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ABSTRACT. The molecular structure of (2S)-2-benzyl-3-(cis-hexahydro-2-isoindolinylcarbonyl) propionic
acid (KAD-1229), a hypoglycemic drug of the meglitinide family, was studied by nuclear magnetic resonance
(NMR) and molecular modeling. The results of the NMR experiments indicated that KAD-1229 existed in
solution in the form of two stable conformers of equal population, called KADI and KADII in this paper. Three
different molecular modelings were then applied: the classical molecular dynamics using the commercial Biosym
and Hyperchem softwares and the Prot+ program, which is not based on a dynamical study but on a systematic
conformational analysis of the molecule, which includes a term that allows the estimation of the hydrophobic
interaction. The modeling results showed the following points. First, in contrast with classical molecular dy-
namics, which uses restraints from two-dimensional nuclear Overhauser effect (NOE) data, the Prot+ KAD
structure provides conformations that support experimental NMR data without any external intervention. In the
structures in agreement with NMR data, an important hydrophobic interaction between the phenyl cycle and
the perhydroisoindole ring of KAD is observed. This interaction, which seems to play a role in the biological
activity of the drug, is lost when no restraints are considered in classical molecular dynamics. Second, the
difference between KADI and KADII arises mainly from slight distance geometric differences at the level of the
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KAD-12298§ is a new hypoglycemic agent belonging to the
meglitinide family [1]. Like hypoglycemic sulfonylureas and
other members of the meglitinide family, it apparently owes
its insulinotropic action to the closing of ATP-sensitive K*
channels in pancreatic islet B cells [1-3].

In a recent study using molecular modeling, including a
hydrophobic energy term, we underlined the structural
analogy between KAD-1229 and other hypoglycemic
agents in the meglitinide family and in classical hypogly-
cemic sulfonylureas [4]. It was proposed that the identifi-
cation of common molecular determinants responsible for
the biological action of these hypoglycemic agents might

1 Corresponding author: Dr L. Lins, Numerical Molecular Biophysics Cen-
tre, Faculty of Gembloux, Passage des Déportés, 2, B-5030 Gembloux,
Belgium. Tel: 32-81 622521/Fax: 32-81 622522.

§ Abbreviations: KAD-1229, (2S8)-2-benzyl-3-(cis-hexahydro-2-
isoindolinylcarbonyl) propionic acid; NMR, nuclear magnetic resonance;
CVFF, consistent valence force field; VAW, Van der Waals; ID, one di-
mensional; 2D, two dimensional; FID, free induction decay.

Received 20 December 1995; accepted 21 May 1996.

help in the design of highly active compounds and provide
an imprint of their receptor target on the B-cell plasma
membrane [4]. These common molecular determinants
were essentially a hydrophobic interaction between hydro-
phobic cycles located at the extremities of each drug mol-
ecule; furthermore, we showed that drug activity was re-
lated to the distance between both cycles, with activity
decreasing with distance [4].

To confirm such an interaction experimentally, we ana-
lyzed the KAD-1229 structure by NMR. Three different
molecular modelings were then applied: one included a
semiempirical equation estimating hydrophobic or solva-
tion energy, and the others used classical energy fields. We
show here that the introduction of a solvation energy term
in molecular modeling allows the determination of struc-
tures in agreement with experimental data in an ab initio
way, i.e. without giving any other information except the
chemical formula of the molecule; the classical dynamics
studies, however, only yield suitable structures when dis-
tance restraints from the NMR experiments are taken into
account in the calculations.



1156

MATERIAL AND METHODS
Material

A sample of KAD-1229 was kindly provided by the Kissei
Pharmaceutical Company {Matsumoto-City, Japan; patent:
EPC 507,534, October 1992).

NMR Experiments

DATA ACQUISITION. The NMR sample was prepared by
dissolving ca. 10 mg of KAD-1229 in 100 mL CD;OD and
then adding 400 mL C¢D,4. The sample was subsequently
degassed and sealed. All spectra were recorded at 303 K on
a Bruker AMX500 spectrometer interfaced with an X32
computer. Chemical shifts were referenced to the residual
solvent peak (C4Dg) and converted to the standard Me, St
scale by adding 7.15 ppm and 128.0 ppm for 'H and ’C
nuclei, respectively. >C BB proton decoupled, and DEPT-
135 spectra were recorded by using standard pulse se-
quences and delays.

The proton-detected '"H-"C correlation spectrum
(HMQC-COSY) of the aliphatic part was recorded by using
the pulse sequence and phase cycling proposed by Bax et al.
[5] with *C decoupling (GARP). Two hundred fifty-six
FIDs were recorded and zero-filled to 512 W in the F1
dimension with a spectral width of 5625 Hz. 2K data points,
no zero-filling, a spectral width of 1502 Hz (acquisition
time 0.68 sec), 16 scans, and a relaxation delay of 1.32 sec
were used in the F2 dimension.

A proton-detected heteronuclear multiple bond correla-
tion spectrum (HMBC-COSY) was recorded by using the
pulse sequence and phase cycling proposed by Bax and
Summers [6]. The experiment was optimized to >*J(!H-
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FIG. 1. Structure of KAD-1229.

13C) average values of 8.3 Hz (delay = 60 msec). The low-
pass ] filter was optimized to the 'J(*H-°C) value of 135
Hz. Four hundred FIDs were recorded and zero filled to 1 K
in the F1 dimension with a spectral width of 21,625 H:
covering the resonances of the complete 1*C spectrum. 2K
data points, no zero filling, a spectral width of 3623 Hz
(acquisition time, 0.28 sec), 64 scans, and a relaxation de-
lay of 1.72 sec were used in the F2 dimension.

An exclusive correlation spectroscopy (E. COSY) spec-
trum was recorded with a spectral width of 1805 Hz by using
the pulse sequence and phase cycling proposed by Grie-
singer et al. [7]. In the F1 dimension, 256 FIDs zero filled to

TABLE 1. 'H and '*C chemical shift data (in ppm) of the two conformations KADI and KADII of KAD-1229

13C IH
KADI KADII
a a b
1 49.85 3.303 (-11.2,5.5) 3.255(-11.2,7.0) 3.333(-12.0,6.8) 3.247 (-12.0,5.5)
2 35.93,35.99 1.747 1.758
3* 25.46 1.33 1.30 1.17
4,5 22.62,22.84 strongly overlapping resonances between 1.10 and 1.35
6* 25.71 1.22 1.30 1.06
1 37.43 1.787 1.757
8 50.20,50.29  2.993 (-10.0, 7.0) 2.739 (-10.0,6.2)  2.931 (-10.0, 6.0) 2.747 (-10.0, 7.0)
9 171.3
10 35.17 2.609 (-16.2,9.0) 2.254 (-16.2,4.3) 2.586 (-16.2,9.2) 2.182 (-16.2,4.5)

11 43.31,43.38 3.475
12 37.95,38.01 3.251(-13.7,5.7)
13 139.3,1394

14 129.4 7.25
15 128.8 7.25
16 126.8 7.15
17 177.4

2.951(-13.7, 8.6)

3.465

3.261(-13.7,5.7) 2907 (-13.7, 8.6)

BC chemical shifts were obtained from a proton-decoupled spectrum. 'H shifts were obtained from ID-proton and/or proton-detected 'H~*C HMQC-COSY
spectra. The values between parentheses are 2J(*H-'H) and *J(*"H-'H) coupling constants (in Hz), respectively.
* Assignment interchangeable pairwise. The assignments of 1 and 8 were made arbitrarily; consequently if this assignment has to be interchanged, 2 and

7 and 3 and 6 will also have to be interchanged.
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FIG. 2. F1 low-field expansion of the HMBC-COSY spectrum. F1 axis (vertical) '>C chemical shifts; F2 axis
(horizontal) proton chemical shifts. Some important cross peaks are indicated.

2 K were used; 4K data points, no zero filling (acquisition
time, 1.13 sec), 36 scans, and a relaxation delay of 1.37 sec
were used in the F2 dimension.

Ten 2D NOESY [8] spectra were recorded by using TPPI
[9] with a spectral width of 3759 Hz; 256 FIDs were re-
corded and zero filled to 1 K in the F1 dimension; 2K data
points, no zero filling, (acquisition time, 0.27 sec), 32 scans,
and a relaxation delay of 1.73 sec were used in the F2
dimension. The mixing times had values from 200 to 1100
msec in steps of 100 msec.

PROTON~PROTON DISTANCES FROM 2D NOESY BUILD-
UP EXPERIMENTS. Proton-proton distances were deter-
mined from the formula 1 = r,. (S,/Sy) " [10] where 7
represents the distance of interest between the protons k
and [; 7, represents the reference distance separating two
protons, the mutual distance of which is unambiguously
established from geometrical considerations; Sy is the slope

of the build-up straight line, as defined below, in the initial
rate approximation, associated with the cross peaks corre-
lating the pairs of protons k and I; and these build-up
straight lines represent the growth of the cross peak Vy,,
normalized to the autopeak Vj, of the same F2 coordinate,
as a function of the mixing time. When the integration of
the autopeak is impossible because of resonance overlap,
normalization is performed to the average value of autopeak
volumes of protons with similar T; relaxation characteris-
tics [11]. S, is the corresponding slope associated with the
reference pair of protons.

The reference distance 1, is the distance of 1.76 A sepa-
rating the two hydrogen atoms of a methylene group, as
calculated from standard C-H bond lengths and H-C-H
bond angles of tetrahedral carbon atoms. The pair of refer-
ence protons chosen was that of methylene group 10 be-
cause the two cross peaks associated with this pair exhibited
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FIG. 3. Expansion of the 2D E.COSY spectrum. F1 and F2 axes are proton chemical shift scales. Note the clear
discrimination between the two conformations for the resonances of protons 11 in the F1 dimension and protons 10

and 12 in the F2 dimension.

identical build-up slopes to within 2% as determined from
straight lines displaying correlation coefficients >0.995
with 10 build-up points and because they display the least
overlap with other protons.

When the slopes associated with a pair of cross peaks
arising from the interacting protons k and [ differed by less
than 20%, the mean value was used to calculate the dis-
tance. When the slopes differed by more than 20%, the one
resulting from the least overlapping peaks and/or displaying
the highest correlation coefficient was selected.

Molecular Modeling

METHOD 1 (BIOSYM SOFTWARE). Molecular dynamics
simulations were performed on a Silicon Graphics Indigo 2
by using the Insight and Discover (version 2.9.5) software
from Biosym (Insight II User Guide, version 2.3.0, Biosym
Technologies, San Diego, CA, USA). The CVFF potential
function was used. The calculated NOE distances were de-
creased and increased by 10% to give 18 lower and 18 upper
limit restraints for the first conformer, KADI, and 17 upper
and 17 lower for the second conformer, KADII. Because of
the overlap of the 8b protons of KADI and KADII, the
NOE between 8b and 14 (Fig. 1) cannot be attributed
unambiguously. Because this NOE may be the result of a

short distance in either KADI or KADII or in both, two
restrained molecular dynamics runs were performed for
both KADI and KADII, one including this restraint and
one without.

A restrained molecular dynamics run using distance re-
straints was comprised of 250 psec dynamics at 900 K, sav-
ing the structure every 5 psec. The resulting 50 structures
were cooled down to 300 K, followed by 10 psec dynamics,
and were then energy minimized using steepest descents
and conjugate gradient minimization, resulting in 50 low-
energy structures.

METHOD 2 (HYPERCHEM SOFTWARE). Molecular dynam-
ics was also performed with the Hyperchem software, ver-
sion 4.0, on a Pentium processor microcomputer. The
MM+ force field, derived from the MM2 force field de-
scribed by Allinger [12], was used. This force field is rec-
ommended particularly for structure simulations on small
organic compounds. The proton—proton distances from the
NMR spectra unambiguously assigned to KADI and KADII
were also used as restraints, together with the 8b/14 dis-
tance (Fig. 1). The molecular dynamics was performed un-
der conditions similar to those in method 1, i.e. in vacuo at
a temperature of 900 K with a heat time of 10 psec, a run
time of 250 psec, and a cool time of 10 psec (the structure
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FIG. 4. Expansion of a 2D NOESY spectrum. F1 and F2 axes are proton chemical shift scales. The crucial
cross peaks correlating the two networks of mutually coupled spin systems are outlined.

is cooled down to 300 K). The step size was 5.107* psec.
The resulting structure was then energy minimized by using
a Polak-Ribiere conjugate gradient.

METHOD 3 (PC-PROT + SOFTWARE). The conformational
analysis of KADI and KADII is based on a semiempirical
procedure [13]. In this approach, total conformational
analysis is calculated as the sum of all the contributions due
to the VAW energy, torsional potential, electrostatic inter-
actions [13], and hydrophobic interactions [14]. The latter
are taken into account through the calculation of solvation
energy based on an empirical equation [14]. This equation
describes the free energy of solvation between atoms i and j:

Etr; =8, (1E £ + 1E; ! Yexp ({r; + 1; - di]-)/ZrSOE)}
1

where 8, is ~1 when atoms i and j are either both hydro-
phobic or both hydrophilic and +1 otherwise; E,; and E

are the free energies of transfer from a hydrophobic to a
hydrophilic phase; 1, and r; are the radii of atoms i and j,
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respectively; d;; is the distance between atomic centers; and
1., is the radius of a solvent molecule. The parameter f,
represents the portion of atom i covered by atom j and is
calculated as follows [14, 15]:

2
oS (1ot (o)
ij Sij zrsol 4(Ti + Tj)l ZTSDl

where C; is the surface of a circle of radius 1, and S; the
surface of a sphere of radius r; + 1;. In a condensed medium,
the fractional area of atom i covered by its neighbors is 1.
The fractional area of i covered by j is f;, such that 0 < f; <
1. This parameter decreases to zero when the distance be-
tween i and j is large enough to accommodate a solvent
molecule between them. The surface of an atom i covered
by other atoms of the same molecule is summed up, and an
estimation of the solvent accessible surface is obtained by
subtracting that sum from the entire surface of i.

The total interaction energy between atoms i and j is
equal to the sum of the VAW energy, electrostatic energy,
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TABLE 2. Proton—proton distances in solution as obtained
from 2D NOESY NMR data

Distance (A)

Proton pairs KADI KADII KADI or KADII*
la/1b 1.87

la/2 2.24
la/3a 2.47

1a/3b 2.42

1b/3a 2.42
1b/3b 2.56
1a/10a 3.26%
1b/10a 3.147

1b/10b 3.06 3.08

6a/7 2.41

6b/7 2.58

6a/8a 2.50
6a/8b 2.57

6b/8a 3.52% 2.54
6b/8b 2.65 2.79

7/8a 2.25 3.38%
8a/8b 1.85 1.82
8a/10a 2.37 2.20
8b/10b 2.47 2.49
8b/14 4.08+
10a/10b 1.76 (ref) 1.76 (ref)
10b/11 2.62 2.56
10b/12b 2.80 2.78
10b/14 3.16% 3.37

* Distances not unequivocally assigned to either KADI or KADIL
+ Values obtained from correlations <0.95.
T Values obrained from only one cross peak.

torsional potential, and the mutual solvation energy of at-
oms i and j and that of the solvent. The free energy of
solvation consists of two elements: the interaction energy
between solute and solvent molecules and that between the
atoms of the solute molecule. Actually, any atom interact-
ing with another atom does not distinguish whether this
atom belongs to the solute or to the solvent molecule. Each
atom will tend to interact with another having the same
hydrophobic/hydrophilic properties, independently of the
concept of solute or solvent.

The conformation of the molecules is first analyzed by a
systematic analysis structure tree applied on each torsional
angle. The lowest conformational energy of the most prob-
able structure resulting from this step is subsequently ob-
tained by energy minimization by using the Simplex
method [16].

The values used for the valence angles, bond lengths,
atomic charges, torsional potential, and energy values for
the VAW interactions are those used in Method 2 (Hyper-
chem software) because the molecules were built using this
program. The force field used in Hyperchem is the MM+
force field [12]. The resulting structure is then reintroduced
into the PC-PROT+ program for systematic and energy
minimization steps.

Calculations were performed on a Pentium processor mi-
crocomputer with the PC-PROT+ (Protein Analysis Pro-
grams) procedure. Graphs were drawn with the PC-MGM+
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(Molecular Graphics Manipulation) and the WinMGM
[17] programs.
CALCULATION OF RELATIVE POPULATION OF KADI AND

KaDIL. The relative conformartional probability of both
conformers was calculated with the following equations:

o EVKT
Py = o EVKT | ~Eu/kT
and
o F/kT
Py = o EVKT | g=Eu/kT

with T = 298 K and E; and E;; corresponding to the internal
energy of the KADI and KADII conformers, respectively
[18].
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FIG. 5. Two examples of 2D NOESY build-up curves. (Top)
For the cross peak arising from the H atoms, H(10a) and
H(10b) were used as reference for the determination of the
solution-state distances. (Bottom) A typical cross peak pair
without resonance overlapping from the H atoms H (7a)
and H (8).
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FIG. 6. Stereoview of the KADI structure represented in balls obtained by Method 1 (upper
panel) and Method 2 (middle panel) using distance restraints, and by Method 3 (lower panel)
including hydrophobic interactions. Large dark gray and small light gray balls represent
carbon and hydrogen atoms, respectively; blue and red balls are nitrogen and oxygen atoms,
respectively.

RESULTS AND DISCUSSION
NMR Studies of the Solution Structure

'H AND '’C RESONANCE ASSIGNMENT. The 1D "H and
BC spectra of KAD-1229 (Fig. 1) in a mixture of CD;OD/
CgDy (1/4) revealed an unexpected and puzzling splitting of
a series of signals into pairs of resonances with approxi-
mately equal intensities.

To rule out the formation of a nonsymmetrical dimer, we
recorded these 1D spectra in several other solvents, such as
CDCls, acetone-d6, and CD;OD. A comparable splitting
was observed in all cases. We consequently attributed the
splitting of the resonances to the presence of two stable
conformations of similar energy. An attempt to observe a

possible coalescence of such pairs of resonances by heating
up a toluene-dé solution of the sample resulted in the ir-
reversible appearance of numerous additional resonances
resulting from the decomposition of KAD 1229. The final
'H and ’C assignments are presented in Table 1.

In the perhydroisoindole ring, the carbon resonances at
49.85 ppm and the pair at 50.20 and 50.29 ppm, being
compatible with resonances of carbon atoms next to nitro-
gen, were assigned arbitrarily to carbon atoms 1 and 8,
respectively. From this starting point, the chemical shifts of
the corresponding hydrogen atoms were obvious from the
HMQC-COSY spectrum [5] exhibiting 'J(*H-°C) correla-

tions. However, the complete carbon and proton network
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&

in the perhydroisoindole ring, with no complete conforma-
tion specific assignment, could be unraveled further by the
231('H-13C) correlations exhibited in the HMBC-COSY
spectrum [6]. From the amide carbon resonance at 171.3
ppm and the carboxylic acid carbon resonance at 177.4
ppm, protons 10-12 and thus the corresponding carbon
resonances could be assigned (Fig. 2). The resonance as-
signment was completed with the aromatic carbon and pro-
ton atoms.

Because the chemical shift difference between corre-
sponding *C resonances of the two conformations is very
small, no further attempt to discriminate the two confor-
mations could reasonably be undertaken at this stage. How-

ever, the proton resonances could be assigned further. Thus,
careful analysis of the E.COSY spectrum [7], a "H-'H cor-

&

FIG. 7. Stereoview of the KADII structure represented in balls obtained by Method 1 (upper
panel) and Method 2 (middle panel) using distance restraints and with Method 3 (lower
panel). Same representation as in Fig. 6.

relation technique that exhibits a simplified multiplet pat-
tern compared with the classical DQF-COSY (Fig. 3), made
possible an almost complete assignment of the two coupled
proton systems, the perhydroisoindole ring and the “amide”
chain, together with the corresponding coupling constants,
where possible.

Because these two systems are separated by an amide
bond, no connection between these parts of the molecule
could be made at this point. Analysis of the 2D NOESY
spectrum [8, 10] (Fig. 4) finally completed the assignment
because cross peaks resulting from intramolecular dipolar
cross relaxation [8] through space were found between pro-
tons 1 and 10 and 8 and 10, so that connection between the
two coupled spin networks of the molecule was eventually
achieved.
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FIG. 8. Superposition of the KADI structure obtained with all distance restraints (colors as defined
in Fig. 6) and without the 8b-14 distance restraint for Method 1, or no distance restraints for
Method 2 (in green) using Method 1 (upper panel) and Method 2 (lower panel).

PROTON-PROTON DISTANCES IN SOLUTION. The pro-
ton—proton distances that could be determined from the 2D
NOESY build-up experiment in the initial rate approxima-
tion are reviewed in Table 2 [8, 10, 11].

Two examples of build-up straight lines from which these

distances are determined are displayed in Fig. 5. All the
build-up curves were obtained from negative cross peaks,
being of opposite sign with respect to the positive auto-
peaks, indicating conditions of extreme narrowing [1C]. In
view of the restrained molecular modeling calculations per-
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TABLE 3. Comparison between NMR proton—proton distances of KADI and KADII and
distances measured on the modeled structures obtained by Method 1 (Biosym), Method 2

(Hyperchem), and Method 3 (Prot+)

Method 1 Method 1
NMR without with Method 2 Method 2
Proton distance  restraints restraints  without any with all
pairs (A) on 8b/14 on 8b/14 restraint restraints Method 3
A: KADI
la/lb 1.87 1.92 1.80 1.79 1.77 1.78
1a/3a 2.47 2.82 2.73 247 2.23 2.34
1a/3b 2.42 2.69 2.65 3.34 3.24 2.71
1b/10a 3.14 3.55 4.02 5.09 3.13 4.61
1b/10b 3.06 4.51 355 4.78 3.52 4.78
6a/7 241 2.36 2.35 247 2.47 2.10
6b/7 2.58 2.57 3.00 3.06 3.03 2.75
6a/8b 2.57 2.71 2.86 2.46 2.48 2.71
6b/8a 3.52 3.08 3.60 2.81 3.40 3.43
6b/8b 2.65 2.1 2.36 3.06 3.71 2.84
7/8a 2.25 2.19 2.26 3.04 291 2.88
8a/8b 1.85 1.85 1.77 1.80 1.75 1.78
8a/10a 2.37 2.38 2.78 4.15 3.80 4.24
8b/10b 2.47 2.67 2.32 2.34 2.19 2.86
8b/14 4.08 5.70 3.26 5.73 3.75 3,57
10a/10b 1.76 1.77 1.72 1.75 1.77 1.87
10b/11 2.62 2.56 2.37 3.17 2.72 2.98
10b/12b 2.80 3.13 3.20 2.89 2.82 2.28
10b/14 3.16 2.71 3.52 4.90 3.46 2.72
B: KADII
1a/2 2.24 2.35 2.35 2.32
1b/3a 2.42 2.78 2.58 2.42
1b/3b 2.56 2.18 2.68 2.43
1a/10a 3.26 3.72 4.51 4.14
1b/10b 3.08 3.79 392 4.44
6a/8a 2.50 2.40 2.43 2.43
6b/8a 2.54 2.78 2.78 2.43
6b/8b 2.79 3.31 3.27 3.22
7/8a 3.38 2.93 2.99 2.68
8a/8b 1.85 1.78 1.76 1.78
8a/10a 2.20 2.58 2.58 437
8b/10b 2.49 2.75 2.20 392
8b/14 4.08 4.83 3.97 3.94
10a/10b 1.76 1.73 1.75 1.78
10b/11 2.56 2.59 3.06 2.99
10b/12b 2.81 2.83 3.19 2.22
10b/14 3.37 3.31 3.11 2.85

formed with these distances (see below), the long range
correlation, observed between the 8b and the aromatic 14
protons, is of extreme importance. Unfortunately, the
chemical shift difference between the 8b protons of the two
conformations was too small to make an unequivocal as-
signment. Attempts to enlarge the chemical shift difference
by recording the spectra at different temperatures remained
unsuccessful.

Molecular Modeling

To fit data to a molecular structure for KAD-1229, three
different approaches were used: classical restrained molecu-
lar dynamics using Method 1 (Biosym software), with or

without the restraint between protons 8b and 14 (to check
the importance of this proton-proton distance) and
Method 2 (Hyperchem software), with restraints on all pro-
ton—proton distances from Table 2, or without any re-
straints (to compare the classical dynamics studies with
Method 3, which operates without any restraint, see be-
low). An ab initio method (Method 3: PC-PROT+ soft-
ware) based on a semiempirical procedure described previ-
ously [13] was also used. Briefly, the latter consists of a
systematic study of each torsional angle of the molecule
followed by a Simplex energy minimization procedure [16].
This approach does not involve restraints, but the energy
fields include a term that estimates the hydrophobic inter-
action [14, 15].
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FIG. 9. Skeletal representation of the KADI structures obtained from Method 1 (A), Method 2 (B), and Method 3 (C). The

phenyl cycle is represented in the same orientation.

Figures 6 and 7 show the most stable conformations ob-
tained by the different methods for both conformers of
KAD (KADI and KADII, respectively). Because no stereo-
specific assignments were available from the NMR spectra,
different calculations were performed to try out the differ-
ent possible combinations for the assignment of the a/b
CH, protons. It turned out that this assignment was differ-
ent for KADI and KADII. The proton—proton distances
measured in each of the structures shown in Figs. 6 and 7
are listed in Table 3A (KADI) and 3B (KADII); the proton
pairs are labeled as in Fig. 1.

For Methods 1 and 2, a good agreement is observed be-
tween the experimental data and the proton—proton dis-
tances measured in the modeled structures, but only when
restraints are applied. Indeed, most of the values do not
exceed 10-15% of the values derived from the NMR spec-
tra. It should be emphasized that Method 1 gives better
results, with no violations for the unambiguous NMR dis-
tances, whereas Method 2 shows distance discrepancies for
the 1a/3b, 6b/7, and 8a/10a proton pairs in KADI and for
the 1a/10a and 1b/10b pairs in KADII. Without restraint
{on 8b/14 distance in Method 1 and no restraint at all in
Method 2), the distance between protons 8b and 14, rep-
resentative of the interaction between the phenyl cycle and
the perhydroisoindole ring, becomes larger, with the cycles
no longer interacting (Fig. 8). This decreased interaction is
shown by an “open” conformation for the structure ob-
tained with Method 2, both cycles being moved away from

each other (Fig. 8, lower panel); however, in the structure
yielded by Method 1, the plane of the phenyl cycle is
moved by approximately 90°, together with a change on
the perhydroisoindole ring conformation (Fig. 8, upper
panel), resulting in the disappearance of the interaction
between both cycles {the planes of the cycles are almost
perpendicular to each other). It is worth noting that an
open conformation, similar to that observed for the struc-
ture derived from Method 2, is generated for KAD 1229
when the solvation energy term is omitted in Method 3
(data not shown).

The structure obtained with Method 3 (Fig. 6, lower
panel), i.e. without any restraint but taking into account
the hydrophobic interaction, is also in agreement with the
NMR data, especially concerning the 8b-14 distance. How-
ever, the distances involving the 10a and 10b protons are in
discrepancy with the experimental data, which may be due
to the inter-ring chain portion in the neighborhood of the
C=0 group, which displays a very different conformation
from that obtained with the other methods (Fig. 6, upper
and middle panels), which are, on the contrary, in good
correlation with the NMR data. This different conforma-
tion might be due to the fact that the bond lengths and
angles are kept constant in Method 3, unlike in Methods 1
and 2 (see below). This difference is also observed in Fig. 9,
where the three KADI structures, which best fit the NMR
data, are represented with a similar orientation of the phe-
nyl cycle. Moreover, we observed that the interaction be-
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FIG. 10. Superposition of the KADI (in colors as defined in Fig. 6) and
KADII (in green) conformations obtained by Methods 1 (upper
panel), 2 {middle panel) and 3 (lower panel).
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TABLE 4. Population distribution (%) of KADI and KADII
based on their relative conformational energy

KADI KADII
Method 1 51 49
Method 2 50 50
Method 3 52 48

tween the perhydroisoindole and phenyl rings is stronger in
the KADI structures obtained with Methods 2 (Fig. 9B) and
3 (Fig. 9C), their plane being almost parallel to each other,
than in the structure generated by Method 1 (Fig. 9A), in
which the perhydroisoindole cycle is twisted. It should also
be noted that, although the relative position of both cycles
is similar in the three structures, the conformation of the
chemical groups (called chain below) linking these cycles is
quite different.

Concerning the difference between KADI and KADII,
Fig. 10 shows the fitting between KADI and KADII struc-
tures obtained by the three different methods. For the struc-
tures generated by Methods 2 and 3, the middle and upper
panels of Fig. 10 reveal that the conformational difference
is due to a different position of the six-membered ring in
the perhydroisoindole moiety with respect to the remaining
part of the molecule that is essentially unaffected. For the
KADII structure arising from Method 1 (Fig. 10, upper
panel), the conformation of the perhydroisoindole ring is
twisted as compared with the KADI, rather than displaying
the above-mentioned modified six-membered ring; more-
over, the conformation of the chain linking both cycles is
more elongated in KADII than in KADI. Nevertheless, in
all three approaches the conformational changes can be
summarized by a different geometry at the level of the six-
membered ring of the perhydroisoindole ring, which lies
farther away from the aromatic ring in KADII than in
KADI.

Table 4 gives the relative probability of KADI and
KADII conformations, calculated as described in Material
and Methods. It is worth noting that the populations of
KADI and KADII, based on their conformational energy,
is of the same magnitude, as supported by the presence
of equally split intense resonances in the NMR spectra
(Fig. 2).

In view of the results, the three molecular modeling ap-
proaches can be compared. First, it is obvious that these
three modeling methods yield satisfactorily similar struc-
tures. However, they are not completely identical, espe-
cially at the level of the inter-ring chain. For the structure
from Method 3, its conformation might be incorrect (see
above); Methods 1 and 2 provide two possible existing con-
formations, which are in reasonable agreement with the
experimental NMR data. Similarly, the twist of the perhy-
droisoindole ring in the Biosym structure may be an alter-
native existing conformation, although the other simula-
tions reveal that the hydrophobic interaction between
cycles may be energetically very favorable.
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Concerning the different force fields used, the MM+
force field was applied in Method 2 [12] and the CVFF in
Method 1. Both force fields take into account similar en-
ergetic fields, i.e. the distortion of bond lengths and angles,
the VAW, electrostatic, and torsional potentials. The VAW
contribution is expressed as the Lennard-Jones potential in
CVFF; in contrast, the repulsive term is an exponential,
with an attractive 1/r° dispersion interaction in MM+.
Method 3 is restricted to the torsional potential and the
VdW (exponential repulsive term, as in MM+) and elec-
trostatic energies but contains an additional term that in-
cludes hydrophobic interactions between atoms by the cal-
culation of a solvation energy, which includes a factor rep-
resenting the solvent-accessible surface. These equations
are empirical but appear to simulate the tole of the intra-
molecular hydrophobic interaction in a satisfactory man-
ner, as revealed by the NMR data in the present report and
our earlier studies [14, 15].

The importance of such a force field has been underlined
in different examples, such as the experimental replace-
ment of a buried salt bridge in the Arc repressor by inter-
acting hydrophobic residues, the “hydrophobic” mutants
being shown to be at least as stable as the wild type [19].
The introduction of solvation energy also permitted us to
simulate the folding of small soluble proteins with an ac-
curacy close to that of the experimental determination
(r.ms. ca. 3 A) [15]. Furthermore, the role of the hydro-
phobic interaction has recently been highlighted by the
conformational study of other molecules of the meglitinide
family [4] to which KAD 1229 belongs. These molecules are
hypoglycemic drugs that share a common structural feature:
they possess a U shape, each “branch” of the U bearing a
hydrophobic ring. When the hydrophobic interaction be-
tween these cycles decreases, i.e. when the U shape of the
molecule is less marked, its biological activity also de-
creases, as shown for inactive conformers of some of these
drugs [4]. Furthermore, this hydrophobic interaction was
also observed for active hypoglycemic drugs that were
chemically very different from the members of the megli-
tinide family. It is worth noting that the present NMR
results appear to confirm experimentally the presence of
such a hydrophobic interaction.

CONCLUSION

Molecular modeling generates structures in agreement with
the NMR data in two different cases:

1. External restraints based on the NMR results have to be
introduced, as in Methods 1 and 2. However, this ap-
proach may present disadvantages. Indeed, the long
range distances measured by 2D NOEs (>3-4 A) are
subject to greater uncertainties than shorter distances.
Hydrophobic interactions that may occur at even longer
distance (>4-5 A) may become hardly detectable by
NMR. As a consequence, if external restraints are used
and if hydrophobic interactions between domains of a
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molecule involve distances exceeding typically 4 A, this
information may get lost and a less accurate modeled
structure may be generated.

2. A term recognizing the hydrophobic interaction is in-
troduced in the force field, thereby allowing an ab ini-
tio modeling. This situation corresponds to constraints
internal to the system. Furthermore, in this approach as
in the NMR experiments, the structure is dependent of
the solvent nature because the solvent is implicitly
present in the empirical equation (by the r,, term) de-
fining the solvation energy (see Material and Methods).
This method could be refined if the bond length and
valence angle distorsion were included. Indeed, the
structure obtained by Method 3 yields a good visualiza-
tion of hydrophobic interaction but presents some vio-
lations with the NMR data, such as the distances im-
plying proton 10.

Thus, combining both modeling approaches (i.e. exter-
nal restraints and hydrophobic interaction) can contribute
to improve the statistical significance of NMR long range
distances relevant to the molecular structure (using Method
3). These distances result from intramolecular interactions
such as hydrophobic ones, which play an essential role in
the biological activity of some molecules, as shown for the
hypoglycemic drugs of the meglitinide family [4].

The information presented in this report on the two
stable conformers of KAD-1229 reinforces the view that
the hydrophobic interaction between the phenyl cycle and
perhydroisoindole ring of KAD-1229 represents an essential
determinant of its molecular conformation [4]. This result is
consistent with the proposal that hydrophobic interaction
plays a major role in the pharmacological activity of meg-
litinide analogs and as such may account for both differ-
ences in insulinotropic efficiency between distinct analogs
and the conformational specificity of the biological re-
sponse to some of these hypoglycemic agents.

We show here that the equation of the solvation energy
not only can serve in determining the three-dimensional
structures of small soluble proteins [15] but can also be
extended to the study of molecules from other domains of
biology and biochemistry, as shown here for hypoglycemic
drugs.
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