complementary strand was
5'-labelled by treatment with [y3?P]-ATP and T4 polynucleotide
kinase at 37°C for 30 minutes, and then hybridised with a slight
excess of the corresponding Ru-containing oligonucleotide by
incubation at 90°C for 5 minutes and at room temperature for
1 hour.

Assay for photoreactivity: A solution containing 3?P-labelled duplex
(2 pmol), Tris—HCI buffer (10 mm, pH 7) and NaCl (50 mwm) in a total
volume of 33 pL was illuminated at 4 °C for one hour with a mercury/
xenon lamp (Oriel 200 W) by using a filter (2 m solution in KNO;). A
sample of this solution (2 pL) was dissolved in the stop solution (50 %
formamide, 25 mm EDTA, 0.1 % xylene cyanol and 0.1 % bromophenol
blue). The reaction products were analysed by electrophoresis
through a 20% denaturing (7m urea) polyacrylamide gel (19:1 ratio
of acrylamide to bisacrylamide) with TBE (90 mm Tris — borate, pH 8,
2mm EDTA). DNA fragments were visualised by autoradiography
with Kodak X-OMAT AR film and were counted with a Phosphor-
Imager instrument.

Assay for stability: Piperidine treatment was carried out by adding
piperidine (100 uL, 1m) to the duplexes and heating the solution to
90°C for one hour. The samples were then lyophilised and washed/
lyophilised twice with water (100 uL). The dried residue was
solubilised in the same aqueous solution as described above, and
disposited on the gel.

G-specific treatment was performed by using dimethylsulfate
(100 mm) in the presence of cacodylate buffer (100 mm, pH7) in
water for 30 minutes.

Enzymatic treatment of the illuminated duplex was performed with
type lll exonuclease from Pharmacia (200 unitspuL="). The enzyme
(360 units) was added to the enzyme buffer (10 L) in the presence of
the isolated photoadduct and heated at 37 °C for one hour.

Computer modelling: A conformational search was performed on
the metal complex attached to the oligonucleotides Ru8 and Ru10.
The bonds along the linker plus that between the phenyl ring and
the C4 atom of the phenanthroline were rotated from 0 to 360° by
fixed increments either of 120 or 180° depending on the number of
torsion minima, so that all the torsion minima along the chain were
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included. The complex and the oligonucleotide were kept rigid
during the conformational search. The JUMNA program'! was used
to construct a B-DNA-like three-dimensional model. The structure of
the complex and the linker were calculated by using density
functional theory (DFT) at the mPW1PW functional level?? in
combination with the 3-21G(d) basis set. All DFT calculations were
performed with the Gaussian 98 program.?¥ Insightll (Molecular
Simulations Inc.) software was used to build models of the complex
attached to the oligonucleotides through a thymine residue. A
systematic search performed with the CHARMM program®! gives
rise to 52488 conformations for each sequence, a figure that makes
the analysis of the whole ensemble of conformations unworkable.
We eliminated conformations by imposing one energetic criterion
and conditions of distance between the tap ligand and the guanine
residue (see Results and Discussion). The first criterion was imposed
since combinations of torsion values may be incompatible and lead
to high energy structures because of atom clashes either within the
linker or between the complex and the oligonucleotide. The second
criterion was required to select conformations that could potentially
lead to photoadduct formation. In the energetic selection, con-
formations whose nonbonded potential energy is higher than
107 kcal mol~" were discarded. The choice of such a high value is
guided by the fact that no energy minimisation can be performed
because of the lack of reliable energy parameters for bonded terms.
Thus, this selection allows elimination of conformations that could
not be energy refined to a reasonable value without large changes of
their conformations. Nonbonded parameters were taken from the
CHARMM27 program,! with the exception of the charges for the
linker and the complex, which were derived from the DFT
calculations by using the ChelpG software.’?"!
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Behavior Of Silica Aerogel Networks as Highly
Porous Solid Solvent Media for Lipases in a
Model Transesterification Reaction

H. El Rassy,*@ A. Perrard,” and A. C. Pierre!® !

Highly porous silica aerogels with differing balances of hydro-
phobic and hydrophilic functionalities were studied as a new
immobilization medium for enzymes. Two types of lipases from
Candida rugosa and Burkholderia cepacia were homogeneously
dispersed in wet gel precursors before gelation. The materials
obtained were compared in a simple model reaction: transester-
ification of vinyl laurate by T1-octanol. To allow a better comparison
of the hydrophobic/hydrophilic action of the solid, very open
aerogel networks with traditional organic hydrophobic/hydrophilic
liquid solvents, this reaction was studied in mixtures containing
different proportions of 2-methyl-2-butanol, isooctane, and water.

Introduction

Recently, silica xerogels have been successfully developed as
encapsulation media for lipases and applied to fatty component
esterification, transesterification, or hydrolysis.'-® These bioca-
talysts are known, in the best cases, to operate more efficiently
than the corresponding free enzymes.® However, their operat-
ing mechanism remains obscure.

It is known that the nature of the liquid solvent in which a
lipase is dispersed, in particular its hydrophilic or hydrophobic
character, is very important for control of the catalytic activity of
the lipase.’-" Another solvent parameter of particular impor-
tance is water content and a number of studies have addressed
the effect of water thermodynamic activity a,, or concentration
¢,, on reactions with lipases.'>'

Our main aim here was to study the effect of a new type of
immobilization medium: aerogels. While silica xerogels are dried
by evaporation, aerogels are dried by the supercritical method,
with the enzyme already encapsulated in the aerogel. Raising the
liquid in the gel to a temperature beyond its supercritical point
before drying has the effect of greatly attenuating (in theory
suppressing) the capillary stresses that compress both the gel
network and the enzyme during drying. This process usually has
a minor effect on the specific surface area of the gel, which is not
much different in aerogels compared to xerogels. However,
supercritical drying has a drastic effect on the specific pore
volume, which is much higher in aerogels (90 % of a monolith gel
volume)2% than in xerogels (typically 60-70vol%). This large
pore volume has the practical implication that diffusion of
substrates and products in aerogels is not very limited and
the enzyme molecules can, in the best case scenario, be
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The results are discussed in relation to the porous and hydrophobic
nature of aerogels, characterized by nitrogen adsorption. It was
found that silica aerogels can be considered as “solid” solvents for
the enzymes, able to provide hydrophobic/hydrophilic character-
istics different from those prevailing in the liquid surrounding the
aerogels. A simple mechanism of action for these aerogel networks
is proposed.

KEYWORDS:

solvent effects

aerogels
transesterification

enzymes lipases

considered as homogeneously dispersed, as if they were in a
solution.

Four types of silica aerogels were synthesized with the
enzyme encapsulated inside the gel before supercritical drying,
as explained in the Experimental Section. One type of aerogel
was made from only tetramethoxysilane (TMOS) as the silicon
precursor, and the three other types from TMOS plus an
increasing proportion of methyltrimethoxysilane (MTMS). This
choice was made because of the importance of the presence of
such hydrophobic functionalities, as shown by Reetz et al.>-®

The transesterification of vinyl laurate by 1-octanol was
chosen as a simple model reaction, not for its commercial
interest, but with the aim of easily comparing the activity of the
enzyme inside the aerogel and without the gel by means of a
simple gas chromatograph. One possible way to characterize the
action of the aerogel is to compare its effect on transesterifica-
tion kinetics to that of solvents with different hydrophobicity. It
was also possible to combine such solvents with the aerogel to
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examine how the influence of the solvent was displaced by the
effect of the aerogel. The solvents used for this aim consisted of
one water-miscible (2-methyl-2-butanol; 2M2B) and one immis-
cible (isooctane) compound, each in water, with a very low water
concentration. Two lipases were also tested, one from Candida
rugosa (termed CRL), the other from Burkholderia cepacia
(termed BCL), in mixtures of two organic solvents. The kinetics
of the free enzymes were studied first. The lipases were then
encapsulated in a series of silica aerogels with different hydro-
philic characteristics and the catalysis experiments were repeat-
ed. The catalytic behavior of the aerogels was analyzed as a
function of their hydrophobic methyl group content, and
compared with that of mixtures of hydrophobic and hydrophilic
organic solvents.

Results

It has previously been verified that reaction kinetics are not
limited by the diffusion of substrates and products inside
aerogels of high pore volume, similar to those discussed here.?%!
Nevertheless, the technique of pre-equilibration of the solid is
important. If a hydrophilic aerogel is first equilibrated with
aqueous metal salts at high water vapor activity, a high
proportion of the pores are filled with liquid water. Consequent-
ly, if this gel is then placed in a water-immiscible organic solvent
containing water-immiscible substrates, these substrates have
great difficulty in accessing the enzyme. Therefore, a low
apparent catalytic activity reflects slow transport kinetics, not
necessarily a low intrinsic enzyme activity. Pre-equilibration of an
initially dry aerogel in the solvent to be used avoids this problem.
The first series of results concerns the transesterification kinetics
of free lipase powders.

Blank tests

Three blank tests were run to investigate the kinetics of the free
lipases. In the first test, an equimolar solution of vinyl laurate and
1-octanol (1 mmol) was added to 2M2B300w (molar water
fraction N, =0.154; 10 mL) without any enzyme. No reaction was
observed after eight days. In the second test, a solution similar to
the previous one, but without any 1-octanol, was used. Again, no
reaction had occurred after 8 days. In the third test, enzymes
were added to a solution similar to that examined in the second
test (no 1-octanol). In this case, a chemical transformation was
observed with 53 % conversion after 24 hours to 97 % lauric acid
and 3% methyl laurate. The concentration of vinyl laurate
decreased, while lauric acid, as well as traces of a compound that
we identified by GC-MS as methyl laurate, were formed.

Catalytic tests with 2M2B - water solvents

Typical conversion kinetics of the reaction of the substrate vinyl
laurate, catalyzed by free CRL and BCL powders in 2M2B - water
solvents with different initial water contents, are reported in
Figure 1. Overall, it appears that the reaction was much faster
with BCL than with CRL. The yield of a product, for instance of
octyl laurate, is defined as the percentage of initial substrate
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Figure 1. Example of conversion kinetics of an equimolar solution (1 mmol) of
vinyl laurate and 1-octanol catalyzed by free Candida rugosa lipase (CRL) and
free Burkholderia cepacia lipase (BCL) powders. The solvents used were 2M2B
solutions (10 mL) with water molar fractions N,, of 0.012 (@ 2M2B20w solution),
0.057 (¢ 2M2B100w solution), 0.108 (m 2M2B200w), or 0.154 (A 2M2B300w), or
water-saturated isooctane (10 mL). a) Conversion of vinyl laurate catalyzed by
CRL; b) conversion of vinyl laurate catalyzed by BCL.

(that is, vinyl laurate) converted into that product. The selectivity
for a product is defined as the percentage yield of that product
compared to the overall yield of all products formed; thus, the
selectivity for octyl laurate = (% octyl laurate formed)/(% octyl
laurate formed + % lauric acid formed). This selectivity is
represented by the slope of a plot of product yield versus total
substrate conversion, as shown by the example in Figure 2, for
which 2M2B300w (N,, = 0.154) was the solvent and the enzyme

100
90 4
80 4
70 -
60 -
50 4-
40 4-
30 4
20 4+
10

0

0.8495

Yield of product / % ——»

0 20 40 60 80
Vinyl laurate conversion / %

Figure 2. Example of results demonstrating the linear relationship between the
total vinyl laurate conversion into product and the yields of lauric acid (o), octyl
laurate (o), and methyl laurate (»). The data were obtained from the reaction
with free CRL powder in 2M2B300w (N,, = 0.154; 10 mL). The numbers on each
best fit line indicate the slope of the line, which represents the product selectivity.

was CRL. This figure clearly illustrates the linear relationship
found between the yield of each product and the degree of vinyl
laurate conversion, with an excellent correlation between these
variables up to 100% conversion of the vinyl laurate. Such linear
relationships were checked in several cases in the study reported
here. This correlation indicates that, for a given enzyme, the
selectivity for any product was independent of the extent of
vinyl laurate conversion. As a result of these observations and to
spare a substantial amount of time, we decided that the kinetics
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in most further experiments only needed to be recorded at the
beginning of a reaction to provide the selectivities, as well as the
initial reaction rates. These kinetics were measured during the
first 6 hours of reaction for BCL and during the first 200 hours of
the CRL reaction, which is much slower. The global results on the
selectivities are reported in Figure 3 as a function of the molar

100 4

90 -\

Product selectivity / %
W
o
t

0 0.05 01 0.15 O.I2

Molar fraction N,y of water in 2M2B—-water solutions —>»

Figure 3. Selectivities for octyl laurate (CRL: o, BCL: @), lauric acid (CRL: o, BCL:
m), and methyl laurate (CRL: A, BCL: A) in a 1 mmol equimolar transformation of
vinyl laurate and T1-octanol catalyzed by free CRL powder and free BCL powder, as
a function of the water molar fraction N,,. The solvent was 2M2B - water.

fraction of water, N,,, in the 2M2B. A similar trend appeared for
both enzymes: the selectivity for octyl laurate decreased as the
water content increased. Nevertheless, the selectivity for octyl
laurate was actually higher with BCL than with CRL. With regard
to this figure, it must be mentioned that the vinyl laurate
percentage conversion was very small at low water content with
CRL (Figure 1a). The calculated selectivities were therefore
meaningless and were not reported in Figure 3 at low N,, values.

The initial conversion rate of the vinyl laurate and formation
rate of the octyl laurate measured are shown in Figure 4. In the
2M2B - water mixture, the initial conversion rate of vinyl laurate
increased with the water content of the mixture for both
enzymes as shown in Figure 43, as did the initial formation rate
of the octyl laurate for the CRL-catalyzed reaction (Figure 4b).
Since it appeared the enzyme may mainly lose activity in the
organic solvent at high water content, it would be interesting to
determine an estimate of the enzyme solubility in the various
organic-solvent — water mixtures used.

The preceding data on the conversion of vinyl laurate and
formation of octyl laurate are consistent with competition
between two main reactions. The first reaction is the trans-
esterification of vinyl laurate (LauCOOQVin) by 1-octanol (Oct-OH:
Scheme 1). The second reaction is the hydrolysis of vinyl laurate
(Scheme 2). Both reactions actually produce the enol form of
vinyl alcohol (Vin-OH), the acetaldehyde CH,;CHO, which is not
able to transform back into the initial substrates of the reactions.
Hence these two reactions are not equilibria.

As soon as the octyl laurate and lauric acid had been formed
by Reactions 1 and 2, these products underwent the esterifica-
tion/hydrolysis reaction shown in Scheme 3. Reaction 3 is a
combination of the two former processes. That is, Reaction 3 =
Reaction 2 — Reaction 1, except that Reaction 3 is an equilibrium
because it does not involve the acetaldehyde.
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Figure 4. Initial conversion rate of the vinyl laurate and initial formation rate of
the octyl laurate in a 1 mmol equimolar transformation of vinyl laurate and
T-octanol catalyzed by free CRL powder and free BCL powder, as a function of the
water molar fraction N,,. The solvent was 2M2B - water.

Va /
lau—¢ / + Oct— O —» Vin—OH + La—C / (1)
\0— Vin 0— Oct

Scheme 1. Reaction 1: The transesterification of vinyl laurate by 1-octanol to
give the enol form of vinyl alcohol, the acetaldehyde CH;CHO.

Vi 7
la— ¢ 7 YHOE —% Vin—og + La—c @
0—Vin OH

Scheme 2. Reaction 2: The hydrolysis of vinyl laurate, which competes with
Reaction 1.

0 0

V4 /
lar— ¢ + HOH Ot — OH + Lau—C !
R “on

Scheme 3. Reaction 3: esterification/hydrolysis of the products formed by
Reactions 1 and 2.

Besides the three main reactions described above, a fourth
one occurred that produces residual proportions of a compound
identified by GC-MS as methyl laurate. Separate tests actually
showed that methanol easily undertakes transesterification
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reactions with vinyl laurate. The proportion 70 a)
of methyl laurate formed increased with the

X . 60 |
proportion of 2M2B in the solvent. Hence,
we assume that this fourth reaction is due to S0+
transesterification of vinyl laurate with meth- 40 1

anol present as an impurity in the 2M2B.

Catalytic tests with ternary solvents

rate v/ mmol h-'mg~! ———>»

Vinyl laurate initial conversion

In order to compare the effect of aerogels
with differing hydrophobicities on enzyme
activity, the activities of the free CRL and BCL
powders were determined as described
above in ternary solutions of 2M2B, water,
and isooctane. Isooctane is a hydrophobic
solvent, while 2M2B is hydrophilic. Use of a
ternary system makes it possible to modify
the hydrophobic - hydrophilic balance in a
monophasic liquid solvent. Water was intro-
duced with the 2M2B by using a 2M2B300w
solution; the volume percentage of

rate v/ mmol h-'mg™t ———>»

Vinyl laurate initial conversion

H. El Rassy et al.

02

2M2B300w in the complete solvent volume 0
was varied from 0-100%. In all cases, the
total solvent volume was 10 mL.

Both free enzymes showed similar trends
with regard to the selectivities as a function
of N,, except that the selectivity for octyl
laurate fell slightly faster with N,, increase for
CRL than for BCL. Moreover, increased
production of the compound previously
identified as methyl laurate was observed
with increasing N,, value. The initial conver-
sion rates of the vinyl laurate with these free
enzymes are compared in Figure 5 and the

70 — ©)
60

rate v/ mmol h-'mg~! ———>»

Vinyl laurate initial conversion

0.05 0.1 0.15 0.2
Molar fraction Ny of water in solution ————>

initial formation rates of the octyl laurate 0
and selectivities for each product are repre-
sented in Figure 6. The final extent of con-
version of the vinyl laurate was 100 %. These
results show that the conversion rate of the
vinyl laurate was again much higher with
BCL than with CRL (Figure 5a). However, the
most remarkable result concerns the exis-
tence of a critical water molar fraction N,
(= 0.025), which enhanced the free BCL activity (Figure 5b). This
reproducible enhancement was not due to the combination of
isooctane and 2M2B. Indeed, Figure 5 c concerns reactions in dry
2M2B - water - saturated-isooctane (only a trace amount of
water present at saturation) and shows that the ratio of 2M2B
to isooctane had only a minor effect on the catalytic activity of
free BCL. Figure 6a and b show the initial formation rate of the
octyl laurate, which was much higher with BCL than with CRL.
Free BCL shows an enhanced octyl laurate formation rate at
N,,/0.025 (Figure 6b).

The results for the same transesterification reaction carried out
in the same ternary combinations of solvents as described above
but with the encapsulated lipases, are reported in the same
figures as the results for the free enzymes (Figure 5 for the initial
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Figure 5. Initial conversion rate v of vinyl laurate in a 1 mmol equimolar transformation of vinyl laurate
and T1-octanol, for lipases encapsulated in silica gels with different functionalities, as a function of the
water molar fraction N,, in 2M2B300w - isooctane solutions: a) with CRL; b) with BCL; c) as a function of
the proportion of 2M2B in 2M2B - water saturated isooctane solutions with BCL (e, free lipase; o, 0%
MTMS; o, 20% MTMS; A, 40% MTMS; <, 60 % MTMS).

conversion rate of vinyl laurate, Figure 6 for the initial formation
rate of octyl laurate). The encapsulation media were a series of
aerogels synthesized with molar ratios of silicon precursors
MTMS/(MTMS + TMOS) of: 0%, 20 9%, 40%, and 60 %.

The presence of the aerogel and its nature only had a
moderate influence on the selectivities with either enzyme. In all
cases, a rapid decrease in octyl laurate selectivity was observed
as the water content in the solvent increased, a trend quite
similar to that observed with the free enzymes. Tests were also
carried out in a water-saturated-isooctane-2M2B solvent
combination (only a trace amount of water was present in the
saturated isooctane). Under these conditions, a slight decrease in
octyl laurate selectivity could be seen when a more hydrophilic
gel was used. The slight compromise in selectivity was due
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Figure 6. Initial formation rate v of the octyl laurate in a 1 mmol equimolar
transformation of vinyl laurate and 1-octanol for lipases encapsulated in silica
gels with different functionalities, as a function of the water molar fraction N,, in
2M2B300w - isooctane solutions for: a) CRL; b) BCL (e free lipase; © 0% MTMS; o
20% MTMS; & 40% MTMS; < 60 % MTMS,).

in part to hydrolysis of vinyl laurate (formation of lauric acid) and
in part to an increased formation of methyl laurate in comparison
to the amount produced with the free enzyme. The appearance
of the latter ester could only be due to an increasing amount of
methanol as an impurity, which could originate from the
aerogels as these were made from methoxy precursors.

The conversion rate of the vinyl laurate (Figure 5a), as well as
the initial octyl laurate formation rate (Figure 6a), with the
encapsulated CRL go through a maximum near N, 0.025 for
the most hydrophilic-type aerogel (0% MTMS), or N,,~0.05 for
the other aerogels. However, these maxima were only erratically
reproducible on samples with apparently the same drying and
preparation history. Hence, a huge uncertainty bar occurred with
CRL. This effect could be attributed to inevitable variations in the
gel structure of small samples, given the complex steps a gel
must go through during preparation. Some gel processing
parameter which we have not determined at present is
apparently critical for this enzyme, possibly something related
to the fact that CRL is about twice as big as BCL.

This problem was not encountered with BCL (Figure 5b). The
conversion rate of vinyl laurate (Figure5b and c) and the
formation rate of octyl laurate (Figure 6b) were significantly
better with the aerogels than with the free enzyme, either in dry
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solvents (N,,=0), or at a water molar fraction of N, =0.05. In
these two water content domains, the best aerogel was made
from 40% MTMS. The sharp maximum observed with the free
enzyme for N, ~0.025 disappeared for the aerogels, except for
the most hydrophobic aerogel (made from 60% MTMS), which
showed an attenuated maximum near N,~0.05 in the vinyl
laurate conversion data (Figure 5b).

Discussion

The results reported herein show that aerogels constitute
extremely porous media that clearly have an influence on lipase
activity. First, as has been observed for other immobilization
supports,?" such media can quite significantly enhance the
catalytic activity in dry solvents or in solvents with a higher water
molar fraction (N,, = 0.05), as shown in particular for the aerogels
made from 40% MTMS by their vinyl laurate conversion
(Figure 5b and c) and octyl laurate formation (Figure 6b) rates.
Second, the balance of hydrophobic and hydrophilic function-
alities in the aerogel has an influence as important as that of the
proportions of hydrophobic versus hydrophilic liquid organic
solvents in which the enzyme is immersed. Third, the aerogel
network modifies the influence of a given water thermodynamic
activity for a given liquid solvent. Indeed, for a given isooctane —
2M2B - water liquid solvent composition, which always provides
the same water thermodynamic activity (even inside the aerogel,
as the aerogel was equilibrated with the solvent), the catalytic
activity of the enzyme is different depending on whether this
enzyme is located inside the aerogel or is free.

With the aim of proposing a mechanism by which aerogels
can have such an effect, even at a given water thermodynamic
activity, it is interesting to summarize the structure of such
aerogels under the conditions used to produce the wet gels
before supercritical drying. The structure can be summarized
based on the results of studies on sol-gel materials. Silica gel
networks are well known to be created by hydrolysis and
condensation reactions of the type:

Si(OCH;), + H,0 < Si(OCH;);(OH) + CH;0H
Si(OCH5);(OH) + Si(OCH,)5(OH) < (H;C0);Si0Si(OCH,); + H,0

However, the reactions are much faster with TMOS than with
MTMS under the near-neutral hydrolysis conditions used here.?2
The resulting effect can be viewed roughly as presented
schematically in Figure 7. First, TMOS forms silica colloidal
particles which are, on the one hand, rather dense particles,
and on the other hand, loosely interconnected with each other
by silica polymers. MTMS then undergoes polymeric condensa-
tion with each previously formed colloidal particle, which ends
up coated by a crown of branched silica polymers with both
hydrophilic Si—OH and hydrophobic Si—CH; terminations. As the
proportion of MTMS increases, the rather dense colloidal silica
particles become scarcer and smaller, while the crown of
hydrophobic branches becomes thicker and more extensive.
Above 40% MTMS (that is, observed in this study with 60%
MTMS), an important fraction of the MTMS is not hydrolyzed
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Colloidal silica particles
due to TMOS

Hydrophobic silica
4~ branches due to MTMS ™

a) b)

Figure 7. lllustration of a possible aerogel network texture with enzyme
encapsulated in materials made with different proportions of MTMS and TMOS.

simply because water cannot access some of it. In this case, a
xerogel (gel dried by evaporation) appears viscous. In an aerogel,
some liquid MTMS is dissolved in acetone before CO, super-
critical drying and about a third of the silicon from this precursor
is lost. The resulting aerogel characteristics are well illustrated by
the nitrogen adsorption study summarized in Table 1. No specific

Table 1. Textural characteristics of the aerogels determined by nitrogen
adsorption.l!

MTMS [%] A, [m?g1] C Ao et [%]
0 836.8 193 79.6

20 825.6 67 60.6

40 737 19 58.4

60 387.8 —66 7.8

[a] A, is the specific surface area and C is the constant determined by the
BET method (Lowell and Shields, 1991). A, . is the contribution to the specific
surface area made by pores with a radius larger than the Kelvin radius.

pore volume is indicated in this table because it is well
established that the largest contribution to the pore volume,
which comes from the largest pores, cannot be taken into
account by nitrogen adsorption. Hence, such data are generally
speaking absolutely meaningless for aerogels.”?! Nevertheless,
up to 40% MTMS (inclusive), the specific surface area decreased
moderately as the MTMS content used in aerogel synthesis
increased. The contribution of mesopores to this surface area
decreased somewhat more in proportion to the MTMS content.
But the salient figure is the Brunauer Emmett and Teller (BET)
constant C, which decreased drastically as MTMS content
increased.? This constant represents the polarity of the
adsorbing surface and the fact that it decreased when the
percentage of MTMS increased is to be expected because the
proportion of Si—CH; versus Si—OH terminal groups increases
with MTMS content. Moreover, this polarity essentially disap-
pears at 60% MTMS, resulting in a negative, meaningless C value.

Nevertheless, the negative C value has implications; it
indicates that liquid nitrogen would not adsorb onto the pore
surface of gels made with 60% MTMS. Liquid nitrogen did not
wet such gels. Even water does not wet such a gel as an aerogel
sample floats indefinitely on water. In fact, no reliable nitrogen
adsorption isotherm could be determined for such samples.
Each data point on the adsorption isotherm would have taken a
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very long time to reach equilibrium adsorption, so that data
acquisition was stopped after 3 hours for each point. The values
reported in italics in Table 1 correspond to the forced calcula-
tions from these nonequilibrium data points. In terms of aerogel
texture, this result also indicates that the volume accessible to
nitrogen comprised bottle-necked pores with an extremely
narrow entrance. In any case, the nitrogen volume adsorbed was
very small. On the other hand, the 60% MTMS aerogel could
adsorb hydrophobic organic liquids such as isooctane, which
explains that enzymes in this aerogel could catalyze a reaction in
such solvents.

These analyses suggest that an aerogel network could modify
the activity of an enzyme in a given organic solvent for a given
water activity in two ways. First, during sol-gel fabrication the
enzyme is dispersed in a solution of hydrolysis water. The fact
that no turbidity is observable by visual examination after mixing
with the silica precursors means that no extensive aggregation
of the enzyme occurred. Growing the gel network around the
enzyme molecules blocked the enzyme into a well-dispersed
state. This good dispersion was maintained after supercritical
drying, which avoided any compression of the enzymes by the
capillary drying stresses (contrary to drying by evaporation). This
good dispersion was also maintained after immersion in an
organic solvent, while the free enzyme might otherwise have
undergone partial aggregation. Hence, even at a given water
activity, the enzyme appears more active than the free enzyme
because of these different aggregation states. This explanation is
quite consistent with the better activity observed in organic
solvents without water (Figure 5c and data point at N,,=0 in
Figure 6 b) than in solvents with water. Even with 60% MTMS, an
activity at least as good as the free enzyme is observed, in spite
of the reduced pore volume.

Secondly, in the same way as nitrogen has difficulty entering a
very hydrophobic aerogel made with 60% MTMS, other polar
reactants or products may have difficulty moving out of or into
the gel network, in particular water. Hence, an effect observed
with the free enzyme in a liquid medium as a result of the
presence of water (such as an apparent optimum water molar
fraction N,) may be expected to be distorted when the enzyme
is trapped in the aerogel network. This is consistent with the
observations represented in Figure 5a and b and Figure 6a. In
this case, the modification of enzyme activity is caused by
transport phenomena.

Conclusions

The study reported herein addresses a simple model trans-
esterification reaction catalyzed by lipases (CRL and BCL)
encapsulated in silica aerogel dried by the CO, supercritical
method. Comparison between the effect of aerogels and that of
organic solvents, in both cases with varying hydrophobicity, has
shown that an aerogel can modify the enzyme activity for a
given water activity by two types of mechanisms. First, an
aerogel can maintain the enzyme in a dispersed state better than
might be possible in the same organic liquid without the
aerogel. Secondly, an aerogel can modify the transport of
reactants and products of different polarity. The objective now is
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to control this mechanism and to apply it to an enzyme and a
transformation of commercial value. A possible ultimate aim is
that aerogel particles containing the enzyme could be used in
the same way as microemulsions, to monitor the performance of
enzymes with interfacial activation characteristics.

Materials and Methods

Materials: Lipase from Candida rugosa (30 Umg~") and lipase from
Burkholderia cepacia (40 Umg~'; previously known as Pseudomonas
cepacia) were from Amano; vinyl laurate (99 %), 1-octanol (~98 %),
2-methyl-2-butanol (~98%, 2-methyl-3-butanol ~1%), isooctane
(99.5%), tetramethoxysilane (98%), tris(hydroxymethyl)aminome-
thane (Tris; 99.8%), ammonium sulfate (99.8%) from Fluka; lauric
acid (99.8%) from Acros; methyltrimethoxysilane (98%) from
Aldrich; hydrochloric acid (37%) from Prolabo; methanol (99.8 %)
from R.P. Normapur; BCA protein (Reagents A and B) from PIERCE;
polyvinyl alcohol (MW 15000) from Fluka; technical grade acetone,
distilled and ultra pure water.

Protein solutions preparation: Enzymatic solutions were prepared
in the following ways. BCL free enzyme powder (typically 1.6 g) was
dispersed in Tris—HCl (20 mL) buffer solution at pH 75, but the
powder was only partially soluble. For this reason, the undissolved
portion was removed by centrifugation. The supernatant solution,
hereafter termed “protein solution”, was purified by precipitating the
enzyme with ammonium sulfate according to a technique described
by Secundo et al.?"! The precipitate was recovered and dissolved in
Tris—HCI (10 mL) and the solution was dialyzed for 48 h against
distilled water, with a dialysis membrane with a molecular weight
cut-off of 10000. The resulting solution is termed “enzymatic
solution” hereafter and was used directly to synthesize aerogels
without further preparation steps such as freeze-drying. In the case
of CRL, the total amount of free enzyme powder used dissolved in
water. Typically, free enzyme powder (about 43 mg) was first
dissolved in distilled water (3 mL) to give a solution with a faint
yellowish color, termed “protein solution”.

The protein concentrations of these solutions were determined by
UV/Vis spectrophotometry with calibrated standard proteic solu-
tions, prepared by using Reagents A and B of the BCA protein test.
Overall, from an initial mass m of free BCL powder, the total mass of
protein recovered was about 0.05m in the protein solutions and
around 0.005m in the enzyme solutions. The corresponding numbers
for an initial mass m of CRL were approximately 0.05m (which means
that most of the soluble free powder was not protein) and 0.0025m,
respectively. These numbers were used to compare the results
obtained directly with free enzyme powders, with protein solutions
and with enzymatic solutions.

All data on gels with encapsulated BCL were collected from BCL
enzyme solutions with a concentration of about 0.35 mg enzyme per

mL. However, further catalytic tests with BCL protein solutions
showed that the catalytic activity was entirely due to the amount of
protein corresponding to that of enzyme in the equivalent enzymatic
solution. That is to say, for any given initial conversion rate v per mg
“protein” in solution, the equivalent reaction rate per mg “enzyme” in
solution was about 10v. Similarly, with CRL, the equivalent reaction
rate per mg of enzyme in solution was about 20v. In practice, all
presented data for CRL were obtained on gels made with CRL protein
solutions at a concentration of around 0.75 mg protein per mL.

Enzyme encapsulation: Enzyme encapsulation was carried out in
silica aerogels synthesized with the proportions of reactants given in
Table 2 in the following way: Methanol and either TMOS and MTMS,
or TMOS alone for the hydrophilic gel, were mixed with ammonia
solution (0.1m) in the first pill for 15 minutes. In another pill, the
enzymatic solution was mixed with 4% polyvinyl acid (PVA) agqueous
solution for 15 minutes. The two solutions were then mixed with
each other for approximately 2hours so that any emulsion
eventually disappeared and the whole sample became homoge-
neous. After mixing, the solution was left to rest for about 24 hours
to allow it to form a gel. The gels formed were soaked in acetone for
another 24 hours, which allowed water to exchange for acetone
inside the gels. This preparatory stage was necessary to allow the
further exchange of acetone for liquid CO,, followed by drying under
supercritical conditions (CO, critical point temperature and pressure
T.=31.4°C, P.=7.37 bar). Aerogels were obtained after drying.

Catalytic tests: The substrates for the catalytic tests comprised vinyl
laurate  CH;(CH,),o(CO)O(CH)=CH, (1 mmol) and 1-octanol
CH5;(CH,),OH (1 mmol). These substrates were dissolved in solvent
(10 mL) to which either free enzyme powder (4 +0.5 mg) or a gel
(typical gel mass~200 mg) containing water-soluble CRL protein
(~0.14 mg) or water-soluble BCL enzyme (0.07 mg) were added,
inside a glass bottle (30 mL). The solvents used were either 2M2B
containing water at different initial molar fractions, water-saturated
isooctane, or a mixture of these two solvents. The glass bottle was
placed in an agitated bath from Bioblock operating at 180 rpm and
30°C. At various time intervals, aliquots (50 pL) were taken and
analyzed after dilution in isooctane (750 uL). Analysis was performed
on a Shimadzu GC-14B gas chromatograph (GC) equipped with an
SGE BP21 capillary column (polyethylene glycol, polar, 12m long,
0.22 mm inside diameter) and a flame ionization detector (FID). A
constant sample volume was injected into the GC with an automatic
sample passing system. Absolute calibration of the GC was done by
injecting solutions with a known product concentration and read-
ings were found to remain very stable over the experimental
timescale. The injector and detector temperatures were 200°C and
220°C, respectively. Helium was used as the carrier gas. The
temperature program used was: 100°C for the initial 5 minutes,
followed by heating to 190 °C at 10°Cmin~"', 5 minutes at 190°C, and
finally cooling to 100°C.

The results on the effect of water are reported as a function of the
water molar fraction N, (0<N,<1) in the solvents. In solvents
miscible with water, as used here, N,, can be easily fixed exper-

silica aerogels.

Table 2. Proportions of silicon precursors, solvent, enzyme solution, additive (PVA solution), and gelation catalyst (aqueous ammonia) used for the synthesis of the

MTMS/MTMS +TMOS [M]  Methanol [uL] ~ TMOS [uL]  MTMS[uL]  Aqueous NH; (0.1m) [uL]  Protein® or enzyme® solution [uL] ~ PVA solution [uL]
0% 220 410 0 0 192 150

20% 220 328 82 0 192 150

40% 220 246 164 10 182 150

60 % 220 164 246 20 172 150

[a] Protein solution of CRL. [b] Enzyme solution of BCL. See the Experimental Section for further explanation.
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imentally with accuracy. Since silica aerogels are such porous
materials, each of them can be rapidly equilibrated with the solvent
simply by immersion in it. For ideal solutions, the thermodynamic
activity of water a,=N,,. Although thermodynamic tables for the
solutions used here were not available, water was always in dilute
proportion (N,,<0.154) so Henry’'s Law indicates that a, can be
approximated by a linear relationship of the type a,, =kN,,, where k is
Henry's coefficient. This coefficient could be evaluated independ-
ently, together with the exact thermodynamic conversion data, if
needed. Reporting data as a function of N, is thus essentially
equivalent to reporting them as a function of a,, at least for
determination of whether particular solution components have an
effect on the catalytic activity. However, water is virtually immiscible
with isooctane. Hence, when this compound is equilibrated with
saturated water vapor (relative humidity 100 %), the thermodynamic
activity of water a,,~ 1, although the molar fraction N,, is very small.
This very limited water content is sufficient to ensure good catalytic
activity of the Burkholderia cepacia lipase. When 2M2B-water
solutions were used as the solvent, the initial water molar fractions
in 10mL 2M2B were N,=0.012 (20 uL water, solvent termed
2M2B20w), 0.057 (100 pL water, solvent termed 2M2B100w), 0.108
(200 pL water, solvent termed 2M2B200w), or 0.154 (300 pL water,
solvent termed 2M2B300w). The mixed isooctane -2M2B - water
solutions used as solvents were obtained by mixing isooctane and
2M2B300w in various proportions, to give a total volume of 10 mL. In
tests with the free enzymes and a mixture of solvents, it was not
possible to determine the concentration of soluble enzyme because
it was not possible to make standard protein solutions in these
solvents. However, the stage of solution preparation at which the
enzyme powder is dissolved is very important. If the powder is added
to an isooctane - 2M2Bw solution, it forms a fine suspension, which
separates out to give a fine powder after shaking is stopped. On the
other hand, if the enzyme powder is added to one of the solvents, it
forms a fine suspension and when the other solvent is added the
enzyme agglomerates and forms coarse agglomerates at the bottom
of the reactor. In all our tests we used the first method, in which the
enzyme powder forms a fine suspension upon shaking.
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Substrate Specificity of Mutants of the
Hydroxynitrile Lyase from Manihot esculenta**
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Several tryptophani28-substituted mutants of the hydroxynitrile
lyase from Manihot esculenta (MeHNL) are constructed and
applied in the MeHNL-catalyzed addition of HCN to various
aromatic and aliphatic aldehydes as well as to methyl and ethyl
ketones to yield the corresponding cyanohydrins. The mutants
(especially MeHNL-W128A) are in most cases superior to the wild-
type (wt) enzyme when diisopropyl ether is used as the solvent.
Substitution of tryptophani28 by an alanine residue enlarges the
entrance channel to the active site of MeHNL and thus facilitates
access of sterically demanding substrates to the active site, as
clearly demonstrated for aromatic aldehydes, especially 3-phenoxy-
benzaldehyde. These experimental results are in accordance with

Introduction

Hydroxynitrile lyases (HNLs) are of great importance as biocat-
alysts for the stereoselective synthesis of cyanohydrins.! The
HNLs of Hevea brasiliensis (HbHNL)? and Manihot esculenta
(MeHNL)®! have recently become the subject of intensive
structural studies. Although MeHNL accepts a wide range of
carbonyl compounds as substrate® the enzyme-catalyzed
preparation of optically active cyanohydrins is limited by bulky
substituents with respect to conversion and enantiomeric
excesses, as shown, for example, for the reaction of 3-phenoxy-
benzaldehyde, an important starting material for pyrethroids.!

Based on the X-ray crystal structure of MeHNL, first attempts
have been undertaken to correlate substrate specificity with
structural features of the enzyme. The X-ray crystal structure of
wild-type MeHNL (wtMeHNL) revealed that the active site of the
enzyme is only accessible by a narrow channel through the
surface of the protein.*® The channel entrance is capped by a
tryptophan residue (Trp128), a relatively bulky amino acid, which
might, therefore, be a primary determinant for substrate trans-
port into the active site of the enzyme.

In order to investigate the influence and importance of Trp128
for the substrate specificity and activity of the enzyme, this
tryptophan residue had to be exchanged with other amino acids
with diminished steric demand.”! Herein, we report the activity
and specificity of the wtMeHNL mutants with alanine (W128A),
cysteine (W128C), leucine (W128L), and tyrosine (W128Y)
mutations as catalysts of cyanohydrin formation from a variety
of substrates.

ChemBioChem 2003, 4, 211-216 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the X-ray crystal structure of MeHNL-W128A. Aliphatic aldehydes,
surprisingly, do not demonstrate this reactivity dependence of
mutants on substrate bulkiness. Comparative reactions of 3-phen-
oxybenzaldehyde with wtMeHNL and MeHNL-W128A in both
aqueous citrate buffer and a two-phase system of water/methyl
tert-butyl ether again reveal the superiority of the mutant enzyme:
3-phenoxybenzaldehyde was converted quantitatively into a
cyanohydrin nearly independently of the amount of enzyme
present, with a space-time yield of 57 gL="h~".

KEYWORDS:

aldehydes
enzymes - ketones

bioorganic chemistry cyanohydrins

Results and Discussion

Production and purification of the MeHNL mutants

In order to produce the recombinant MeHNL mutants, the
respective transformed E. coli strains were grown in a 30-L
fermentor at 20°C for 48 h and were induced by addition of a
low concentration of isopropyl-o-thiogalactopyranoside (IPTG;
100 mm) after 24 h (Table 1).

Wild-type MeHNL and the mutant proteins showed similar
expression levels (~2 g MeHNL/fermentation), have the same
native molecular weights, and behave identically in the purifi-
cation procedure; this suggests that the amino acid substitu-
tions have no impact on the overall global structure of the
enzyme. The purified MeHNL mutants were initially character-
ized with respect to their specific activity towards the natural
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Table 1. MeHNL mutants generated by site-directed mutagenesis.

Amino acid substitution

Sequence of mutagenic oligonucleotide 5’ -3'®

W128A
W128C
W128L
Ww128Y

AAG CTT TTG GAG TCG TTT CCT GAC GCG AGA GAC ACA GAG TAT TTT ACG TTC AC

GGA AAG CTT TTG GAG TCG TTT CCT GAC TGC AGA GAC ACA GAG TAT TTT ACG TTC ACT
GGA AAG CTT TTG GAG TCG TTT CCT GAC TTA AGA GAC ACA GAG TAT TTT ACG TTC ACT
GGA AAG CTT TTG GAG TCG TTT CCT GAC TAT AGA GAC ACA GAG TAT TTT ACG TTC ACT

[a] Triplets encoding the mutated amino acid at position 128 of MeHNL are underlined and shown in bold.

substrate acetone cyanohydrin and the bulky unnatural sub-
strate 4-hydroxymandelonitrile (2 f).”! While all MeHNL proteins
have roughly similar specific activities towards acetone cyano-
hydrin (between 20 and 40 Umg™"), there were huge differences
in their specific activities towards 4-hydroxymandelonitrile
(Table 2).

Table 2. Specific activities of wtMeHNL and MeHNL mutants.
Enzyme Specific activity [Umg™]
Acetone cyanohydrin 4-Hydroxymandelonitrile (2 f)

wtMeHNL 44 0.002

MeHNL-W128A 20 0.89

MeHNL-W128C 28 1.87

MeHNL-W128L 31 0.36

MeHNL-W128Y 40 0.17

Substitution of tryptophan128 by alanine, cysteine, leucine, or
tyrosine resulted in an 85- (W128Y) to 935-fold (W128C) increase
in the specific activity towards 4-hydroxymandelonitrile of the
various MeHNL mutants compared to the wild-type enzyme. This
result again underscores the importance of the accessibility of
the active site of the wtMeHNL through the tryptophan-covered
channel, as discussed based on the crystal structure of the
enzyme.®

Substituted benzaldehydes 1 as substrates

In general, substituted benzaldehyde cyanohydrins have great
synthetic potential for the preparation of the corresponding
mandelic acids and 1,2-amino alcohols,™™ while 3-phenoxy- and
4-fluoro-3-phenoxybenzaldehyde cyanohydrins are important
intermediates for the synthesis of pyrethroids.'

The addition of HCN to a variety of substituted benzaldehydes
1 catalyzed by wtMeHNL and the channel mutants MeHNL-

W128A, MeHNL-W128C, MeHNL-W128L, and MeHNL-W128Y,
respectively, was investigated (Scheme 1). In order to compare
the activity of the different mutants, identically purified enzyme
solutions (4.6 mg protein), substrate (1 mmol), and anhydrous
HCN (2 mmol) were applied. The reaction time was varied
depending on the reactivity of the different aldehydes. The
results are summarized in Table 3.

o (S)-MeHNL oH
H nitrocellulose \"CN
+ HCN H
iPr,0, RT
R 05-6.25h R
1a-i (S)-2a-i
12 R= 12 R=

a H f  4HO
b 2-Cl g 4MeO
c 2-Br h 4-Me
d 2-HO i 3-PhO
e 3-HO

Scheme 1. MeHNL-catalyzed addition of HCN to substituted benzaldehydes 1.

As can be seen from the results shown in Table 3, the mutant
enzymes are superior to the wild type in the cases of the
sterically demanding aldehydes 1h, 1i; excellent enantiomeric
excesses at high conversion rates were achieved with most of
the applied aldehydes (Table 3), especially with the mutant
MeHNL-W128A. Only moderate conversion rates were obtained
with the hydroxybenzaldehydes: 44 - 57 % for 2-hydroxybenzal-
dehyde (1d) and 51-63 % for 4-hydroxybenzaldehyde (1 f). The
excellent results obtained for 3-phenoxybenzaldehyde (11i) with
several mutants led us to investigate the reaction with the wild-
type enzyme and the mutant MeHNL-W128A at two different
concentrations (Figure 1). As can be seen from the figure, after
75 min reaction time, the mutant MeHNL-W128A has ten times
higher activity than wtMeHNL towards 1i. At substrate concen-

Table 3. Conversion rate (%) and enantiomeric excess (%, in parentheses) for the MeHNL-catalyzed preparation of benzaldehyde cyanohydrins (S)-2 by HCN addition
to benzaldehydes 1 in diisopropyl ether.

Substrate 1a 1b 1c 1d 1e 1f 19 1h 1i
t[h] 0.5 1.0 4.0 1.0 1.0 1.5 0.75 0.75 6.25
Wild-type 97 (99) 96 (98) 96 (96) 47 (91) 88 (97) 51 (94) 79 (99) 50 (99) 47 (96)
W128Y 98 (98) 99 (96) 91 (96) 43 (85) 95 (98) 62 (92) 81 (94) 80 (95) 85 (96)
W128L 97 (99) 99 (98) 95 (97) 57 (87) 93 (97) 61 (97) 84 (99) 86 (99) 95 (98)
W128C 98 (99) 99 (99) 98 (98) 43 (85) 95 (98) 61 (95) 84 (98) 56 (96) 97 (96)
W128A 97 (97) 99 (93) 98 (93) 44 (82) 97 (94) 63 (92) 84 (95) 93 (97) 98 (90)
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Figure 1. Data from the conversion of 3-phenoxybenzaldehyde (1i) to 3-phen-
oxybenzaldehyde cyanohydrin (S)-2i catalyzed by wtMeHNL (A) and mutant
MeHNL-W128A (e) at concentrations of 600 mm (—) and 1m (----).

trations of 1m, 1i was converted quantitatively by MeHNL-
W128A, to give a space-time yield of 56 gL™"h~". After the
reaction was complete, 1.13 g cyanohydrin 2i was obtained in
5 mL diisopropyl ether. These experimental data are in accord-
ance with the crystal structure of the MeHNL-W128A substrate-
free form of the enzyme and indicate that W128A substitution
significantly enlarged the active-site channel entrance.” Hence,
access to the active site is facilitated even for bulky substrates
such as 1i. The enzyme-catalyzed addition of HCN to 4-fluoro-3-
phenoxybenzaldehyde, a further important pyrethroid precur-
sor, afforded results comparable with those found for 1i.14?

Aliphatic saturated and unsaturated aldehydes 3 as substrates

Aliphatic saturated and unsaturated aldehydes 3a-j were also
investigated comparatively by using wtMeHNL and the channel
mutants described above (Scheme 2, Table 4). The results in
Table 4 reveal that 2-phenylacetaldehyde (3a) was converted
quantitatively by all mutants and also by wtMeHNL. The
enantiomeric excesses, however, become lower with decreasing
size of the amino acid at the channel entrance, that is, in the
sequence: wild type >W128Y >W128L >W128C >W128A. In
contrast to the aromatic aldehydes 1, the saturated aliphatic
aldehydes do not show the expected dependence of substrate
specificity on the bulkiness of the channel mutants. A plausible

(S)-MeHNL
o nitrocellulose OH
Jo+ HeN ———
R™H iPr,0, RT RTVCN
3a-j (S)-4a-j
34 R= 34 R=
a PhCH, f  CH;(CH,),CH=CH
b 4-Me,SIOC,H,CH, g CHy(CH,),
¢ 4-HOCH,CH, h CH;(CH,),
d PhCH=CH i CH,(CH,),
e PhCH,CH, j CHy(CH,)s

Scheme 2. MeHNL-catalyzed addition of HCN to aliphatic saturated and
unsaturated aldehydes 3a-j.

explanation of these results cannot currently be deduced from
the X-ray structure of the enzyme.

The unsaturated cinnamaldehyde (3d) and 2-hexenal (3 f) are
excellent substrates for both wtMeHNL and all mutants. In the
case of 3-phenylpropanal (3e), the enantiomeric excesses (ee)
vary; the best ee value (82%) was achieved with the mutant
MeHNL-W128A. In the series of longer chain aldehydes 3 g-3j,
dodecanal 3 g was still accepted as substrate, although double
the amount of protein generally used and 72 h reaction time
were necessary to obtain satisfying conversion. Quantitative
conversion and 90% ee was obtained with 3 g and mutant
MeHNL-W128Y (Table 4). Substrates 3 h - j show similar results to
the other compounds concerning conversion and optical purity,
but the reaction times for these substrates had to be varied
considerably.

Methyl and ethyl ketones 5 as substrates

The reactions of several methyl ketones with HCN catalyzed by
the wild-type enzyme wtMeHNL have already been reported.’?
In the study described herein, some more methyl (5a-d) and
ethyl ketones (5 e, f) have been investigated, not only catalyzed
by wtMeHNL but also by the mutants described above
(Scheme 3, Table 5).

Table 5 shows that the reaction of acetophenone (5a)
proceeds with a very low degree of conversion with all mutants,
while the enantiomeric excesses of 81-90% ee are satisfactory.
Phenylacetone (5b), however, was found to be an optimal
substrate for the wild-type enzyme and for all mutants, and gives
the corresponding cyanohydrin (S)-6b with ee values of 89—

Table 4. Conversion rate (%) and enantiomeric excess (%, in parentheses) for the MeHNL-catalyzed preparation of (S)-cyanohydrins (S)-4 by HCN addition to
aldehydes 3 in diisopropyl ether.
Substrate 3a 3b 3¢ 3d 3e 3f 3 9@ 3h 3i 3j
t[h] 1.0 24 0.5 4.0 1.0 5.0 72 17 26 3.0
Wild type 99 (98) 89 (82) 88 (96) 80 (95) 90 (67) 58 (97) 80 (71) 65 (78) 99 (80) 96 (79)
W128Y 99 (95) 99 (64) 91 (93) 87 (95) 99 (73) 92 (99) 99 (90) 93 (88) 94 (89) 99 (82)
W128L 99 (93) 99 (79) 96 (56) 80 (98) 89 (32) 92 (99) 91 (87) 64 (76) 96 (73) 99 (72)
W128C 99 (87) 98 (49) 62 (76) 71 (96) 91 (50) 26 (93) 99 (86) 28 (66) 98 (72) 99 (80)
W128A 99 (85) 99 (50) 94 (64) 87 (97) 97 (82) 87 (99) 95 (87) 99 (81) 98 (80) 99 (78)
[a] 9.2 mg protein used.
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o nitrocellulose OH
Jo+ Hon —— L,

R™OR iPr,0, RT RTLEN
5a-d (R'=Me) (S)-6a-d (R'=Me)
5ef (R=Et) (S)-6e,f (R=Et)

56 R= 56 R=

a Ph d  (CH,),C=CH(CH,),
PhCH, e  CH,(CH,),

¢ PhCH,CH, f  CHy(CH,),

Scheme 3. MeHNL-catalyzed addition of HCN to methyl (5a-d) and ethyl (5 e,f)
ketones.
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aldehydes that are interesting as potent starting compounds
are not soluble in water and thus gave low space-time yields. To
suppress the base-catalyzed chemical addition, relatively low pH
values (pH < 4) are required for reactions in aqueous solution.”
To achieve efficient space-time yields despite the low pH
conditions, much greater amounts of enzyme are necessary to
compensate for the markedly reduced enzyme activity at the
lower pH value. The conditions developed for reactions with
HbHNL in aqueous citrate buffer’ were also applied to the
reactions with MeHNL mutants. The results for the reactions of
the aldehydes 1d, 1i, and 3e in aqueous citrate buffer are
summarized in Table 6.

Table 5. Conversion rate (%) and enantiomeric excess (%, in parentheses) for
the MeHNL-catalyzed preparation of (S)-cyanohydrins (S)-6 by HCN addition to
ketones 5 in diisopropyl ether.

Table 6. Conversion rate (%) and enantiomeric excess (%, in parentheses) for
the MeHNL-catalyzed preparation of (S)-cyanohydrins (S)-2d,i, 4e by HCN
addition to aldehydes 1d, i, 3e in aqueous citrate buffer.”!

Substrate 5a 5b 5¢ 5d 5e 5f Substrate 1d 1i 3e
t[h] 3 1 1 1 2 6 t[h] 1 6.25 3

Wild type  13(87) 82(97) 36(49) 78 (61) 14 (46) 24 (61) Wild type 77 (98) 46 (98) 90 (67)
Ww128Y 13 (86) 86 (91) 86 (19) 84 (49) 61 (91) 62 (90) W128Y 32 (94) 50 (98) 98 (81)
W128L 13(90) 85(92) 85(18) 64(43) 87(%9) 77 (97) W128L 87 (94) 54 (97) 89 (39)
W128C 14 (90) 86 (89) 70 (22) 67 (30) 47 (90) 66 (86) W128C 25 (92) 35 (98) 83 (40)
W128A 12 (81) 85 (92) 85 (13) 85 (28) 40 (80) 54 (93) W128A 81 (91) 72 (95) 99 (85)

97 % at 82 -86% conversion. In contrast, the conversion rates as
well as the enantiomeric excesses in the reaction of benzylac-
etone (5¢) are in all cases low. Similar experimental results to
those observed for 5¢c were obtained for the reaction of the
unsaturated ketone 5d.

Both ethyl ketones 5e and 5f are poor substrates for
wtMeHNL. By using the mutant MeHNL-W128 L, however, the
corresponding cyanohydrins 6e and 6f were surprisingly
obtained with 96 and 97% ee at 87 and 77% conversion,
respectively.

MeHNL-catalyzed reactions in water and in a two-phase
system

The MeHNL-catalyzed reactions of aldehydes and ketones with
HCN described so far were performed in diisopropyl ether with
the enzymes adsorbed on nitrocellulose and gave high chemical
and optical yields of (S)-cyanohydrins. Nevertheless it was of
interest to see if HCN applied in a free form could be substituted
by HCN prepared in situ. Two procedures that use HCN prepared
in situ are described in the literature: reaction in an aqueous
medium and reaction in a two-phase system.®! In both cases,
the required HCN is released from an alkali cyanide by acids.
Both routes were investigated with respect to their application
to catalysis by MeHNL mutants.

Two factors are decisive in obtaining high conversion rates
and satisfying optical yields in aqueous solution for HNL-
catalyzed enantioselective HCN addition to carbonyl com-
pounds: first, the solubility of the carbonyl compounds, and
second, avoidance of chemical addition of HCN. Several
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[a] MeHNL: 4.6 mg; aldehydes 1d, i, 3e: 1 mmol; citrate buffer: pH 3.8,
0.5m. Experiments were carried out at 0°C.

Conversion and enantiomeric excesses are enhanced for
2-hydroxybenzaldehyde (1d), compared with the reaction in
diisopropyl ether. 3-Phenoxybenzaldehyde (1i), however, has a
low conversion rate due to its insolubility in citrate buffer. As
observed for the organic solvent, in citrate buffer the mutant
MeHNL-W128A was the most efficient catalyst for the bulky
substrate 1i with respect to conversion. The aldehyde 3 e is also
less soluble in water than in organic solvents, therefore longer
reaction times are required.

Since the conversion rate of 1i in aqueous medium is fairly
low, the preparation of 3-phenoxybenzaldehyde cyanohydrin
(5)-2i was also investigated in the two-phase system (water/
methyl tert-butyl ether (MTBE); Figure 2) previously applied in
the HbHNL-catalyzed reaction of 1i.B"! Figure 2 shows the results
obtained with the wild-type enzyme and the mutant MeHNL-
W128A. The reaction times are clearly diminished compared to
the reaction in diisopropyl ether as a result of the formation of an
emulsion in the two-phase system, which increases the specific
surface of the catalyst. Since the quantity of enzyme used for all
substrate concentrations investigated was identical, it can be
deduced from Figure 2 that the reaction rate is nearly inde-
pendent of the amount of enzyme.

The mutant MeHNL-W128A is superior to the wild-type
enzyme for bulky substrates in the two-phase system. Aldehyde
1i (10 mmol) was converted by MeHNL-W128A quantitatively in
roughly one hour, while the reaction catalyzed by wtMeHNL
reached only approximately 42% conversion after two hours.
Moreover, the enantiomeric excess decreased with increasing
substrate concentration when the wild-type enzyme was used.
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Substrate Specificity of Hydroxynitrile Lyase Mutants
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Figure 2. Data from the conversion of 3-phenoxybenzaldehyde (1i) into
3-phenoxybenzaldehyde cyanohydrin (S)-2i catalyzed by wtMeHNL (A) and
mutant MeHNL-W128A (e) with 1 mmol (—), 5 mmol (----), and 10 mmol
(s ee) substrate in a two-phase system.

The space-time yield of 57gL-'h~' for 10 mmol 1i under
MeHNL-W128A catalysis corresponds with that obtained in
organic solvent (56 gL~ h").

Conclusions

The tryptophan128 residue of the wild-type hydroxynitrile lyase
of Manihot esculenta, situated at the channel entrance to the
active site of MeHNL, was substituted by amino acids with
decreasing size to give the MeHNL mutants MeHNL-W128A,
MeHNL-W128C, MeHNL-W128L, and MeHNL-W128Y investigated
in this study. It can be seen from the X-ray crystal structure of the
mutant MeHNL-W128A that the entrance to the active site of the
enzyme is significantly enlarged by alanine substitution, which
facilitates access to the active site. The role of Trp128 as a
structure determinant of wtMeHNL was unambiguously sup-
ported by the addition of HCN to the bulky 3-phenoxybenzal-
dehyde (1i) to yield the pyrethroid precursor (S)-3-phenoxyben-
zaldehyde cyanohydrin ((S)-2i). The Trp128 channel mutants
were generally found to have higher activity than the wild-type
enzyme for aromatic aldehydes. Surprisingly, aliphatic aldehydes
do not show this effect. The reactions of aliphatic aldehydes with
bulky structures with MeHNL mutants are comparable to those
with the wild-type enzyme. Besides steric effects, solubility could
therefore also have an influence on substrate specificity.
Catalysis by the mutant MeHNL-W128A enabled 1i to be
converted to the corresponding cyanohydrin (5)-2i quantita-
tively and with high enantiomeric excess, with a space-time yield
of 56 gL "h~' at a substrate concentration of 1m. This result
could also be achieved in a two-phase system of water/methyl
tert-butyl ether. However, simple workup conditions make the
organic solvent preferable to the aqueous or the two-phase
system.

The high space-time yields and the simple accessibility of
recombinant enzymes, both the wtMeHNL and its mutants, now
allow the preparation of (S)-cyanohydrins in preparative
amounts. (S)-Cyanohydrins can be converted stereoselectively,
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for example, to the corresponding a-hydroxycarboxylic acids,
1,2-amino alcohols, or a-amino acids.

Material and Methods

Gas chromatography separations were conducted by using a) capil-
lary glass columns (20 m), OV 1701, carrier gas: hydrogen; b)a
Chiraldex B-TM (ICT) column (30 m x 0.32 mm), carrier gas: hydro-
gen. Starting aldehydes are either commercially available or were
prepared according to known procedures.” % Racemic cyanohydrins
were prepared according to a literature procedure.!'"

4-Trimethylsilyloxyphenylacetaldehyde (3b): a) Pyridine (4.7 mL,
57.8 mmol) was added dropwise to a solution of methyl 4-hydroxy-
phenylacetate (8 g, 48.2 mmol) and trimethylchlorosilane (7.3 mL,
57.8 mmol) in CH,Cl, (70 mL). After stirring for 10 min (GC control),
the reaction mixture was diluted with Et,O (70mL) and the
precipitated pyridinium chloride was filtered off. The solvent was
removed, the residue dissolved in Et,0, and pyridinium chloride
filtered off. This procedure was repeated until the pyridinium
chloride had been completely removed. Crude methyl 4-trimethylsi-
lyloxyphenylacetate was distilled under vacuum to give 8 g (70 %)
product as a colorless oil; b.p.: 118°C/0.1 mm; 'HNMR (250 MHz,
CDCl3): 6=0.25 (s, 9H), 3.55 (s, 2H, PhCH,), 3.67 (s, 3H, OCH,), 6.79 (d,
J=8.5Hz, 2H, Ph), 7.13 (d, J=8.5Hz, 2H, Ph); Elemental analysis:
caled for C,,H150,5i (238.4): C, 60.47; H, 7.61; found: C, 60.61; H, 7.52.

b) A 1m solution of diisobutylaluminium (DIBAL) in hexane (40.5 mL,
40.5 mmol) was added dropwise to a solution of methyl 4-trime-
thylsilyloxyphenylacetate (7 g, 29.36 mmol) in absolute toluene at
—78°C under an N, atmosphere. When the reaction was complete
(GC control), methanol (5 mL) was added to hydrolyze excess DIBAL.
The reaction mixture was allowed to warm to room temperature and
dilute HCl (5%) was slowly added until two layers formed. The
organic layer was separated, dried (Na,SO,), and concentrated.
Distillation under vacuum gave 3b (3.5g, 57%) as a colorless oil;
b.p.: 110°C/0.1 mm; 'H NMR (250 MHz, CDCl,): 6 =0.26 (s, 9H), 3.60
(d, J=2.5Hz, 2H, PhCH,), 6.83 (d, J=8.5Hz, 2H, Ph), 708 (d, J=
85Hz, 2H, Ph), 9.70 (t, 1H, CHO). Elemental analysis: calcd for
CyH:60,5i (208.3): C, 63.41; H, 7.74; found: C, 63.24; H, 7.73.

Construction and purification of MeHNL-mutants: Point mutations
of tryptophan128 of MeHNL were introduced into the pQE4-MeHNL
expression construct described elsewhere,'? which encodes wild-
type MeHNL. For this purpose, the Quick Change Site-Directed
Mutagenesis Kit (Stratagene, Heidelberg, Germany) was used
according to the manufacturer’s recommendations. In brief, for each
amino acid substitution two complementary primers corresponding
to nucleotides 380 -436 (or 383 -436 in the case of MeHNL-W128A)
of MeHNL and containing the mutation of interest (Table 1) were
extended during temperature cycling by means of Pfu DNA
polymerase. This process produced mutated plasmids containing
staggered nicks. Methylated (parental) and hemimethylated (semi-
parental) plasmids were selectively digested with Dpnl and the
remaining mutated plasmids were transformed into E. coli XL1-Blue.
Several clones were analyzed for the presence of the desired
mutation by restriction analysis and DNA sequencing with the
modified chain termination method.'® In order to express the
clones, the pQE4-MeHNL-derived plasmids encoding the various
MeHNL mutants were transformed in E. coli strain M15[pREP4] and
IPTG-inducible production of the recombinant proteins was ach-
ieved as previously described for the wild-type MeHNL."“¥ Purifica-
tion of the MeHNL mutants was performed by use of anion exchange
chromatography.a!
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Enzyme-catalyzed reactions in an organic solvent: Nitrocellulose
(10 g) was soaked in sodium citrate buffer (100 mL, 0.02m, pH 3.3) for
4 h. The nitrocellulose was then filtered off and dried under vacuum
for 5h. A solution of the respective MeHNL was added to the
pretreated nitrocellulose (100 mg/4.6 mg enzyme). The mixture was
left to stand for 15 min at room temperature, then diisopropyl ether
(5 mL), the respective substrate 1, 3, or 5 (1 mmol), and anhydrous
HCNP! (2 equiv with respect to the substrate) were added, and the
reaction mixture stirred for the times given in Tables 3 -6. After the
reaction was complete, the immobilized enzyme was filtered off and
washed with diisopropyl ether. The filtrate was concentrated under
vacuum and the crude products 2, 4, and 6 were analyzed by NMR
spectroscopy.

Enzyme-catalyzed reactions in aqueous citrate buffer: The enzyme
solution and the respective substrate 1d, 1i, or 3e (1 mmol) was
added to aqueous sodium citrate buffer (7 mL, 0.5m, pH3.8). A
solution of KCN (2 mmol) in sodium citrate buffer (5 mL, 0.5m, pH 3.8)
at 0°C was then added dropwise over 30 min. To terminate the
reaction, Na,SO, (10g) was added to the reaction mixture and
extracted with diisopropyl ether. The combined extracts were dried
(Na,SO,) and concentrated under reduced pressure. The residue was
concentrated under high vacuum and analyzed by NMR spectros-
copy.

Enzyme-catalyzed conversion of 1i in a two-phase system: An
enzyme solution was made up to 10 mL with sodium citrate buffer
(50 mm, pH 5.4), and a solution of substrate 1i in MTBE (1.5 mL) was
added. The reaction was started by addition of HCN (2 equiv with
respect to 1i) and the reaction mixture was vigorously stirred for the
given time, whereby an emulsion was formed. At the given time
intervals, aliquots of 300 uL were taken, mixed with MTBE (2 mL), and
CaCl, was added to remove excess water. The clear organic
supernatant was concentrated. The residual cyanohydrin 2i was
acetylated in CH,Cl, (800 pL) with acetic anhydride (100 uL) and
pyridine (50 pL), as described below.

Determination of enantiomeric excess and conversion percen-
tages: Acetic anhydride and pyridine (100 pL each) were added to a
solution of crude product (10 pL) in CH,Cl, (500 pL) and the reaction
mixture was heated at 60°C for 2 h. The mixture was then filtered
through a silica gel column (3 x 0.5 cm) with CH,Cl, (2 mL) as eluent.
Enantiomeric excess and the extent of conversion achieved were
directly determined from the filtrate by gas chromatography on
chiral cyclodextrin phases.

Chemical reaction (blank experiment): The chemical HCN addition
was performed analogously to the enzymatic reaction, with the
enzyme solution replaced by the same volume of sodium acetate
buffer (20 mm, pH 5.4).
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RNA-binding proteins play a key role in fundamental cellular
processes such as translation of mRNA, and in viral processes
involved in infection by RNA viruses." Investigation of specific
interactions between an RNA-binding protein and a structural-
ized RNA molecule is important for the design of drugs to inhibit
infections by RNA viruses. The RNA-binding domains of these
proteins can be grouped into families characterized by features
such as a ribonucleoprotein motif, a double-stranded RNA
binding domain,? and an arginine-rich motif.®! The 1-22 amino
acid region of the transcriptional antitermination N protein
(107 amino acids) from bacteriophage A as an argine-rich motif
has a simple a-helical structure and can alone recognize the
hairpin-pentaloop RNA (GAAGA) called boxB RNA without a
large part of the protein (Figure 1).! The general GNRNA-type
pentaloop RNA (GNRNA; N=A, C, G, or T; R=A or G) has a stable
structure and has also been found in native RNA structures.>7!
Interaction of the N peptide and the boxB RNA could act as a
simple model for the study of peptide—loop-RNA interaction

A) A B)
A G
G A
U-A
cC-G
CcC-G
C-G
G-C
G-C
5'-g-¢c—-3%
boxB RNA

Figure 1. A) Sequence of boxB RNA. B) Schematic illustrations of a specific inter-
action between amino acid residues of N peptide and a loop structure of boxB RNA

(adapted from ref. [8]).
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mechanisms. NMR spectroscopy structural analysis of the
complex revealed that Trp18, the 18th amino acid residue from
the Met residue of the N terminus of the N peptide, stacks with
the second adenine base from the 5’ end of the pentaloop of the
boxB RNA and stabilizes the interaction between the protein and
RNA loop structures (Figure 1). However, contribution of the
Trp18 residue on the N peptide to sequence-specific RNA
recognition has not been established.

In this study, we used an N-peptide-immobilized 27-MHz
quartz-crystal microbalance (QCM) for in vitro selection of boxB
RNA. This in vitro selection allows us to identify the optimal
molecule for binding to the target. In conventional in vitro
selection methods, peptides are immobilized on beads and
radioisotope- or fluorescent-labeled random RNAs are selected
as they pass through a column. Evaluation of the binding ability
of the selected RNAs must be carried out separately with time-
consuming gel-shift or ELISA assays. A 27-MHz QCM is a highly
sensitive mass measuring device whose resonance frequency
decreases linearly with increasing mass on the QCM electrode at
the nanogram level in aqueous solutions.” % We were able both
to monitor a selection process from a random RNA pool as a
mass change and to evaluate the association constant of the
selected RNA quantitatively on the same QCM plate, without
recourse to radioactive labeling or fluorescent probes.!" 2 We
immobilized the N peptide or a modified peptide that has Trp18
replaced by Ala18 on a QCM plate and performed in vitro
selections with each peptide-binding RNA molecule and a
pentaloop-randomized RNA (GNRNA) library in which the
molecules were designed to have a hairpin-pentaloop structure
based on that of boxB RNA. Our aim was to study the recognition
activity of Trp18 for the loop region of various RNA sequences.
The RNA sequences that bind to each peptide were identified
and compared.

The N peptide and the Ala-substituted N peptide (23 aa) were
prepared by a single stepwise manual solid-phase peptide
synthesis with 9-fluorenylmethoxycarbonyl amino acids.
The GNRNA pentaloop-randomized RNAs (61-mers) were
obtained by reverse transcription PCR of randomized DNAs
(Figure 2A). A schematic illustration of the experimental
setup used for in vitro selection on a QCM is shown in
Figure 2B. Each peptide was immobilized on the one side
of an Au electrode (area: 5 mm?) of a 27-MHz QCM plate,
through a Cys-SH group with a long poly(ethylene oxide)
spacer. The peptide immobilized on the QCM was soaked
in a buffer solution (10mm 2-[4-(2-hydroxyethyl)-1-
piperazinyl]lethanesulfonic acid (HEPES), pH 7.5, 0.1m NaCl)
and the frequency decrease (mass increase) response to
the addition of random single-stranded RNA (ssRNA)
was monitored in the aqueous solution. After monitor-
ing of the selection process, the QCM surface was washed
with the selection buffer described above and the selected
ssRNA was recovered with the elution buffer (10 mm HEPES,
pH 7.5, 1.0m NaCl). The ssRNA was reverse-transcribed to give
DNA, which was amplified with PCR. The double-stranded
DNA (dsDNA) was transcribed to RNA and used for the
next selection process.'"-'%! Each selection process was repeated
1-5 times.
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Figure 2. A) Sequence of random loop RNAs and amino acid sequences of N peptide and the Ala-substituted peptide. B) Experimental procedure for in vitro
selection of RNA that shows a high affinity for the peptide immobilized on a 27-MHz QCM plate.

Selection processes were monitored as mass changes by using
a QCM and the results are summarized in Figure 3. Binding
saturation was observed within 10 min, which indicates that
30 min is long enough for selection operations. In Round 1, the
random RNA hardly bound to the N peptide on the QCM plate.
The amount of RNA bound increased with each selection round
up to Round 3 (Figure 3A). Since the frequency change was
constant for Rounds 3 -5, selection was stopped after Round 5.
In the case of the Ala-substituted N peptide, the amount of RNA
bound increased smoothly with selection rounds; however, the
amount bound at Round 5 was half that for the N peptide. This
result suggests that the Ala-substituted N peptide may have a
lower ability for binding RNAs than the N peptide. Selection by
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the QCM system gives us useful information even during
selection process, in contrast to the conventional beads and
column method.

The selected RNA for each peptide was reverse-transcribed to
DNA, which was PCR-amplified and cloned by the T/A cloning
method, and the sequence was determined by a standard
dideoxynucleotide method. 2 The sequences obtained in the
randomized region of the RNAs in the pentaloop library after
selection Round 5 are summarized in Table 1. Binding of some
cloned RNAs to the N peptide was quantified with the peptide
immobilized on the QCM. Saturation binding behavior showing
the simple Langmuir adsorption pattern was observed with
increasing concentration of added RNA, as shown in Figure 4.
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Figure 3. Results obtained by monitoring the selection of randomized loop
RNAs that bind to (A) N peptide and (B) Ala-substituted N peptide immobilized
on a QCM (10 mm HEPES, pH 7.5, 0.1 m NaCl, 20°C).

Table 1. Sequences of selected and random ssRNAs.[!

A[b] B[b] C[c]
Loop Loop Loop
GNRNA GNRNA GNRNA
GCGCA  4.9x10°m™" GCACA GUGCA
GCGCA GCACA GUGCA
GCGCA GCACA GAAGA
GCGCA GCGCA GAAGA
GCGCA GCGCA GCGCA
ececa GAAGA GAGGA
GCGCA GAAGA GAGCA
GCGCA GUACA GAGUA
GAAGA P GUACA GUAAA
GAAGA /10w GGACA GCGAA
GEA (boxB RNA) G@A G@A
GCACA GCAUA GUGUA
GCACA GCAUA GUGGA
GAACA GGGCA GGACA
GAACA GAAUA GNRNA  1-1x10%m~!
GCGUA GAGAA —
GNRNA GNRNA GNRNA

(g Lt — ]
2GS 2

9 }

[a] The heights of the letters at the bottom of the table indicate the ratios:
(number of sequences with A, C, G, or T present at that position in the loop)/
(total number of sequences considered). Binding constants (K;) of the selected
or random RNAs to the N peptide were obtained from the data presented in
Figure 4. [b] Sequences of ssRNAs after the fifth round of selection from the
randomized loop RNAs with (A) N peptide or (B) Ala-substituted N peptide.
[c] Sequences of the randomized RNAs. Randomized sequence positions are
underlined.
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Figure 4. Saturation binding behavior of the selected RNA clones when
binding to the N peptide immobilized on the QCM plate (10 mm HEPES, pH 7.5,
0.1m NadCl, 20°C).

Binding constants (K,) were calculated from reciprocal plots and
are summarized in Table 1.

The GCGCA loop RNA was selected as a consensus sequence
with the ratio 8/16 (50%; ratio=number of GCGCA clones/
number of total sequenced clones), and the GAAGA loop (boxB
RNA, a recognition site of a native N protein) was only obtained
at a ratio of 3/16 (19%). These selection results agree well with
the larger K, value of the GCGCA loop (4.9 x 108m~") for binding
to the N peptide compared to that of the GAAGA loop (3.7 x
108m~"). Thus, the GCGCA pentaloop should be an optimized
RNA sequence for N peptide binding.

On the contrary, the consensus sequences for the N peptide in
which we replaced the Trp residue with an Ala residue were not
obtained at a ratio of more than 3/16 (19%; Table 1B). The N
peptide prefers a C or A base as the second base from the 5’ end
in the pentaloop, whereas the Ala-substituted N peptide did not
select a specific base at this position (see also Figure 1B). This
difference is derived from the replacement of Trp18 with an Ala
residue. The bases at the third position of the RNA loop
sequences can be either G or A for the N peptide, because the
selection ratios of the G and A bases are similar to the
proportions of these bases present in the RNA sequences in
the random library. In the fourth base position of the selected
RNAs the C base was favored for both peptides, as compared
with the bases in the random library sequences. The loop-out
fourth base may interact with another residue of the peptide
(see Figure 1B). Thus, the Trp residue is significant for recog-
nition of a specific RNA loop sequence at the second position of
this sequence, which is consistant with previous reports that the
Trp residue stacks with the adenine residue at the second
position.®!

This study shows that the N peptide with Trp18 prefers C to A
as the base at the second position of the RNA target, but does
not accept a G base in this position. We suppose that the
interaction of Trp18 and the C or A base is not only stabilized by
an aromatic stacking effect, but also contributes to optimal
stacking of m orbitals by alignment of an indole group with an
aromatic purine or pyrimidine base.

In conclusion, the QCM system could be a useful tool for in
vitro selection of RNAs because it can monitor both selection
and evaluation processes in situ without any labeling techniques

1439-4227/03/04/2-3 $ 20.00+.50/0 219





BIO

and thus allows investigation of the ability of an RNA-binding
peptide to recognize various RNA sequences.
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The hairpin ribozyme belongs to the class of self-cleaving
nucleases that are found in plant viroids, virussoids or viral
satellite RNAs."! The 50-nucleotide-long minimal sequence (Fig-
ure 1) catalyses the reversible specific cleavage of a suitable 14-
nucleotide-long RNA substrate. The secondary structure of the
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Figure 1. Secondary structure of the hairpin ribozyme - substrate complex.
The arrow denotes the cleavage site. The four Watson - Crick helices are marked
(H-1 to H-4). Nucleotides discussed in the text are numbered.

hairpin ribozyme - substrate complex is composed of two
independently folded domains, A and B, each of which consists
of an internal loop (loops A and B) flanked by two helices (H-1,
H-2 in domain A; H-3, H-4 in domain B). The substrate is bound
to the ribozyme by Watson - Crick base pairing, which generates
helices1 and 2, and cleavage takes place within loop A to
produce characteristic products with a 2',3'-cyclic phosphate
group and a free 5’-OH group.

Herein we report on the external regulation of hairpin
ribozyme activity by an oligonucleotide effector. RNA folding is
a hierarchical process and thus formation of RNA secondary
structure is an important prerequisite for tertiary folding into a
functional conformation. Changes in RNA secondary structure
may therefore influence the three-dimensional folding pattern
and consequently the function of an RNA molecule. This fact
allows for the development of activators or effectors, which
assist the folding of an inactive ribozyme derivative into a
catalytically competent conformation by restoring a required
secondary structure. Over the past few years a number of
allosteric RNA catalysts have been developed.”? Most allosteric
ribozymes described in the literature are derived from the
hammerhead ribozyme, which, like the hairpin ribozyme,
belongs to the group of small self-cleaving endonucleases.
These hammerhead ribozymes usually contain an additional
aptamer domain that can bind specific ligands, such as
adenosine triphosphate,”® flavin mononucleotide,® or Theo-
phyllin.“ 5 Hammerhead ribozymes that are activated by
oligonucleotide effectors have also been described. These
ribozymes were developed either by rational design® or by in
vitro selection from an RNA pool.”? Ohtsuka and co-workers very
recently introduced the first hairpin ribozyme that can be
activated with short oligonucleotides.®! In vitro selection was
carried out to yield an allosteric hairpin ribozyme that showed
cleavage activity only in the presence of an oligonucleotide that
binds to an allosteric binding site and thus triggers a structural
change of a hairpin loop to form an active conformation.
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Figure 1. Secondary structure of the hairpin ribozyme - substrate complex.
The arrow denotes the cleavage site. The four Watson - Crick helices are marked
(H-1 to H-4). Nucleotides discussed in the text are numbered.

hairpin ribozyme - substrate complex is composed of two
independently folded domains, A and B, each of which consists
of an internal loop (loops A and B) flanked by two helices (H-1,
H-2 in domain A; H-3, H-4 in domain B). The substrate is bound
to the ribozyme by Watson - Crick base pairing, which generates
helices1 and 2, and cleavage takes place within loop A to
produce characteristic products with a 2',3'-cyclic phosphate
group and a free 5’-OH group.

Herein we report on the external regulation of hairpin
ribozyme activity by an oligonucleotide effector. RNA folding is
a hierarchical process and thus formation of RNA secondary
structure is an important prerequisite for tertiary folding into a
functional conformation. Changes in RNA secondary structure
may therefore influence the three-dimensional folding pattern
and consequently the function of an RNA molecule. This fact
allows for the development of activators or effectors, which
assist the folding of an inactive ribozyme derivative into a
catalytically competent conformation by restoring a required
secondary structure. Over the past few years a number of
allosteric RNA catalysts have been developed.”? Most allosteric
ribozymes described in the literature are derived from the
hammerhead ribozyme, which, like the hairpin ribozyme,
belongs to the group of small self-cleaving endonucleases.
These hammerhead ribozymes usually contain an additional
aptamer domain that can bind specific ligands, such as
adenosine triphosphate,”® flavin mononucleotide,® or Theo-
phyllin.“ 5 Hammerhead ribozymes that are activated by
oligonucleotide effectors have also been described. These
ribozymes were developed either by rational design® or by in
vitro selection from an RNA pool.”? Ohtsuka and co-workers very
recently introduced the first hairpin ribozyme that can be
activated with short oligonucleotides.®! In vitro selection was
carried out to yield an allosteric hairpin ribozyme that showed
cleavage activity only in the presence of an oligonucleotide that
binds to an allosteric binding site and thus triggers a structural
change of a hairpin loop to form an active conformation.
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We used a different strategy to develop hairpin ribozymes to
be externally regulated. Instead of introducing an additional
allosteric binding site, we designed a hairpin ribozyme derivative
that requires an oligonucleotide effector as a structural element
for creation of the catalytic centre. Although this system is not
truly allosteric, it represents a straight-forward strategy for the
rational design of ribozymes that can be regulated by effector
molecules. By simply adding an oligonucleotide, the catalytically
competent conformation of a formerly inactive ribozyme is
restored and ribozyme activity is switched on.

The active conformation of the hairpin ribozyme is based on
an interdomain interaction between nucleosides in loop A and in
loopB. A Watson-Crick base pair between the conserved
guanosine base directly neighbouring the scissile phosphodiest-
er bond (G + 1) and C25 in loop B (Figure 1) plays a major role in
maintaining the tertiary interaction of the two domains.””)
Substitution of either nucleobase leads to loss of tertiary folding
and consequently to inhibition of ribozyme activity.'® This opens
up the possibility of restoring activity of such a mutant by
addition of an oligonucleotide effector that compensates for the
mutated sequence. To this aim, we synthesised the hairpin
ribozyme variant HP-G25, which has a point mutation in loop B
(C25 —@G, Figure 2). In addition, helix3 and helix4 in HP-G25
were destabilised by introduction of wobble base pairs as well as
noncomplementary base pairs. The substrate RNA contains a
fluorescence label at the 3’-end to allow us to analyse the
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reaction by the fluorescence assay that we developed previous-
ly."™ Under standard conditions (10 mm tris(hydroxymethyl)ami-
nomethane (Tris)-HCl, pH 7.5, 10 mm MgCl,, 37 °C) HP-G25 did
not show any activity (Figure3, lanea). Addition of the
oligonucleotide effector EF-01, however, restored activity (Fig-
ure 3, laneb). EF-01 contains the essential C25 and is fully
complementary to one of the two strands in helices 3 and 4 of
the ribozyme. Therefore, intermolecular interaction between
effector and ribozyme to form the B domain should be preferred
over intramolecular interaction in this region. For a ribozyme, the
catalytically competent structure is mirrored by its activity. A
ribozyme that cleaves its substrate must have undergone tertiary
folding into the active conformation. Thus, the results shown in
Figure 3 allow for the conclusion that EF-01 is indeed capable of
restoring the catalytically competent conformation by replacing
the mutated sequence in domain B. The formation of a ternary
complex between EF-01, HP-G25 and hairpin (HP) substrate
could also be demonstrated by gel shift analysis (See Supple-
ment 1 in the Supporting Information).

To further evaluate the ability of EF-01 to invade domain B, we
synthesised the hairpin ribozyme derivative TW-G25, which has
the same point mutation (C25—G) as HP-G25 as well as
destabilised helices 3 and 4 (Figure 2). Furthermore, TW-G25
contains an additional helix (H-5), which forms a three-way
junction with helices2 and 3. This junction stabilises the
structure of the B domain and compared with HP-G25 displace-
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Figure 2. a) Secondary structure of the hairpin ribozyme mutants HP-G25 and TW-G25 and the sequence of the oligonucleotide effector EF-01. The additional helix (H-5)
in TW-G25 is shown in the box. b) Schematic presentation of activation by EF-01 for HP-G25 and TW-G25.
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Figure 3. ALF DNA analyser primary data of cleavage reactions for HP-G25 und
TW-G25 in the absence and presence of EF-01. Trace a: reaction of HP-G25

(250 nm) with HP substrate (25 nm) after 1 h; trace b: reaction of HP-G25 (250 nm)
with HP substrate (25 nm) and EF-01 (250 nm) after 1 h; trace c: reaction of TW-
G25 (250 nm) with TW substrate (25 nm) after 1 h; trace d: reaction of TW-G25
(250 nm) with TW substrate (25 nm) and EF-01 (250 nm) after 1 h.

ment of the mutated sequence by the oligonucleotide effector
should be more difficult. We used a substrate with a fluorescence
label at the 5" end for activity tests to allow us to follow the
reaction as described in ref. [13]. In the absence of the effector,
no cleavage was observed for TW-G25 (Figure 3, lane c), while
activity was again restored by addition of EF-01 (Figure 3, lane d).
These results show that EF-01 is clearly also able to invade the
three-way junction structure and as a result regenerates the
catalytically competent conformation of TW-G25.

To kinetically characterise the activation process we inves-
tigated the dependence of ribozyme activation on the effector
concentration. To rule out any influence of EF-01 on substrate
association, fluorescein-labelled substrate RNA was prehybri-
dised with an excess of ribozyme RNA in reaction buffer. The
reaction was then started by adding the effector oligonucleotide
in different concentrations (see the Experimental Section). The
observed first-order rate constants were plotted against the
effector concentration (Figure 4) and dissociation constants K
for effector binding as well as maximum rate constants at
effector saturation k; were determined (see Table 1 and Supple-
ment 2 in the Supporting Information). TW-G25 shows a some-
what higher affinity for the effector than HP-G25 although,
within experimental error, both K, values are in the same range.
The observed first-order rate constants for HP-G25 and TW-G25
show a clear dependence on the effector concentration (Fig-
ure 4). The experiments were carried out under ribozyme
saturation (see the Experimental Section) and thus the deter-
mined k; values very likely mirror the rates of conforma-
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Figure 4. Dependence of the observed first-order reaction rates on the effector
concentration for a) HP-G25 and b) TW-G25. Reactions were carried out under
single turnover conditions. Ribozyme RNAs were prehybridised with substrate
RNAs followed by addition of increasing concentrations of EF-01. Continuous lines
represent the graph obtained from least square fitting of the experimental data
according to Equation (1) given in Supplement 2 of the Supporting Information.

Table 1. Dissociation constants for EF-01 and cleavage rate constants at
effector saturation.

Ribozyme Ky [nm] k; [min~"]
HP-G25 351+71 0.0194+0.002
TW-G25 204439 0.010+0.001

tional rearrangement of the ribozyme prior to substrate cleavage
upon addition of the effector. To further substantiate this
conclusion, we carried out single turnover experiments in the
presence of saturating concentrations of the effector, a constant
small substrate concentration and increasing ribozyme concen-
trations. The HP-G25/EF-01 or TW-G25/EF-01 ratio was kept
constant for all measurements. A ribozyme/effector ratio of 1:8
was used for HP-G25 and of 1:5 for TW-G25, in accordance with
the results shown in Figure 4. Single turnover rates were plotted
as a function of ribozyme concentration in Eadie-Hofstee
diagrams and the equilibrium constants K; as well as the
cleavage rate constants k; were calculated (see Table2 and
Supplement 4 in the Supporting Information). The k, values of

Table 2. Single turnover reaction constants of ribozymes HP-WT, TW-WT and
of HP-G25 and TW-G25 at effector saturation.

Ribozyme K, [nm] ky [min~"]
HP-G25 41+6 0.023 +£0.001
TW-G25 93+5 0.016 +0.001
HP-WT 71+£17 0.51+0.05
TW-WT 23+8 0.36 +0.04
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0.023 min~' (HP-G25) and 0.016 min~" (TW-G25) found are in
agreement with the k) values obtained from the experiments
described above (0.019 min~" for HP-G25; 0.01 min~' for TW-
G25). However, the k; values of both ribozymes are about
twentyfold lower than the single turnover rate constants for the
corresponding nonmutated ribozymes HP-WT and TW-WT (see
Tables 1 and 2 and Supplement 3 in the Supporting Information).
This result shows that the effector activates both ribozymes to
the same extent, which corresponds well with the observed
nearly equivalent affinity of both species for EF-01. As with the
corresponding wild-type ribozymes, EF-01-activated HP-G25 and
TW-G25 cleaved their substrate nearly to completion (end point
of the reaction at 96% substrate cleavage, data not shown),
although much more slowly than the wild-type ribozymes. The
smaller k, values obtained for HP-G25 and TW-G25 compared to
HP-WT and TW-WT further support the interpretation given
above that the effector-induced conformational rearrangement
is rate limiting in both HP-G25 and TW-G25. The obtained
equilibrium constants K;, however, are the same as for the
corresponding wild-type ribozymes (Table 2), which allows for
the conclusion that the process of substrate binding is not
influenced by the effector oligonucleotide.

Within the hairpin ribozyme family, the constructs introduced
here present the second example of externally labelled catalysts.
In contrast to Komatsu et al., who recently developed allosteric
hairpin ribozymes by in vitro selection,® we used a rational
strategy for the design of hairpin ribozymes that can be
regulated by an oligonucleotide effector. Even though our
constructs are not allosteric in the classical sense,”® ' they
clearly respond to the addition of an external molecule that
regulates activity.

The potential of external regulation for control of ribozyme
activity is obvious. For example, Kuwabara et al. developed a
hammerhead ribozyme for which a specific mRNA serves as both
substrate and effector.®® Another interesting example was
described by Wang and Sen, who designed an allosteric
hammerhead ribozyme that is regulated by the HIV Tat protein
and thus can be used as a diagnostic tool.'™ Recently, Vaish et al.
reported the design of allosteric ribozymes to monitor post-
translational modification of proteins.'4

External regulation of ribozymes is also an elegant way to
study their structural and functional properties. As we have
shown in this work, an oligonucleotide effector can be used to
reconstitute a functional domain within a previously functionally
deficient ribozyme mutant and thus to switch activity in a
defined way. The hairpin ribozyme can be inhibited by specific
point mutations, which allows interruption of the catalytic cycle
(folding/cleavage) at different stages. These mutants, however,
can be reactivated by external effector molecules. The specific
design of the effector determines the level of reactivation. This
technique is of particular interest for investigation of the folding
and catalytic cycle of large functional RNA molecules, for
example the full-length Tobacco Ringsot Virus Satellite (—)RNA
(sTRSV (—)RNA), from which the hairpin ribozyme is derived.M
Instead of synthesising a series of distinct mutants, just one
specifically designed mutant can be activated by different
effectors to progress through single stages of the reaction

ChemBioChem 2003, No. 2-3 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

pathway. This process allows analysis of structural and biochem-
ical features of the sTRSV (—)RNA by methods like fluorescence
resonance energy transfer or scanning force microscopy at the
single-molecule level. Clearly, this technology can be extended
to the study of other large RNAs containing the hairpin ribozyme
motif, such as Arabis Mosaic Virus Satellite RNA or Chicory
Yyellow Mottle Virus Satellite RNA.'>' Moreover, the described
principle may be adapted to other catalytic RNA motifs and thus
in general opens up attractive ways of carrying out RNA
structure function analysis.

Experimental Section

Synthesis of ribozymes and substrates: Ribozyme RNAs HP-G25,
TW-G25, HP-WT and TW-WT were transcribed from synthetic DNA
templates with T7 RNA polymerase and purified by denaturing
polyacrylamide gel electrophoresis. Substrate RNAs and the
effector oligonucleotide EF-01 were prepared by automated syn-
thesis and purified as previously described."¥ The HP substrate was
fluorescein labelled at the 3’ end by using 3'-fluorescein controlled
pore glass (Glen research) as the solid phase in RNA synthesis. The
TW-substrate was labelled by coupling FluorPrime fluorescein
phosphoramidite (Amersham Biosciences) at the 5 end of the
oligonucleotide chain.!""

Cleavage reaction with variation of effector concentration:
Ribozyme RNAs HP-G25 and TW-G25 (final concentration: 250 nm)
in reaction buffer (10 mm Tris—HCI, pH 7.5) were mixed with their
substrates (final concentration: 25 nm), heated to 90 °C for 1 min and
then allowed to cool down to 37 °C. After 15 min, MgCl, was added
to give a concentration of 10 mm. After another 15 min had passed,
individual reactions were started by addition of varying concen-
trations of EF-01 (0.1 -2 ). Aliquots of the reaction mixture were
taken at suitable time points and immediately pipetted into StopMix
(7m urea, 50 mm ethylenediaminetetraacetate (EDTA), 0.04% Dex-
tranblue) followed by cooling on ice. The samples were analysed
with an ALF DNA sequencer and processed as described.'" Kinetic
constants K and k; were obtained from Eadie - Hofstee plots of kg,
against k,,/[EF] (see Supplement 2 in the Supporting Information).

Single turnover kinetics: Ribozyme RNAs HP-G25 and TW-G25 (final
concentration: 25-1000 nm) in reaction buffer (10 mm Tris—HCI,
pH 7.5) were mixed with EF-01 (final concentration in the reaction
with HP-G25: 0.2 - 8 uw; final concentration in the reaction with TW-
G25:0.12-5 pm), heated to 90°C for 1 min and then allowed to cool
to 37 °C. After 15 min, MgCl, was added to give a concentration of
10 mm. After another 15 min had passed, individual reactions were
started by addition of the corresponding substrate RNA (25 nm).
Aliquots of the reaction mixture were taken at suitable time points
and immediately pipetted into StopMix (7m urea, 50 mm EDTA, 0.04 %
Dextranblue) followed by cooling on ice. The samples were analysed
with an ALF DNA sequencer and processed as described.!"" Kinetic
constants K; and k, were obtained from Eadie - Hofstee plots of k,,
against k,/[Rib] (see Supplement 4 in the Supporting Information).
Kinetic constants for the wild-type ribozymes HP-WT and TW-WT
were obtained in the same way but in the absence of EF-01 (see
Supplement 3 in the Supporting Information).

This work was supported by the Deutsche Forschungsgemeinschaft
and the Fonds der Chemischen Industrie.
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Interest in the synthesis of sulfated and sialylated oligosacchar-
ides is motivated in part by their unique expression in tissues of
certain disease states, including chronic inflammation and many
types of cancer. In nature, sulfated and sialylated carbohydrates
are abundantly expressed on mucins, such as GlyCAM-1,
MAJCAM-1, CD34, and MUC-1."! To date, the synthesis of an
O-linked glycopeptide containing a sulfated oligosaccharide has
not been reported. This is most likely due to the acid-sensitive
nature of carbohydrate sulfate esters’® and a lack of suitable
methods for their protection during peptide synthesis.®! While
syntheses of glycopeptides containing sialic acid have been
described, the preparation of these compounds is still a difficult
task.”! Here we present an efficient method for the convergent
assembly of O-linked glycopeptides bearing sulfated and
sialylated oligosaccharides in a chemoselective fashion.
Previously, we reported the use of glycosyl amino acid 1
(Scheme 1) for the synthesis of glycopeptide analogues by thiol
alkylation.®! Building block 1 contains an unnatural 3-thio-
GalNAc residue that can undergo condensation with N-bromo-
acetamido sugars, following its incorporation into a peptide by
Fmoc-based solid-phase peptide synthesis (SPPS). The thiol
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Modelling of Photointermediates
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Light causes an extremely rapid 11-cis-to-all-trans isomerization
of the retinylidene chromophore of rhodopsin.!! This isomer-
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ization leads to bleaching intermediates in the photoactivation
cascade. An early photointermediate, bathorhodopsin (Batho),
which already contains a photoisomerized all-trans retinylidene
chromophore, slowly (=1 psec) decays by conformational
changes to metarhodopsin| (Metal) through lumirhodopsin
(Lumi). The cis-trans photoisomerization of the retinylidene
chromophore of rhodopsin occurs within the limited space of
opsin, which results in a highly strained conformation of the
chromophore. In a photoaffinity labeling experiment, Nakanishi
et al. showed that a modified f-ionone moiety cross-linked
Trp265 on transmembrane segment 6 (TM6) both in the
rhodopsin and Batho states, which suggests that the cyclo-
hexenyl moiety remains unchanged in the rhodopsin-to-Batho
transition. In the subsequent Batho-to-Lumi transition, the
moiety flipped from TM6 towards TM4.2

The flip of the modified S-ionone moiety suggests that TM3
and TM4 rearrange to accommodate the modified f-ionone
moiety, as schematically shown in Figure 1, while the helix

g e
%ga’

Figure 1. The flip of the B-ionone moiety and the rearrangement of TM3 and
TM4 in the photoactivation. A view from an intradiscal side.

arrangement of Batho remains unchanged. Spectroscopic anal-
yses such as UV/Vis, resonance Raman, and FTIR spectra of Batho
and Lumi have revealed that Lumi has an almost relaxed all-trans
chromophore with the protonated Schiff base (PSB), whereas
Batho has a twisted double bond at C11=C12.B! However, little is
known about the structural origins of the twisted structure of the
Batho chromophore and the flip of the S-ionone moiety in the
Batho-to-Lumi transition.

We previously formulated a structural model of the Batho
chromophore® by using models of the transmembrane helices
constructed from a projection map of rhodopsin.”! The crystal
structure of rhodopsin has recently been solved at a resolution
of 2.8 A¥ and this could greatly aid structural analysis of the
process of formation of the photoactivated intermediates in the
photocascade.

In the study reported herein, we applied restrained molecular
dynamics simulation to the isomerization of the chromophore.
Based on the present results, we propose structural models for
Batho and Lumi that provide a structural explanation for the flip
of the chromophore and the motion of TM3 and TM4.

The extraordinarily rapid photoisomerization (=200 fs) at a
low temperature (77 K) leaves most of the opsin structure
unaffected.”” We generated candidate structures of the Batho
chromophore in the crystal structure of opsin by using molecular
dynamics and subsequent structure minimization and freezing
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the coordinates of opsin except for the Lys296 residue, which  ture suggests that the ultra-fast cis-to-trans isomerization

forms the PSB.

(<200 fs) gives rise to a highly strained all-trans chromophore

All of the Batho chromophore structures we generated  with a highly twisted conformation at the C11=C12 and C12—C13
showed essentially the same conformation under the conditions  bonds. This process may reflect the Hula-twist isomerization at
described above, which suggests that the binding cleft allows the C11-C13 portion of the molecule (1 —2 in Scheme 1).'%'4

very limited motion of the chromophore. The
distance between the PSB and the carboxy-
late group of Glu113 (3.36 A) was similar to
that in rhodopsin (3.40 A). The Batho chro-
mophore had a characteristically twisted
double bond at C11=C12, with a negative
dihedral angle (—148°) for C10—Cl11—
C12—C13, while the cyclohexenyl moiety
remained in the original binding cleft with a
dihedral angle of —30° for C5—C6—C7—C8
(Figure 2). The steric interaction between the
13-methyl carbon atom and the amide car-
bonyl oxygen atom of Cys187 (3.11 A) pre-
vented a complete rotation of the C13—N¢
portion and thus stabilized the Batho chro-
mophore. The instability of the Batho state, as
observed in the photoisomerization of the 13-
desmethyl retinylidene chromophore,® may
be due to the removal of this steric inter-
action, though the interaction may not be of
importance for the physiological function.”
Furthermore, the carbonyl oxygen atom of
Cys187 is located close to the Ca atom of
Gly114 (3.62 A).

The twisted double bond presumably
makes a major contribution to the bath-
ochromic shift (around 40nm) in the UV
absorption maximum of the Batho chromo-
phore. We used ZINDO, a semiempirical
quantum chemical program, to estimate that
the bathochromic shift of the Batho chromo-
phore model was about 30 nm. Together with
the negatively twisted C11=C12 double
bond, the negative dihedral angles of the
double bonds for C11=C12—C13=C14
(—172°), and C13=C14—C15=N{ (—150°)
form a left-handed helical conformation in
the C10-N¢ portion of the structure, and are
thus associated with the negative Cotton
signal at 540 nm observed for the Batho
chromophore.'”

It has been observed that irradiation of
rhodopsin generates a highly strained photo-
intermediate, photorhodopsin (Photo),!™ pri-
or to the formation of Batho. Snapshots of
molecular dynamics calculations at 60-
100 fs show a more twisted conformation at
the C11=C12 bond (— 112°) and the C12—C13
bond (—143°) than in Batho, although the
conformation is not stable enough to main-
tain the highly twisted structure during
simulation. The nascent chromophore struc-

™4

TM2

Figure 2. The structural model of the Batho chromophore with surrounding residues at the binding
cleft. A view from an extracellular site. The broken arrow indicates the steric interaction between the
C13-Me  group and the carbonyl oxygen atom of Cys187. Transmembrane helices (TM) are partially
represented by ribbons.

1
NN NS NN N
hv /)
13
E 1233
N\ NS

N/H N/H
U y

1 Lysage 2 Lysage

[T
. 12 .,
\\ _H H
1§ :
3 Lysogs 4 LySog6

Scheme 1. A putative process for the 11-cis-to-all-trans isomerization of rhodopsin (1) to Lumi (4). At the
first step (1 —2), the photoisomerization only allows a hula-twist of the C11-C13 portion of the
chromophore in the very limited space of opsin, which is followed by rotation of the C11-NT portion
(2 —3). The flip of the 3-ionone moiety affords the Lumi chromophore. Arrows indicate the rotation of the
bonds involved in the formation of each subsequent intermediate of the Batho chromophore.
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The highly twisted C11=C12 double bond of the nascent
intermediate requires a rotational motion of the C13-N¢
portion of the structure to restore the relaxed double bond,
while the bulky f-ionone moiety is tightly held at its original
position. Then, incomplete rotation of the C13-N¢ portion
described above results in the Batho structure (2—3 in
Scheme 1). The structural model described here shows an s-
trans conformation at the C12—C13 bond, whereas an s-cis
conformation was seen in our previous model. This difference
may be due to the narrower space in the binding cleft in our
previous rhodopsin model. The narrow cleft did not allow
rotation of the C13 -N¢ portion of the structure.

The twisted conformation at the C11=C12 double bond
indicates that restoration of the relaxed C11=C12 double bond
leads to a flip of the S-ionone moiety towards TM3, and that
outward motion of TM3 is required for formation of the
subsequent intermediate, Lumi (Figure 3). We assume that the
intracellular portion of TM3 swings outward without significantly
affecting the conformation of the extracellular portion, because
the conserved disulfide bond between Cys110 and Cys1871"%
structurally constrains the extracellular end of TM3. The swinging
of the intracellular portion of TM3, which is pivoted on the
Cys110 residue, displaces the intracellular end (Val139) by about
1.5 A. The motion of TM3 also causes displacement of the
intracellular end of TM4 by 3.3 A. Molecular dynamics calcula-
tions starting from the Batho chromophore structure and its
neighboring residues (4 A from the chromophore) in the newly
generated opsin structure indicated that the cyclohexenyl

Cys110
' s i
™3
3 -
) ! Cys187
g Cl13Me AT
™4 11,12
- \ : /

I G
- \ / Thri18

-

Figure 3. The conformation of the Batho chromophore twisted at the C11 - C12 double bond in a view

™7

e

moiety was flipped toward TM3 and TM4, and that all double
bonds of the chromophore were relaxed.

In the Lumi model, the PSB nitrogen atom is located 2.5 A
from the counterion, Glu113. The acyclic polyene portion is
twisted at the C12—C13 bond (+160° for the dihedral angle of
C11=C12—C13=C14). Dihedral angles of the polyene portion of
the chromophore of the photointermediates are summarized in
Table 1. The 9-methyl group of the chromophore turned towards

Table 1. Dihedral angles for selected bonds in the acyclic portion of the
chromophore.

GoCh G G5 G Cis G=Cy,
Rhodopsint 178 157 180 -2
Batho 180 —172 — 150 —148
Lumi 175 160 176 179

[a] Structure B of 2 structures (A and B) of the crystal.”

TM6 and made tight contact with Trp265. The twist of the
C12—C13 bond may be due to steric interaction, which suggests
that there is further outward motion of TM3 in the formation of
the next intermediate, Meta |. The Lumi model is consistent with
results obtained in photoaffinity labeling experiments.? In this
model, the cyclohexenyl moiety did not significantly rotate at
the C6—C7 bond and thus the geminal methyl groups at C1 and
the methylene group at C2 were located close to Thr118 and
Glu122 (both in TM3), whereas the methylene groups at C3 and
C4 faced toward the kinked site between
Cys167 and Pro171 (both in TM4; Figure 4).
Although experimental results suggest that
the cyclohexenyl moiety is located close to
Ala169, the cyclohexenyl moiety in the present
model was not close to Ala169, which is located
at the site opposite the chromophore binding
site in the crystal structure. As fairly large extra
functional groups were introduced at C3 and
C4 in the photoaffinity labeling experiments,
the functional groups in the cyclohexenyl
moiety of the Lumi model became involved in

TM&

- strong steric interactions with TM4. Molecular

dynamics calculations of the Lumi model with
the modified chromophore structure predicted
deformation of the Cys167-Pro171 region of
TM4, particularly at a site kinked by Pro170 and
Pro171 (Figure 5). The model deformed in the
Cys167 -Pro171 region, which indicates that
Ala169 can be exposed to the reactive portion
of the chromophore.

Thus, we conclude that the flip of the -
ionone moiety in the Batho-to-Lumi transition
originates from the twisted C11=C12 double
bond in the Batho chromophore and that only
the modified “bulky” retinylidene chromophore
is accessible to the Ala169 residue as a result of

along the C11-C12 axis. For clarity, TM1, TM2, and TM5 are omitted. The broken arrow indicates the

steric interaction between the C13-Me group and the carbonyl oxygen atom of Cys187. The twist

(= 30°) of the C11-C12 double bond is indicated by the broken line.
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the deformation of the Cys167 -Pro171 region
of TM4.
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Figure 4. The structural model of Lumi. A view from an intradiscal side.
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Figure 5. The modified chromophore and Ala169 on the deformed TM4 in the Lumi model. For clarity, only
TM3 and TM4 are shown.

Methods

300 K with a time step of 1 fs, for 1 ps, with
sampling of the conformation every 10 fs.
Structure minimization of the whole structure
was performed until the final root mean
square deviation (rmsd) was less than
0.1 kcalmol-'A-". Ca atoms were fixed to
maintain the original helical structure assum-
ing no change occurred in the TM arrange-
ment.

The rigid-body motions of the transmem-
brane helices were calculated automatically
by checking the interhelical distances to the
neighbouring helices. TM3 was swung out-
ward pivoted on the Cf3 atom of Cys110 every
05A and a distance of at least 5A was
maintained between the Ca atoms of TM3
and the adjacent Ca atom of TM2. For each
model in which TM3 was moved, TM4 was
also automatically swung to avoid steric
interactions with TM3. TM4 pivoted on the
Ca atom of a C-terminus residue. The details
of the algorithm for the motion of TMs will be
reported elsewhere.
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Interest in the synthesis of sulfated and sialylated oligosacchar-
ides is motivated in part by their unique expression in tissues of
certain disease states, including chronic inflammation and many
types of cancer. In nature, sulfated and sialylated carbohydrates
are abundantly expressed on mucins, such as GlyCAM-1,
MAJCAM-1, CD34, and MUC-1."! To date, the synthesis of an
O-linked glycopeptide containing a sulfated oligosaccharide has
not been reported. This is most likely due to the acid-sensitive
nature of carbohydrate sulfate esters’® and a lack of suitable
methods for their protection during peptide synthesis.®! While
syntheses of glycopeptides containing sialic acid have been
described, the preparation of these compounds is still a difficult
task.”! Here we present an efficient method for the convergent
assembly of O-linked glycopeptides bearing sulfated and
sialylated oligosaccharides in a chemoselective fashion.
Previously, we reported the use of glycosyl amino acid 1
(Scheme 1) for the synthesis of glycopeptide analogues by thiol
alkylation.®! Building block 1 contains an unnatural 3-thio-
GalNAc residue that can undergo condensation with N-bromo-
acetamido sugars, following its incorporation into a peptide by
Fmoc-based solid-phase peptide synthesis (SPPS). The thiol
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Scheme 1. Synthesis of glycopeptide analogues by alkylation of 3-ThioGalNAc.
Fmoc = 9-fluorenylmethoxycarbonyl, DNP = 2,4-dinitrophenyl.

group can be alkylated selectively over all natural amino acids
except cysteine. The resulting product contains an unnatural
thioether linkage at the C-3 position, a common branch point of
mucin-type oligosaccharides, but retains the native sugar
peptide linkage. Conservation of the native core GalNAc residue
is a key feature of this approach, given the importance of this
moiety in establishing proper organization of the underlying
peptide backbone." In this manner, carbohydrate ligands can be
appended to native mucin-like scaffolds in a chemoselective
fashion. Since the oligosaccharide portion of the glycopeptide is
introduced following peptide synthesis, exposure to harsh acid,
such as trifluoroacetic acid (TFA), is avoided. Hence, this thiol
alkylation strategy is ideally suited for the synthesis of glyco-
peptides containing acid-sensitive groups, such as sulfate esters
and sialic acid residues.

The structures synthesized in the present study correspond to
thioether-linked analogues of the mucin-related 2,3-sialyl-TF
(STF) and MECA-79 antigens (Scheme 2). The presence of the STF
antigen on breast tumors has been demonstrated.'? Thus,
glycopeptide fragments containing this structure are of interest
in the preparation of anticancer vaccines.”” The MECA-79
antigen, which was recently identified by Fukuda and co-
workers,® is of interest due to its unique expression at sites of
chronic inflammation. Binding of the rat monoclonal antibody
MECA-79 to cell-surface mucins containing this epitope inhibits
L-selectin-dependent adhesion.'™* Since the interaction be-
tween L-selectin and cell-surface mucins is a key step in the
process of inflammation, antibodies with specificities similar to
MECA-79 may serve as antiinflammatory agents. Glycopeptide
mimics bearing MECA-79 antigen analogues may be used as
synthetic antigens to elicit such antibodies.

In order to generate glycopeptide analogues bearing the STF
and MECA-79 antigens, bromoacetamide derivatives 2 and 3
were prepared (Scheme 3). For the purpose of future biological
investigations, the unsulfated version (4) of the MECA-79 antigen
was also synthesized. In general, N-bromoactemido sugars can
be readily prepared from the corresponding glycosyl amines.!”
Glycosyl azides are stable to a variety of reaction conditions and
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Scheme 2. Structures of the 2,3-STF and the MECA-79 antigens and their
thioether-linked derivatives.
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Scheme 3. Target N-bromoacetamide derivatives 2, 3, and 4.

were therefore selected as intermediates in the synthesis of
compounds 2 -4. The reduction of anomeric azides to glycosyl
amines can be achieved under mild conditions, compatible with
the presence of sialic acid residues and sulfate esters.

The synthesis of disaccharide 2 is depicted in Scheme 4.
Glycosylation of 6-O-TBDPS 3-galactosyl azide 5, prepared in two
steps from the known glycosyl azide 6,1 was achieved with high
stereo- and regioselectivity by using sialyl phosphite 7U'? as a
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As depicted in Scheme 6, regioselective glycosylation
of the 4-OH group of diol 11 with donor 103! was
accomplished by using SnCl,/AgOTf" as a catalyst, to
provide disaccharide 14 in good yield (69 %). Follow-

AcO _OAc . HO _OTBDPS AcO
o)
ACO&/M Hoég/O Na
AcO HO b
6 5

COR' HO _OR? ‘
AW v — 2

8: R=Ac,R! = Me, R2 = TBDPS
9: R,RLRZ=H

] ce

Scheme 4. a) 1. NaOMe, MeOH; 2. TBDPSCI, imidazole, DMF, 89 %; b) TMSOTf, 3 A molecular
sieves, CH;CN, — 40°C, 2 h, 44 %; c) TBAF, AcOH, THF, RT, overnight; d) NaOMe, MeOH, RT, 24 h;
e) NaOH, THF, RT, 24 h, 92% (3 steps), f) 1. H,, Pd/C, MeOH, 2. bromoacetic anhydride, 1m
NaHCO;, RT, 2 h, 66 %. TBDPS = tert-butyldiphenylsilyl, DMF = N,N-dimethylformamide,

TMS = trimethylsilyl, Tf = trifluoromethanesulfonyl, TBAF = tetrabutylammonium fluoride,

THF = tetrahydrofuran.

donor. The resulting a-linked disaccharide 8 was deprotected by
treatment with TBAF/AcOH, followed by deacetylation and
saponification. The free glycosyl azide 9 was then reduced by
catalytic hydrogenation to give the corresponding glycosyl
amine, which was immediately treated with bromoacetic
anhydride in the presence of sodium bicarbonate. The resulting
N-bromoacetamido sugar 2 was obtained in good yield (66 %)
following purification by size-exclusion chromatography.

The synthesis of the MECA-79 antigen derivative 3 was
achieved through the use of intermediates 10, 11, and 12
(Scheme 5), which were prepared as shown, from peracetylated
p-galactose, thioglycoside 13, and glycosyl azide 6, respectively.

AcO OAc

AcO _OAc
Acog&\»OAc a AcO S ;O: =
OAc OAcC
10
OAc b OTBDPS
o} (0]
Acgcgéwsph —_— H%&wsph
NPht NPht
13 11
{h
AcO OAc c of
i 0
Acog&N3 Ho&ﬂs
OAc OH
6 12

Scheme 5. a) 1. N,H,-HOAc, CH;CN, 45 %; 2. DAST, CH,Cl,, 0°C, 66 %;

b) 1. NaOMe, MeOH; 2. TBDPSCI, imidazole, DMF, 83 %; c) 1. NaOMe, MeOH;

2. PhCH(OMe),, CSA, CH;CN, 64 %. Pht =N-phthalimido, DAST = diethylamino-
sulfur trifluoride, CSA = (+)-camphorsulfonic acid.
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ing acetylation, disaccharide 15 was obtained.

Glycosylation of diol 12 with thioglycoside 15,
promoted by NIS/TfOH, furnished the desired trisac-
charide 16 in good yield (75%). Cleavage of the
benzylidene acetal followed by acetylation of the free
hydroxy groups gave trisaccharide 17. Removal of the
6-O-TBDPS group with TBAF/AcOH gave compound
18, which was then treated with SO;-pyridine to
install the 6-O-sulfate ester. Subsequent removal of
the N-phthalimido group, followed by acetylation,
furnished trisaccharide 19 in 51 % yield. Deprotection
of the sulfated trisaccharide 19 with NaOMe, followed
by reduction of the glycosyl azide vyielded the
intermediate glycosyl amine, which was immediately
treated with bromoacetic anhydride to give the target
N-bromoacetamide 3. Purification of 3 was accom-
plished by size-exclusion chromatography. The un-
sulfated trisaccharide 4 was generated in a similar fashion
starting from intermediate 18 as outlined in Scheme 7.

The glycopeptide scaffolds (215! and 22, Scheme 8) prepared
in this study correspond to a 17-amino acid fragment of the

a ACO _OAc OTBDPS c
10 AcON= 0 9 sph
oAc RO
11 NPht 12
14 R=H
v
15 R=Ac
h
AcO OAc OTBDPS oo g
oy A£éﬁ/ &v
16
AcO _OAc &S/ACO OAc f
g o)
N3 _—
ACO NPht
17 R=TBDPS j o
18 R=H
AcO OAc 0OSO3Na OAc
g
O 3
A;%/ &/NS
19

Scheme 6. a) AgOTf, SnCl,, CH,Cl,, toluene, 69 %; b) Ac,0, pyridine, DMAP,

86 %; ¢) NIS, TfOH, CH,Cl,, 75%; d) 1. 80% AcOH, 80°C; 2. Ac,0, pyridine, 72 %;
e) TBAF, AcOH, THF, 98 %; f) 1. SO; - pyridine; 2. MeOH/N,H,-H,O (5:1), 70-75°C;
3. Ac,0, pyridine; 4. IRC-50 (Na*) resin, 51 %; g) 1. NaOMe, MeOH, H,0; 2. H,, Pd/C,
H,0; 3. bromoacetic anhydride, 1m NaHCO;, 25 %. DMAP = 4-dimethylamino-
pyridine, NIS =N-iodosuccinimide.
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Scheme 7. a) 1. MeOH/N,H,-H,O (5:1), 70-75°C; 2. Ac,0, pyridine, 67 %;
b) 1. NaOMe, MeOH, H,0; 2. H,, Pd/C, H,O; 3. bromoacetic anhydride, 1m
NaHCO;, 45 %.
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Scheme 8. Thioether-linked glycopeptides containing no extension (21, 22), STF
(23), and the MECA-79 antigens (24a, b).

P-selectin glycoprotein ligand-1 (PSGL-1).*] An O-linked glycan
was incorporated at Thr12 of the peptide fragment by using
building block 1 as previously described.® Peptide synthesis was
carried out on 4-methylbenzhydrylamine (MBHA) rink amide
resin employing O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluro-
nium hexafluorophosphate/1-hydroxy-1H-benzotriazole (HBTU/
HOBt) ester activation in the presence of N,N-diisopropylethyl-
amine (DIEA). The N terminus of glycopeptide 22 was biotiny-
lated for use in future biological studies. Cleavage of the DNP
thioether and reduction of the azide was carried out on resin by
treatment with 1,4-dithiothreitol (DTT) and 1,8-diazabicy-
clo[5.4.0]undec-7-ane (DBU).B! Acetylation of the resulting 3-thiol
and 2-amino groups was achieved by reaction with Ac,0 in
pyridine. Cleavage and deprotection of the glycopeptide was
accomplished by treatment with Reagent K.l'! Following pre-
cipitation from Et,O, the crude glycopeptide was deacetylated
with 10% aqueous hydrazine hydrate (in the presence of DTT)
and purified by reversed-phase HPLC. The identities of the target
glycopeptide fragments (21 and 22) were confirmed by ESI-MS.

Ligation of glycopeptides 21 and 22 with derivatives 2 - 4, was
carried out by incubating each glycopeptide at 37°C in the
presence of an excess of N-bromoacetamido sugar for 12 h in
sodium phosphate buffer at pH 7.2. The thioether-linked prod-
ucts (23, 24a and 24b; Scheme 8) were isolated by reversed-
phase HPLC and their identities confirmed by ESI-MS.

Given the difficulty in synthesizing glycopeptides containing
acid-sensitive sulfated and sialylated oligosaccharides, the
syntheses of the glycopeptide analogues described here high-
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light the utility of the thiol alkylation approach. To date, no
glycopeptides containing sulfated oligosaccharides have been
synthesized by traditional methods. Moreover, the need to
synthesize complex glycosyl amino acids is also circumvented by
the thiol alklyation approach. We are now in the process of
investigating the binding of these analogues to their corre-
sponding antibodies (that is, MECA-79 and anti-STF). The results
of these experiments will be reported elsewhere.

Experimental Section

Glycopeptide 22: The synthesis of glycopeptide 22 was carried out
on MBHA rink amide resin (0.05 mmol scale) with N“-Fmoc-protected
amino acids and N,N'-dicyclohexylcarbodiimide (DCC)-mediated
HOBt ester activation in N-methylpyrrolidine (NMP; Perkin-Elmer
ABI431A synthesizer, user-devised cycles). Glycosyl amino acid 1
(5.0 equiv) and p-biotin (5.0 equiv) were coupled manually, by using
HBTU/HOBt/DIEA in DMF. Azide reduction/DNP cleavage was
achieved by treatment of the resin-bound glycopeptide with DTT
(4.0 equiv) and DBU/DIEA (1.0 equiv) in DMF for 30 min (2 x).
Following acetylation with Ac,O/pyridine (1:2), the resin was washed
thoroughly with DMF and CH,Cl,. Peptide cleavage/deprotection
was accomplished by treatment with ReagentK (94.5% TFA, 2.5%
H,0, 2.5% ethanedithiol, and 1% triethylsilane)® at RT for 5 h. The
crude peptide was precipitated with Et,O, dissolved in 50 % aqueous
CH;CN, and lyophilized. The crude glycopeptide was deacetylated
with 10% aq. N,H,-H,O in the presence of DTT (excess) at RT for
30 min and then purified by preparative reversed-phase HPLC with a
gradient of 10-60% CH,CN in water (0.1% TFA) over 50 min to give
42 mg (32%) of 22: ESI-MS (neg) calcd 2594, found 2594.

Thiol alkylation: Bromoacetamide 2, 3, or 4 (5 mg, 7-8 pmol) was
added to glycopeptide 21 or 22 (5mg, 2.0 umol) in sodium
phosphate buffer (500 pL, 0.1m, pH 7.2). The reaction mixture was
incubated at 37°C overnight and the thioether-linked product was
isolated by semipreparative reversed-phase HPLC with a gradient of
10-60% CH,CN in water (0.1 % TFA) over 50 min. The products were
lyophilized and analyzed by ESI-MS (neg): calcd for 23 2920, found
2921; calcd for 24a 3259, found 3258; calcd for 24b 3179, found
3178.

Full experimental details and spectral characterization for all
synthetic intermediates and HPLC data for all glycopeptides are
provided in the Supporting Information.
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Modelling of Photointermediates
Suggests a Mechanism of the Flip of
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Light causes an extremely rapid 11-cis-to-all-trans isomerization
of the retinylidene chromophore of rhodopsin.!! This isomer-
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ization leads to bleaching intermediates in the photoactivation
cascade. An early photointermediate, bathorhodopsin (Batho),
which already contains a photoisomerized all-trans retinylidene
chromophore, slowly (=1 psec) decays by conformational
changes to metarhodopsin| (Metal) through lumirhodopsin
(Lumi). The cis-trans photoisomerization of the retinylidene
chromophore of rhodopsin occurs within the limited space of
opsin, which results in a highly strained conformation of the
chromophore. In a photoaffinity labeling experiment, Nakanishi
et al. showed that a modified f-ionone moiety cross-linked
Trp265 on transmembrane segment 6 (TM6) both in the
rhodopsin and Batho states, which suggests that the cyclo-
hexenyl moiety remains unchanged in the rhodopsin-to-Batho
transition. In the subsequent Batho-to-Lumi transition, the
moiety flipped from TM6 towards TM4.2

The flip of the modified S-ionone moiety suggests that TM3
and TM4 rearrange to accommodate the modified f-ionone
moiety, as schematically shown in Figure 1, while the helix

g e
%ga’

Figure 1. The flip of the B-ionone moiety and the rearrangement of TM3 and
TM4 in the photoactivation. A view from an intradiscal side.

arrangement of Batho remains unchanged. Spectroscopic anal-
yses such as UV/Vis, resonance Raman, and FTIR spectra of Batho
and Lumi have revealed that Lumi has an almost relaxed all-trans
chromophore with the protonated Schiff base (PSB), whereas
Batho has a twisted double bond at C11=C12.B! However, little is
known about the structural origins of the twisted structure of the
Batho chromophore and the flip of the S-ionone moiety in the
Batho-to-Lumi transition.

We previously formulated a structural model of the Batho
chromophore® by using models of the transmembrane helices
constructed from a projection map of rhodopsin.”! The crystal
structure of rhodopsin has recently been solved at a resolution
of 2.8 A¥ and this could greatly aid structural analysis of the
process of formation of the photoactivated intermediates in the
photocascade.

In the study reported herein, we applied restrained molecular
dynamics simulation to the isomerization of the chromophore.
Based on the present results, we propose structural models for
Batho and Lumi that provide a structural explanation for the flip
of the chromophore and the motion of TM3 and TM4.

The extraordinarily rapid photoisomerization (=200 fs) at a
low temperature (77 K) leaves most of the opsin structure
unaffected.”” We generated candidate structures of the Batho
chromophore in the crystal structure of opsin by using molecular
dynamics and subsequent structure minimization and freezing
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DNA with y-Aminopropyltriethoxy-
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DNA, the most important genetic material of living organisms,
has a double-stranded structure." This double-stranded struc-
ture allows the DNA to have various specific functions, which
include intercalation,”” groove binding,'? and electron transfer.”®!
Double-stranded DNA in living organisms possesses various
structures, such as the A, B, and C forms.!" B-form DNA generally
represents the native DNA in living organisms. In addition,
A-form DNA has been reported to occur in a DNA - protein
complex."" However, the conformation of DNA in the C form is
not well understood. C-form DNA has been considered to be a
variant of the B form under special salt conditions or an
intermediate between the A and B forms.["¥ These DNA
structures are sequence-dependent and/or are induced by
various conditions, which include ionic strength and the solvent
present. However, the DNA structures are not significantly
affected by thermal changes.

Organofunctional silanes, such as 3-glycidoxypropyltrime-
thoxysilane and 3-methacryloxypropyltrimethoxysilane, are used
as adhesion promoters or cross-linking reagents for surface
modification.® A y-aminopropyltriethoxysilane (APTES)-modi-
fied polymer has been used for the immobilization of DNA. In
contrast, organosilanes form stable siloxane oligomers through
cross-linking reactions in aqueous solution.” The interaction of
siloxane oligomers and DNA has not yet been evaluated.

In this paper, we describe the structural analysis of the DNA -
APTES complex at various temperatures with circular dichroism
(CD) spectroscopy. The DNA-APTES complex has the B- and
C-form structures at different temperatures. Additionally, the
binding affinity of the DNA-APTES complex to tris-(1,10-
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phenanthroline)ruthenium(i) [Ru(phen);]** was also examined
at various temperatures.

A salmon-sperm double-stranded DNA aqueous solution
(Mw =25 x 105, 100 pL, 10 mgmL~") was incubated with APTES
(10 pL) at 4°C for 24 h. The chemical structure of APTES is shown
in Scheme 1. The structure of the DNA-APTES complex was
analyzed at various temperatures by using CD spectroscopy
(Figure 1). The CD spectrum of the DNA - APTES complex at 4°C

?Csz
CoH50—Si———"NH,
OC,Hs
APTES

N

A-Ru(phen)s}* A{Ru(phen);*

Scheme 1. Chemical structures of yv-aminopropyltriethoxysilane (APTES) and the
two forms of tris-(1,10-phenanthroline)ruthenium(i) [Ru(phen);F+.

T15

[61/ 103 deg cm?2 dmol-1

210 250 300 350
A/nm —>

Figure 1. CD spectra of the DNA - APTES complex at different temperatures:

e, 4°C;m, 5°C; A, 6°C; x,8°C; % 10°C; @, 15°C; T, 20°C; o, 25°C; A, 30°C;
0, 35°C; —, 40°C. Arrows indicate the direction of change of the spectrum during
heating.

showed two maximum peaks at 225 nm and 280 nm and a
minimum peak at 250 nm. When the temperature was increased,
the two maximum peaks were shifted to 222 nm and 275 nm
and the 0,3, and 6, values of the DNA-APTES complex
increased until they reached a constant value at 35°C. During
the cooling process (from 40 °C to 4 °C), the CD spectral changes
were reversed. These results indicate that this structural change
by thermal control is reversible. The CD spectrum of DNA alone
was similar to that of the DNA - APTES complex at 35 °C (data not
shown). Additionally, APTES alone did not show any CD spectral
features over the range 4-40°C (data not shown).

The CD spectrum of DNA in the presence of 5m NH,CI
indicated the presence of the C-form structure, with a maximum
peak at 230 nm and a minimum peak at 250 nm (Figure 23,
closed circles) as previously described.”! The CD spectrum of
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Figure 2. CD spectra of B- and C-form DNAs in the absence (a) and presence (b)
of 1 mm [Ru(phen);** complex. The spectra of the B- and C-form DNAs were
measured in 100 mwm tris(hydroxymethyl)aminomethane (Tris) — HCI (pH 7.4) in the
absence (o, B-form DNA) or presence (e, C-form DNA) of a 5m NH,Cl solution.

DNA in the absence of 5m NH,Cl indicated that the DNA had the
B-form structure,”? with two maximum peaks at 230 nm and
280 nm and a minimum peak at 250 nm (Figure 2a, open circles).
The CD spectrum of the DNA - APTES complex at 4 °C is similar to
that of DNA in a 5m NH,CI solution. These results also suggest
that the DNA - APTES complex possesses the C-form structure at
low temperature (4°C) and the B-form DNA structure at high
temperature (35°C).

Next, we examined the interaction of [Ru(phen);]*" with DNA
in the absence or presence of 5m NH,CI (Figure 2b, open and
closed circles). [Ru(phen),;]** exists in the A and A forms
(Scheme 1), and these two forms have different affinities for
double-stranded DNA; the A form mainly interacts with DNA
during intercalation and base stacking, and the A form binds to
the surface of DNA by electrostatic interaction.®! When racemic
[Ru(phen);]** was added to the DNA solution in the absence of
5m NH,CI, the CD spectrum did not change (Figure 2b, open
circles). When racemic [Ru(phen);]** was added to the DNA
solution in the presence of 5m NH,Cl, a maximum peak at
420nm and a minimum peak at 530 nm were induced (Fig-
ure 2b, closed circles). However, the CD spectrum did not
change at with temperature (4-40°C; data not shown). Addi-
tionally, racemic [Ru(phen);]?>* alone did not produce any CD
spectral peaks (data not shown). These results suggest that
[Ru(phen);]** specifically interacts with C-form DNA in the
presence of 5m NH,Cl.

When the conformation of the DNA - APTES complex in the
presence of [Ru(phen);]*t was examined at different temper-
atures by CD spectroscopy, five isodichroic points were observed
at 253, 291, 348, 389, and 475 nm (Figure 3). The CD spectrum of
the DNA - APTES complex in the presence of [Ru(phen),]** at 4°C
showed a maximum peak at 420 nm and a minimum peak at
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Figure 3. CD spectra of DNA - APTES with the [Ru(phen);** complex at different
temperatures: o, 4°C; », 10°C; o, 20°C; +, 30°C; x, 40°C. Arrows indicate the
direction of change of the spectrum during heating.

530 nm, similar to the spectrum of DNA -[Ru(phen);]?* in the
presence of 5m NH,Cl. These results suggest that the DNA-
APTES complex has the C-form DNA structure at 4°C and
specifically interacts with [Ru(phen);]** (Figure 2b, closed cir-
cles). When the DNA - APTES complex was examined at higher
temperature, the maximum peak at 420 nm and the minimum
peak at 530 nm disappeared (Figure 3). The structural switch
induced by thermal changes was reversible (data not shown).
These results suggest that the DNA in the DNA — APTES complex
reversibly switches between the C and B forms under thermal
control.

APTES has been reported to construct water-soluble oligo-
mers with siloxane cross-links in H,0.®? These APTES oligomers
are positively charged and aggregate with DNA by electrostatic
interaction. As a result, at low temperature (4°C), water
molecules around the double-stranded DNA are excluded and
the structure of DNA is switched from the native B-form to the
C-from structure. Water molecules are critical for constructing
the B-form structure of DNA, in which water molecules interact
with oxygen atoms of the deoxyribose unit and the phosphate
group.'¥ In fact, the B-form structure is not induced when the
binding water is excluded under high ionic strength conditions
(Figure 24, closed circles).* '@ At high temperature, the aggre-
gation of DNA and the APTES oligomer is reduced and the
structure of DNA in the complex returns to the B-form structure
through the interaction of water molecules. These results
suggest that the DNA-APTES complex can be reversibly
switched between the C- and B-form structures by thermal
control. The C-form structure of DNA is not well understood.!"4
The DNA-APTES complex is useful for studying this C-form
structure of DNA.

Recently, DNA has been used as a component of functional
materials, such as biomaterials,"'"-'¥ electronic materials,!'> ¢
and optical materials.'”? We previously described the preparation
of a water-insoluble DNA matrix with an intermolecularly cross-
linked structure induced by UV irradiation."" The UV-irradiated
DNA selectively accumulated harmful compounds with a planar
structure, such as dioxin and polychlorinated biphenyl (PCB)
derivatives, benzol[a]pyrene, ethidium bromide, and acridine
orange.l'> 31 Moreover, this UV-irradiated DNA condensed heavy
metal ions from water containing harmful metal ions, such as
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mercury, cadmium, and lead ions.'"¥ The DNA - APTES complex
has potential utility not only for fundamental research of DNA
structure but also as a novel DNA material with applications such
as optical resolution with thermal control, the thermal separa-
tion of mutagenic molecules, and thermal sensing.
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