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The conformation of the sodium salt of mycophenolic acid (MPA), a potent inhibitor of inosine
monophosphate dehydrogenase (IMPD), derived from 1D DIFNOE and 2D ROESY experiments
in water and molecular dynamics (MD) is described. The hexenoic acid side chain conformation
consistent with the NMR data was similar to that seen in the X-ray structure of MPA. The
solution conformation was applied in a molecular modeling study in order to explore the
potential features of enzyme binding. Our results, based on striking similarities in molecular
volume and electrostatic isopotential between MPA and cofactor NADT, lead to the suggestion
that MPA is capable of binding to the nicotinamide site of IMPD and mimicking the NAD™
inverse regulation of the enzyme. In addition, our proposed model is in good agreement with
the observed high affinity of the dinucleotide analogues thiazole- and selenazole-4-carboxamide

adenine dinucleotide to IMPD.

Introduction

Mycophenolic acid (MPA, 1) was first reported in the
last century, and since that time, this mold metabolite
has assumed a role of central importance as an inhibitor
of inosine monophosphate dehydrogenase (IMPD). A
prodrug of MPA, the morpholinoethyl ester, is currently
in advanced clinical trial as an immunosuppressant, and
MPA has been shown to possess significant antineoplas-
tic,! antiparasitic,? and antiviral activity. It is also very
active against psoriasis.* Other IMPD inhibitors are
also known, and for convenience, we have classified
them into three categories based upon the mode of
enzyme binding:®> type | inhibitors are inosine 5'-
monophosphate (IMP)/xanthosine 5'-monophosphate
(XMP) analogues, type Il inhibitors are NAD*/NADH
analogues, and type Il inhibitors are multisubstrate
inhibitors. MPA is a type Il inhibitor that requires no
metabolic activation® and, as such, can be compared
with other type Il inhibitors such as tiazofurin and
selenazofurin. Tiazofurin and selenazofurin must first
be converted to the adenine dinucleotides “TAD” (thia-
zole-4-carboxamide adenine dinucleotide, 3) and “SAD”
(selenazole-4-carboxamide adenine dinucleotide, 4) in
vivo. Enzyme kinetic studies have demonstrated>26
that MPA, TAD, and SAD are noncompetitive inhibitors
of IMPD with respect to NAD™. In the case of an
ordered sequential mechanism, this means that they
bind at the cofactor site in the presence and absence of
the substrate. The mycophenolic acid- and tiazofurin-
binding site has been further localized to the nicotina-
mide end of the dinucleotide binding region.6 However,
no X-ray structure of IMPD has been solved, so the
specific steric requirements of cofactor and inhibitor
binding are not known. Structural features of TAD and
SAD binding to other dehydrogenases have been inves-
tigated,” but no model for binding of mycophenolic acid
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has been reported. The question arises, can mycophe-
nolic acid mimic NAD™ in its binding to IMPD?

In this study, we present an analysis of the conforma-
tion of the ionized MPA (2), the form likely to dominate
at physiological conditions in aqueous solution. We
report the results of molecular dynamics and restrained
simulated annealing calculations applying distance data
obtained from 1D NOE experiments.

Nuclear Magnetic Resonance. Solution conforma-
tional properties of 2 were examined by NMR methods
in D20 solution. 'H-NMR signals of 2 were assigned,
and the chemical shifts are given in Table 1. Allylic
C(7")H, and benzylic C(1")H; signals were found to be
broader than expected which was explained by long
range allylic and homoallylic couplings. Methylene
protons of the C(1')H, group were isochronous and
exhibited an averaged vicinal coupling constant. The
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Figure 3. Qualitative 2D ROESY matrix for 2 (s, strong; m,
medium; w, weak).

Table 1. Assignment of the 400 MHz Proton NMR Signals
for 2

chemical coupling
proton shift (ppm) multiplicity ~ constant (Hz)

C(7")Hs 1.80 s

C(10)Hs 2.03 s

C(4")H2C(5")H2 2.24 m

C(1)H- 3.27 d 6.2
C(12)Hs 3.75 s

C(3)H:2 5.07 brs

C(2)H 5.18 t 6.2

Table 2. 1D NOE Intensities and Calculated Proton—Proton
Distances for 2

irradiated at enhancement at  intensity (%) distance (A)

C(12)Hs C(7")Hs 0.46 5.67
C(10)H; 1.31 1.99
C(4")H2C(5')H2 0.09
C(1')H2 0.69 3.78
C(3)H. 0.12
C(2)H 0.92 2.83

C(10)Hs; C(3)H- 0.75 3.48
C(2)H 0.22

C(7")H3 C(4")H2C(5")H2 1.07 2.44
C(1')H2 1.07 2.44

C(4")H,C(5)H, group gave rise to an unresolved mul-
tiplet because of the nearly identical deshielding effects
of the carboxylate group and the double bond, respec-
tively. Line broadening caused by the above-mentioned
effects led us to study only the mutual steric disposition
of protons producing singlet signals. The preferred
conformation adopted by 2 in aqueous solution has been
determined by steady state 1D NOE and 2D ROESY
measurements. 1D DIFNOE irradiations and enhance-
ments are listed in Table 2. 1D nuclear Overhauser
effects were supported by 2D results which are shown
in Figure 3. The DIFNOE spectra were used to calcu-
late interatomic proton—proton distances, using the two-
spin approximation. Due to the close chemical shifts
and the pseudoequivalent nature of geminal methylene
protons as well as the lack of aromatic ortho protons,
distances were calibrated using the time-averaged
distance (3.48 A) between the protons of the almost fixed
C(10)H3z and C(3)H, groups. The calculated distances
are given in Table 2.

Molecular Dynamics Simulations. The free mo-
lecular dynamics and the restrained simulated anneal-
ing calculations were carried out® in vacuo at high
temperature in order to explore the entire potential
surface. First, unrestrained MD was completed for 100
ps at 700 K starting from the energy-minimized X-ray
structure (PM3 following deletion of acidic hydrogen)
to provide an insight into the conformational behavior
of the molecule. Analysis of the snapshots with the
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Family option of SYBYL resulted in 16 conformational
families providing 21 representatives (the highly popu-
lated families delegated more than one representative).
All conformations were optimized by molecular mechan-
ics followed by semiempirical PM3 calculation. The
relevant intramolecular distances were compared to the
experimental data. Centroid coordinates of the chemi-
cally equivalent protons were determined and used in
calculation of restraints.

The restrained MD calculation was carried out in
vacuo by SYBYL's simulated annealing module over
10 cycles with an exponential annealing function start-
ing from the same optimized crystal structure as above.
A total of four experimental distances with force con-
stants of 15 kcal/mol A2 were used to constrain the
freedom of motion. These were characteristic for the
behavior of the solute molecule and associated with
singlet protons on the NMR. The starting temperatures
were set to 700 K for 2 ps simulation time; then the
systems were allowed to cool to 200 K over 5 ps, and
the final conformations were optimized with molecular
mechanics using the same restrain values as in the MD.
The 10 resultant structures were energy minimized with
PM3 (precise criteria) giving rise to three distinct
conformations that were subject to evaluation.

An additional simulated annealing calculation was
carried out in water, starting from the same structure,
to confirm the results of the simulations run in vacuo.
The constrained solute was surrounded by 750 water
molecules in a lattice and equilibrated for 2 ps at 300
K. Then the temperature was set to 700 K for 1 ps and
lowered stepwise to 200 K over 2.25 ps. The conforma-
tional behavior of 2 was examined over the last 1 ps.

Conformational Analysis of NAD" and MPA.
Our preliminary investigation of molecular similarities
between the X-ray structures of MPA and NAD™ ex-
tracted from the crystal structure of human alcohol
dehydrogenase (an A-type enzyme) suggested that the
lactone carbonyl, the carboxylate, and the aromatic
moiety of MPA could be superimposed on the carboxa-
mide, phosphate, and pyridine groups of NAD™, respec-
tively. The fit resulted in comparable molecular vol-
umes and electrostatic characters using a flexible fitting
procedure;® however, the amide in the cofactor adopted
the more stable cis conformation?® (x = 0°). No such fit
was found with the trans (« = 180°) stereocisomer of
NAD™.

In order to examine the naturally occurring cofactor
conformations, the crystal structures of all NAD(H)*-
bound dehydrogenases were downloaded from the
Brookhaven Protein Data Bank!! and the cofactors were
extracted and analyzed. In the A-type dehydrogenases
(i.e., the ribose—nicotinamide glycosyl bond is anti with
the carboxamide projected away from the ribose), NAD-
(H)* adopts a more extended conformation than in the
B-type. The B-type enzymes bind NAD(H)" in a syn
orientation with an intramolecular interaction of the
phosphate oxygens with the amide moiety.'> IMPDs are
B-type dehydrogenases,'® however, TAD and SAD has
been shown to favor the anti conformation of the
glycosyl bond.'* The opened (anti) conformation of
NAD(H)* gives rise to considerably better fit with MPA;
thus the coordinates of NADH derived from glutathione
reductase®® were selected for further study being the
only deposited enzyme with bound cis-anti sterecisomer
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Table 3. Intramolecular Distances (A) of Relevant Protonst for Various Conformations of 2

Makara et al.

¢ (deg) H (kcal/mol)? C(12)Hs—C(7')Hs C(12)Hs—C(1)H, C(12)Hs—C(2)H C(7')Hz—C(1)Hz C(12)Hz—C(4")H2C(5)H2

exp 5.67 3.78
2a (X-ray) —120.8 6.72 3.94
2b —132.3 —270.6 6.50 3.77
2c —177.1 —263.1 5.60 4.04
2d —158.7 —261.3 6.01 4.16
2e 152.3 —261.6 4.78 4.25
2d:2e =3.1 5.71 4.18

2.83 2.44 <6.0°

3.30 3.35 4.81, 6.58
3.52 3.13 6.25, 7.37
3.29 3.05 5.00, 5.45
2.75 3.01 5.39, 4.25
3.47 3.03 3.09,4.76
2.93 3.01 4.81,4.37

a Calculated by PM3. ® From qualitative 2D ROESY. ¢ Chemically equivalent.

of the cofactor. Two dihedral angles (O4'—C1'—N1-C6
[¥] and C2—C3—C7—07 [«] were designed at rotatable
bonds and gradually modified (10° increment) because
these parameters have yet been shown!® to possess
widely diverse values depending on steric requirements
imposed by the enzyme active site. The rest of the
molecule was left unaltered. All structures resulting
from this operation were subjected to comparison with
the selected model of mycophenolic acid (2d).

Electrostatic isopotential surfaces were computed for
the selected superimposed pair at 1.1 x vdW radii from
the Mulliken populations derived from semiempirical
PM3 calculations with the point-charge method.” (Use
of MOPAC charges produced an identical density sur-
face for NAD' but a more negative one for MPA
resulting in larger distinctions at the hydrophobic
areas.) NAD™ was modeled with the adenosine moiety
replaced by a methyl group and optimized only for bond
distances to release unfavorable strains without altering
the conformation. The dot surfaces were displayed at
1.1 x vdW radii and colored by a fixed, identical scale
of electrostatic isopotential for each molecule.

Results

Conformation of Mycophenolic Acid Sodium
Salt. The MPA hexanoic acid chain has restricted
conformational mobility due to the E-geometry of the
2',3'-double bond and steric interactions with the two
ortho substituents (C5 and C7) on the rigid phthalide
ring system. The C5 methoxy group is forced out of the
plane of the aromatic ring because of the interactions
with the C4 methyl group and the hexenoic acid side
chain at C6. The restricted conformational mobility of
the side chain is largely confined to the region between
C6 and C4'. The C5'—C6' carboxylate terminus can
rotate more freely (barrier ca. 1 kcal/mol) and adopt a
number of different conformations (a particularly im-
portant feature because the corresponding anionic
phosphate in NAD* possesses similar flexibility). The
NOE experiments provided the key interatomic dis-
tances in the region between C6 and C4'.

Investigation of the representatives derived from the
free MD simulation revealed that in the most stable
conformation (2b; Figure 4), the carboxylate and the
phenol hydroxyl form an intramolecular hydrogen bond
most likely representing the global energy minimum.
However, the existence of such a macrocyclic intramo-
lecular interaction is highly questionable especially in
polar solvents. Table 3 shows that the measured
distances in this conformation are indeed not in cor-
respondence with the NMR data. Among the pool of
representatives, one conformation (2c) was found to
comply with the experimental distances within reason-
able margin of errors (Table 3). Interestingly, 2c is
strikingly similar to the X-ray structure of mycophenolic

Figure 4. Conformations of 2: cyan, 2a (from X-ray); orange,
2b; purple, 2c; colored by atom types (C = white, O = red),
2d; green, 2e.

acid, the only distinction being C6—C1'—C2'—C3' torsion
angle —177.1° instead of —120.8°. Seven of the 10
structures provided by the restricted simulated anneal-
ing calculation were found to be identical with 2c
(ignoring the flexible C5'—C6' terminus). Two cycles
gave rise to the global minimum 2b, and one cycle
resulted in a conformation that is of unique character
because the methoxy group was facing away from the
C6 hexenoic acid side chain; therefore, the distances
between the methoxy and the C1', C2', and C7' protons
were significantly larger than those calculated from
NOE enhancements (data not shown). The side chain
also adopted the conformation of 2c over the investi-
gated period of time of the MD calculation in water.

Comparison of interatomic distances within the X-ray
and the computer-generated structures to those mea-
sured by NOE experiments shown in Table 3 reveals
that good agreement is achieved in the case of 2c. This
conformation constituted one of the families in free MD
and dominated among the final snapshofts of the
simulated annealing cycles. The greatest violation, 0.6
A, occurs for the C1'—C7' protons, but it should be
emphasized that 2c comprises the least attainable
distance between these atoms; thus this deviation
appears to derive from experimental error. Although
our findings are confirmed by both dynamics simula-
tions, it is unlikely that such a small molecule with some
restricted but yet rotatable bonds as mycophenolic acid
would exclusively adopt one definite conformation in
solution. The behavior of the molecule could rather be
characterized by an interval of the variable(s); therefore,
the C6—C1'—C2'—C3' torsion angle [¢] was designated
as rotatable bond starting from 2c, and the appropriate
distances were continuously monitored to show that the
NOE requirements can be fulfilled with acceptable
deviation between the boundaries of —159° and 152°,
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Table 4. rms Values for Least-Squares Fit of 2d and NAD" as
a Function of the Altered Dihedral Angles of NAD™ Derived
from Glutathone Reductase

x=7.6°
no. of «=10.8° ¥=0°  xy=-89° y=-30°
atom pairs  (X-raystr) «=-30° «=-30° Kk =0°
53 0.580 0.382 0.398 0.585
15 0.814 0.712 0.648 0.630

a Fitting points are O7(NAD")—09(MPA), C7—C1, C3—C8, N1—
C6, and Py—C6' atom pairs. P Fitting points are O7(NAD™)—
09(MPA), C7—C1, C3—C8, N1-C6, PN—C6', C5—C4, N7—02, C4—
C3a, C6—C5, C2—C7,C1'-C1',04'—-C2', C4'—C3', C5'—C4', O5'—
C5' atom pairs.

values associated with local energy minima (PM3) 2d,e,
respectively. It should be pointed out that 2d corre-
sponds to the conformation attainable by PM3 starting
from X-ray structure, within these angles the heat of
formations only slightly differ, and in addition, their 3:1
ratio gives rise to better correlation with the experi-
mental data than any of 2a—e in itself (Table 3). Thus,
it seems likely that the motion of the side chain of
mycophenolic acid in aqueous solution is confined to a
particular region that could be best described by 2d,e
as boundary conformations.

Conformational Analysis of MPA and NAD™.
Manual fitting or computer-aided construction of recep-
tor models can be used to probe the potential binding
features of ligands to an uncharacterized receptor. The
latter requires several active inhibitors to be included
in order to increase the correlation between calculated
energy and bioactivity.'® An appropriate number of
inhibitors is not available for IMPD because TAD and
SAD belong to natural nucleoside analogues of NAD™.
Thus mycophenolic acid is the only compound that
possesses a possible unique configuration among inhibi-
tors that are assumed to bind to the nicotinamide-
binding site. We have found several structural features
in MPA that could provide the base of comparison of
NAD*. The lactone carbonyl, carboxylate, and the
aromatic moiety of MPA can serve as possible natural
replacements of the carboxamide, phosphate, and py-
ridine groups of NAD™, respectively. Moreover, the
meta substitution pattern of the nicotinamide could be
easily identified in the bicyclic lactone ring.

Hydrogen bonding plays a very important role in
binding to dehydrogenases; therefore, we designated the
potential hydrogen-bonding participants, the C6' car-
boxylate and the C1 carbonyl, of MPA as the most
significant contributors to the binding energy. These
groups were oriented as closely as possible to the Py
phosphate and C7 amide of NAD™; hence O7(NAD")—
09(MPA), C7—C1, C3—Cla, N1-C6, and Py—C6' were
selected as pairs in the least-squares fit calculations.
In a separate fit analysis, all nonhydrogenoid atoms of
MPA were paired with the closest nonhydrogenoid atom
of NAD™ (Figure 5) except for C3, C10, C7', and the
methoxy group. Fit of conformations 2d and NAD*
derived from glutathione reductase resulted in rms
values?!® of 0.580 and 0.814; however, gradual modifica-
tion of y and « torsional angles from 7.6° and 10.8° to
—8.9° and —30° significantly improved these values and,
generally, resulted in similarly reasonable results within
the interval of y = 0°, x = —30°, and y = —30°, «k = 0°
(Table 4). It also should be pointed out that flexible fit
that allows small alterations in both molecules produced
even much lower rms values (data not shown). The
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Figure 5. Superposition of 2d and NAD™.

Figure 6. Electrostatic isopotential of 2d on dot surface of
1.1 x vdW radii.

representation of the overlaid conformations on Figure
5 shows that this arrangement of the two molecules
could also rationalize the role of the phenolic hydroxyl
of MPA which is placed close enough to the C2'-OH of
the ribose (O—O distance: 2.95 A) and/or the positively
charged N1 (N—O distance: 2.29 A) to hydrogen bond
with a suitably positioned residue in the active site
which originally stabilizes NAD™ through H-bonding or
electrostatic interaction. However, this interaction
requires the disturbance of the intramolecular H-
bonding of the phenol with the lactone carbonyl to take
place as we have previously proposed.2°

Ligands that bind to the same active site of a
particular enzyme are expected to possess comparable
electrostatic properties which enable them to comply
with the necessity of electrostatic complementarity with
the enzyme-binding site. Accordingly, we examined the
molecular electrostatic potentials (MEP) generated by
2d and NAD™ at 1.1 x vdW radii visualized by potential
color method on dot surfaces (Figures 6 and 7). The
overall charge is —1 in both cases. The MEPs were
found very similar for the two distinct molecules. There
are two strongly negative regions (<—25 kcal/mol)
around the lactone carbonyl and the C5'—C6' acetate
and two very positive hydrophobic areas (> 10 kcal/mol)
between C1'—C7' and C3—C10 carbons of 2d that could
be discovered at the same locations in NAD™, while the
pyridine ring seems to generate somewhat more positive
EP above the plane than the bicyclic lactone. The only
significant difference is the negative lactone O2 that has
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Figure 7. Electrostatic isopotential of NAD" on dot surface
of 1.1 x vdW radii.

an opposite character than the positive N(7)H; in NAD™,
suggesting a distinct hydrogen-bonding feature of these
moieties.

Discussion

The observation of same intramolecular contacts in
different environments indicates the presence of in-
tramolecular forces stabilizing a particular conformation
of MPA. Both 1D and 2D NMR experiments supported
the conclusion that, in an aqueous medium, the C5
methoxy group of MPA-Na is projected toward the C6
side chain in order to maximize hydrophobic van der
Waals interactions and to minimize exposure to hydro-
philic water. The methoxy protons are closer to the C2'
hydrogen than to protons of C7' and/or C1', as was found
in the solid state. This arrangement is likely to be
triggered by a chain of complex steric interactions of
the substituents as follows. The C4 methyl group
destabilizes the ring-opened hydroxy acid form of the
phthalide lactone?! due to a steric effect between C10
and C3 and induces the out-of-plane rotation of the
methoxy along with the C6 side chain. The latter is a
mutual effect providing significant steric bulkiness
along with the same influence exerted by C7-OH which
hinders any significant motion of the side chain already
having its own rigidity (double bond). However, the C7'
methyl is also necessary to increase the rotational
barrier and confine the hexenoic acid side chain to a
narrow region. Thus the conformational freedom of
mycophenolic acid seems to be restricted, a factor which
may play an important role with respect to the high
inhibitory potency of the compound toward IMPD.?? It
may be argued, therefore, that the bioactive conforma-
tion is similar if not identical with the solution confor-
mation. Every structural modification that disrupts this
conformation is expected to produce analogues with
markedly decreased potency.

IMPDs belong to the family of B-type dehydrogena-
ses®® which have been shown to incorporate the NAD-
(H)* cofactor having a syn-glycosyl bond.}? However,
the potent inhibitors TAD and SAD have been shown
to adopt an anti orientation (—30° < y < 30°) due to
intramolecular electrostatic interaction between the
ribose oxygen and the partially positively charged S/Se
atoms.'* This conformation has been found to be
retained in enzyme-bound form, as well.” The K; of TAD
against IMPD is 2 orders of magnitude less than that
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for other dehydrogenases, and this can be attributed to
the enthalpic and entropic penalty associated with the
loss of this favorable intramolecular contact. This
notion is further supported by the inactivity of oxazo-
furin (S/Se is replaced by an oxygen), an analogue that
lacks the S/Se—ribose oxygen stabilization.2®> Our mod-
eling study suggests that MPA could bind to a nicoti-
namide site if the adopted glycosyl bond is between 0°
and 30°, which is in accord with the preferred TAD/SAD
binding mode.

The ordered sequential mechanism exhibited by inosine
monophosphate dehydrogenases requires that the sub-
strate binds first before NAD* and, following the
enzymatic reaction, NADH is released before the prod-
uct. However, the enzyme—XMP complex can bind
NAD™ to form a ternary complex, resulting in an inverse
regulation®24 of IMPD by NAD*. The regulatory role
of the cofactor on IMPD is, therefore, diminished in
hypoxic tumor cells where NAD™ levels are lower than
normal.2®> Moreover, it also has been proposed, based
on multiple-inhibitor experiments, that the inverse
regulation does not simply occur by combining with the
E—XMP but NAD*, TAD, and MPA inhibit an ad-
ditional enzyme form. Therefore, the mechanism must
include an isomerization step.6 In light of our findings,
it seems possible that the nicotinamide binding site is
involved in this conformational change to give rise to
an altered active site environment. TAD- and MPA-
like (anti) stereochemistry may result in an enhanced
complementarity to the active site residues of IMPD in
the course of inverse regulation mechanism, while the
syn orientation is likely to be favored during the hydride
transfer.

The selection of the adopted « and y values in NAD-
(H)™ are frequently governed by the positions of the
interacting amino acid residues rather than the exclu-
sion of one isomer due to steric reasons.”?6 In TAD and
SAD, intramolecular hydrogen bond stabilizes (by ca. 9
kcal/mol) the trans (« = 180°) carboxamide isomer;6
therefore, superposition of TAD and 2d places the amide
N in close proximity with the carbonyl O9 of MPA.
These two atoms are likely to participate in opposite
type of H-bonding; thus the interacting active site
residue must be such that is capable of being either
donor or acceptor (e.g., serine), or they could establish
contact with different amino acids. This dilemma could
be further explored by conformationally constrained
TAD analogues and appropriately altered mycophenolic
acid derivatives, which is part of an ongoing project in
our laboratory.

Conclusion

In this study we propose, for the first time, a model
of the bioactive conformation of mycophenolic acid
bound to the nicotinamide site of inosine monophos-
phate dehydrogenase. The proposal is based on the
conformation of the sodium salt of MPA obtained by
analysis using NMR and molecular dynamics methods.
The similarity of this conformation with that of MPA
in the solid phase?” suggests that the side chain is
conformationally restricted, thus explaining the sensi-
tivity of MPA toward structural modifications. This
model was found to be in accord with the favored
binding mode of other active inhibitors, TAD and SAD,
stabilized by intramolecular electrostatic interaction
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and also could indicate a potential role of the phenolic
hydroxyl group. The viability of this model is subject
to experimental confirmation by potency of modified
analogues designed to exploit features of NAD™ binding.

Experimental Section

Mycophenolic acid was purchased from Sigma Chemical Co.
and used without further purification. Ethanol was freshly
distilled prior to use. All semiempirical calculations were
performed with MPOAC 6.0 using the PM3 method with
overall charge set to —1 for all NAD" and MPA models.

Preparation of the Na Salt of Mycophenolic Acid. A
solution of mycophenolic acid in ethanol was treated with
equimolar sodium ethylate at room temperature and stirred
for 30 min. The solvent was evaporated in vacuo.

Nuclear Magnetic Resonance. 'H-NMR spectra were
recorded on a Varian VXR-400 multinuclear instrument. All
spectra were measured using concentrations of 8.3 mg/cm? in
D,0O with 2,2,3,3-tetradeuterio-3-(trimethylsilyl)propionic acid
sodium salt (DSS) as internal standard (0.00 ppm). Homo-
nuclear selective *H-[*H] NOE data were obtained by the
difference method? using frequency cycling techniques?® for
selective preirradiation. 2D ROESY spectra were collected
using standard pulse programs. Other details were as fol-
lows: relaxation delay, D; = 3 s; mixing time, 1 s; sweep width,
4409 Hz in F; and F,; 2048 data points in tp; 256 experiments
in t1.

Molecular Modeling. All calculations and molecular
modeling were performed by SYBYL 6.1 with an interface to
MOPAC 6.0. All molecular dynamics simulations were carried
out starting from the X-ray structure fully optimized by PM3
(precise criteria) applying the following setting: atomic charges
were derived from PM3 Mulliken populations, nonbonded
interactions were cut off at 8.0 A and updated every 25 fs
(every 1 fs in the aqueous simulation), and distance dependent
dielectric constant and Tripos force field were used.

In the free MD calculation in vacuo the starting structure
was heated to 700 K over 20 ps. Boltzmann distribution of
initial velocities was used with a coupling factor of 100 fs.
Following 30 ps equilibration period (T = 700 K, initial
velocities; previous, coupling factor: 100 fs), the analysis was
carried out over 100 ps at 700 K. The coupling constant 10 fs
and previous velocities were used to collect one snapshot in
every 100 fs to yield a total of 1000 conformations which were
compared with the Family option of SYBYL upon the following
torsional angles: C12—011—-C5-C6 (grid 60), C2'—C1'—C6—
C7 (grid 40), C3'—C2'—C1—C6 (grid 40), and C5'—C4'—C3'—
C2' (grid 40). The representatives were fully optimized by
Tripos force field followed by PM3 and analyzed.

The simulated annealing calculation in vacuo was repeated
over 10 cycles using the built-in module of SYBYL. The
following four experimental distances were introduced with a
force constant of 15 kcal/mol A% C(12)Hs—C(7")Hs, C(12)Hs—
C(1)Hz, C(12)H3—C(2')H, and C(7")H;—C(1")H.. The starting
structures were heated to 700 K over 2 ps and annealed to
200 K over 5 ps with an exponential annealing function. The
final conformations were collected and energy minimized with
molecular mechanics (Tripos force field). The obtained con-
formations were fully optimized without constrains with PM3
(precise criteria) and evaluated.

For the simulated annealing calculation in water, the
constrained starting structure was solvated with 750 water
molecules by SYBYL's Solvent/Lattice option. The system was
equilibrated at 300 K for 2 ps with 0.5 fs time step and 10 fs
coupling factor. Boltzmann distribution of initial velocities and
periodic boundary conditions x =y = z = 118.26 A were used.
Then the time step was set to 1 fs, and the following intervals
were assigned with previous initial velocities using the condi-
tions described above: 1 ps at 700 K, 0.5 ps at 500 K, 0.75 ps
at 350 K, and 1 ps at 200 K.

Conformational Analysis. The least-squares fit calcula-
tions were carried out by the corresponding module of SYBYL
with equally weighed atom pairs. Dot surfaces were displayed
at 1.1 x vdW atom radii with a density of 70/A2 and colored by
electrostatic isopotentials (calculated from PM3 Mulliken
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populations by the point-charge method’) on the following
scale (kcal/mol): red, > 24.9; orange, 24.9—9.96; yellow, 9.96—
3.32; green, 3.32—0; cyan, 0—(—3.32); blue, (—3.32)—(—9.96);
purple, (—9.96)—(—24.9); white, <—24.9.
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