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The absolute stereostructure of luminamicin, an anaerobic antibi-
oti¢, has been determined by using conformational analysis via
high-temperature molecular dynamics, NMR spectroscopy, and the
modified Mosher method. It was found that luminamicin has the §,
S, R R R R, S, S, 5 R, and S configurations at (2, C4, 7, €9, C10,
Ci1, €92, €13, C16, (28, and €29, respectively. This configuration
is the same as that found in nodusmicin, which has a chemical
structure guite similar to lnminamicin. The structure of luminamicin
consists of three different rings, i.e., a decalin ring, a 10-membered
macrolactone ring, and a 14-membered macrolacione ring. The
resulting three-dimensional structure of luminamicin shows an
interesting feature in that the maleic anhydride functionality in
conjugation with the enol ether group of the 14-membered mac-
rolactone is nearly perpendicufar to the plane of the other two
rings. :

he emergence of resistance against generally used antibiotics
will be a long-lasting serious clinical problem. We need to
continue developing new medicines that have unique mecha-

nisms of action. We have found previously uncharacterized

antianacrobe antibiotics of actinomycetes origin, thiotetromycein
(1), clostowicin (2), luminamicin (3), and lustromycin (4, 5). The
stracture of luminamicin (Fig. 1) was identical to that of colo-
radocin, which was isolated by McAlpine (6). Luminamicin
showed selective activity against anaerobic and microacrophilic
bacteria, including pathogenic species of Clostridium, Neisseria,
and Haemaophilus, whereas it was not active against most acrobic
bacteria (3, 6). Intercstingly, structurally related antibiotics,
nodusmicin (7) and nargenicin (8), are reported to inhibif some
aerobie bacteria. Therefore, the additive macrocyclic structure
of juminamicin scems to be important in exerting its sclective
antianaecrobic microbial activity, In conjunction with our con-
tinuing program directed toward the structure clucidation and
synthesis of important antimicrobial natural products, we de-
seribe here the elucidation of the absolute stereochemistry of
fuminamicin.

The preliminary NMR study of luminamicin could explaio
only refative configuration with respect to C4, C7. CY, C10, Ci 1,
C12.and C13. but could not provide any absolute configuration
of chiral carbon atoms of luminamicin (6). Recently, we have
determined the stercostructure of cheloropeptin [, an unusual
chiorinated hexapeptide with sclective anti-HIV activities, by
inhibiting the binding between HIV gpl120 envelope protein and
CD4 protein, using a combination method of conformational
analysis via high-temperature molecular dynamics (MD) and
NMR spectroscopy (9-11). Among six amino acids involved in
choloropeptin 1, three were established to be all R configurations
by “acidic hydrolysis, but the other three had not been assigned.
In that study, we just needed to consider eight different diaste-
rcomers. Therefore, NMR spectroscopy has been applied sue-
cessfully to determine the stercochemistry of choloropeptin T,
However, in the case of luminawicin, we have no absolute
configuration of chiral carbon atoms and need to consider both
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diastereomers and enantiomers, Therefore, only applying NMR
spectroscopy is not enough W determine the absolute stereo-
chemistry of luminamicin, because it can provide only relative
structural information. However. the modificd Mosher method
is well known to give an absolute configuration for a chiral
carbon atom with a hydroxyl group {12, 13). Luminamicin has
two chiral carbon atoms atiached to a hydroxyl group. Therefore,
we can expect that the modified Mosher method will be able (o
assign an absolute configuration for each of these carbons atoms.
In this study, we use a combination of conformational analysis
via high-temperature MD, NMR spectroscopy, and the modified
Mosher method fo determine the absolute stereochemistry of
luminamicin, Once we obtain at least one absolute configuration
by the modified Mosher method, we can assign absolute con-
figurations for other chiral carbon atoms using relative structural
information derived from NMR spectroscopy. We will show that
this combination method is very powerful, even when it is
necessary to consider both diastercomers and cnantiomers.

Methods

NMR Experiments. Luminamicin (1) was preparcd as described in
ref, 3. The sample of 10 mg was dissotved in 0.6 ml of CDCl,. All
NMR spectra were recorded on a Varian INOVAGU spectrom-
eler operating at 600 MHe for the proton frequency at 30°C. A
rclaxation delay of 2.0 s was used in all experiments. The 1D
proton spectrim used to estimate coupling cosnistants was mea-
sured with a spectral width of 9,012 Hz and a data block size of
27,000, so the digital resolution was 0.67 Hz per point. An
unshifted sinc bell was applied to the free induction decay NMR
signal. Chemical shifts were referenced with respect to residual
sofvent signal (7.26 ppm).

For caleufation of distance constraints, the rotating-frame
Overhauser cffect (ROE) data.were collected by the 2D-
TROESY (transverse rotating-frame Overhauser cffect spee-
troscopy) pulse sequence of Hwang and Shaka (14, 15) wilh
mixing times of 10, 130, 200, 2531, and 300 ms, which is designed
10 suppress tolal correlation spectroscopy cross peaks. The
spinlock pulse was 180°(e) 180° - x), with a field strength of 6,200
He. 2D-TROESY spectrosecopy was performed with a spectral
width of 3,273 Hz in the phase-sensitive mode (16). Aotalof 512
blocks were acquired with data points of 2,048, Before 2D
Fourier transformation, the acquired data were multiplied by a
Gauss function in 12 and by a shifted sine square function in ]
and were zero-filled once along the tl direction,
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Fig. 1. Chemical structure of luminamicin. The dihedral angles used to
cluster similar conformers are indicated by blue arrows, The dihedrai angles
constrained to be tarns in MD calculations are indicated by red dashed arrows.

Conformational Analysis of Luminamicin, The preliminary NMR
study of luminamicin (1) suggested that there are only two
possible absolute configurations on a decalin ring system includ-
ing C4-Cl13,1e.,the R, 5,5, 5,5, R,and Ror the §, R, R.R, R,
S, and S configurations at C4. C7, C9, C10, C11, C12, and CI3,
respectively (Fig. 2). Therefore, we first prepared initial struc-
tures of the 16 diastereomers diftering in the configuration at C2,
C16, C28, and C29 for luminamicin with either of these two
decalin configurations, using SYBYL 6.91 (Tripos, St. Louis), As a
result, a total of 32 initial structures were prepared. Then, the
conformational analysis of these initial structures was performed
by nsing the program CAMDAS 2.1 (Conformational Analyzer with
Molecular Dynamics and Sampling) (17). This program. devel-
oped in our laboratory, generates the energetically stable con-
formations of a target molecule by performing the high-
temperature MD calculation and sampling conformations aloag
the MD trajectory. CAMDAS then clusters similar conformations
based on values of dihedral angies defined before caleulation.
The following calculations were performed for cach initial
structure by using CAMDAS. Ten MD calculations were simulta-
neously performed by using different conformers. Ench of the
MD calculations was carried out for 1,000 ps with an integral
time step of 1 ts. The lengths of covalent bonds were fixed with
SHAKE algorithin through the MD (I8). The temperature of the
system was maintained @ 1200 X o cohance the sampling
efficicncy. The Merck Molecular Force Ficld was used fo
vvaluate the potential energy surface of the molecule (19). To
mimic the shicld effects of solvent molecules an electrostatic
interactions, the clectrostatic potential term was neglected. The
14-methyl group was suggested 1o be trans to H15 by its ''C
chemical shift value of 15.1 ppm (20). The F25 was afso indicated
to be trans to H26 on the basis of the farge coupling constant
between these protons of 13.5 Hz. Therefore, values of the
dibedral angles of C13-C14-C15-C16 and H25-C25-C26-H26
were constrained to be 180% & 10° in MD calculations to keep
their conformations trans. The constraint energy ierm was
quadratic, and the force constants were 100 kealmol~trad -2,
‘onlormers were sampled at 100-step intervals, thus producing
10,000 conformations for cach MD calculation. A total of
100,000 conformations were precfustered with a dihedral angles
deviation threshold of =30°. A total of 37 dihedral angles were
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Fig. 2, Two possible stereostructures of the decalin ring of luminamicin. {4)
€4,€7,€9,C10,C11, €12, and C13 havetheR, S, S, 5, 5, R, and R configurations,
respectively. (B) €4, C7, €9, C10, €11, €12, and C13have the S, R, R, R, R, 5, and
5 configurations, respectively.

used to cluster similar conformations, which are indicated by
arrows in Fig. L. Each of the conformers obtained after preclus-
tering was then minimized until the root mean square (RMS) of
the potential-cnergy gradient fell below 0.001 kealmol=bA™1,
The minimized conformers were recluslered with a dihedral
angle deviation threshold of =30°, furnishing a final conformer
set. All finally obtained conformers maintained chirality of their
initial structures. although chirality restraints were not used in
MD cafculations, This result indicated that no inversion of chiral
centers occurred during MD caleulations.

Modified Mosher Methed, 28-[(-+ )-o-Methoxy-a-(frifluoromethyljphenyl-
acetoxy]luminamicin (2). To a solution of 1 (9.9 mg, 16.1 pmol) in
CH,Cla (800 ul) at room temperature was added (+ )-MTPA (11.3
mg, 483 pmol), EDCI [1-ethyl-3-(3-dimethylaminopropylt)carbo-
diimide} (9.3 mg, 48.3 pmol), and DMAP (4-dimethylaminopyri-
dine) (0.4 mg, 3.22 pmol). and the mixture was stirred for I h and
quenched with HaO (5 ml). The resultant mixture was extracted
with CHCl; (3 X 5 ml), and the combined extracts were washed with
brine (5 ml), dried over Na250;, filtered, and concentrated. Flash
column chromatography { Benzene/Acetone 20/1) furnished 2 (6.2
mg, 7.47 pmol, 46% yicld) as a colorless solid: [a]p™ +34.4 °(¢ 0.29,
CHCh); TLC Ry 061 (Benzenc/Acetone 2/1); mp 108-109°C: IR
{KBr) 3,442, 1,761, 1,178 cm ™ ¥; "H-NMR (600 MHz, CDCI3) 8098
(3H, d,J = 6.9 Hz), 1.42 (1H, m), 1.45 (1H, m), 1.69 (3H, 5), 1.70
(1H, m), 180 (1H, m), 190 (1H, m), 2.19 (1H, m),2.21 (1H, m),2.48
(1H.m), 2.62 (1H, m).2.72 (14, m), 290 (1H, m), 296 (1H, m),3.27
(3H, 5), 334 (1H, m), 3.30 (1H. m). 3.64 (1H, m), 3.78 (1H, dd,J =
12.1,5.0 Hz), 4.22 (1H, m), 4.26 (2H. m), 4.59 (1H. d,J = 12.1 Hz),
547 (1H, dd, J = 9.9,2.5 Hz). 562 (1H, dd,J = 9.6, 5.5 He), 5.78
(1H, d,J = 13.5 Hz), 589 {1H, m), 5.90 (14, d, ] = 6.3 Hz), 6.04
(1H, dd,J = 9.6, 7.4 Hz), 7.91 (1H, d, 4 = 135 Hz); C-NMR (150
M2, CDClR) 615.4,15.9, 18.7,27.9,29.6,32.9.33.0,37.3,38.1.38.3,
40.9, 58.0, 64.2. 68.8, 70.1, 704, 70.6. 76.4, 77.4, 82.7, 96.3. 122.3,
128.2, 130.3, 133.9. 1384, 143.0, 136.9, 164.0. 1657, 171.2, 172.7,
HRMS caleulated for CaaHaOFa [M+HLT 8312840, found
831.2859,

28-J(— )-a-Methoxy-a-{trifluoromethyliphenylacetoxylluminamicin (3).
Previous procedure was performed with 1 (8.9 mg, 144 pmob),
(—)-MTPA (10.1 mg. 43.2 wmol), EDCE (5.3 mg. 43.2 umol). and
DMAP (0.4 mg. 2.88 umol) in CH>Cl, (720 pl) to afford 3 (4.1
mg, 4.94 gmol, 349 yield) as a colorless solid: Jan™ +129° (¢
0.185, CHCL): TLC Ry 0.63 (Benzene/Acetone 2/1); mp 115-
116°C; IR (KBr) 3.524, 1.761, 1,178 cm "1 TH-NMR (600 MHz,
CDCly) 8 0.98 (3H, d,J = 6.9 Hz). 1.39 (1H, m), 1.43 (1H, m).
160 (3H, m), 1.70 (1H, dd,J = 13.2, 11.0 He), L.77 (1H, m), 1.88
(1H,m), 2.17 (1H, m). 2.20 (1H, m), 2.46 (1H, m), 2.62 (1H, ddd,
J = 1801, 12,4, 2.7 Hz), 2.71 (1H, ddd, ] = 14.9,7.2, 2.7 Hy), 2.76
(1H, m), 2.90 (1H, ddd, J = 153.1, 7.2, 2.5 Hz), 3.27 (3H, 5), 3.33
(1H, m). 3.35 (1H, m), 3.64 (1H, dd, J = 5.0, 1.9 Hz). 3.76 (1H,
dd,J = 12.1, 4.7 Hz), 4.18 (1H, dd, 4 = 12.1, 2.2 Hz), 4.30 (21,
d,J = 3.9 Hz), 4.55 (1H, dd.J = 12.1, 1.7 Hz), 5.46 (11, dd,J =
9.6, 2.5 Hz}, 549 (1H, dd, J = 10.2, 5.5 Hz), 5.78 (1H,d,J = 133
Hz), 5.89 (1H, m), 5.89 (1H, m), 6.03 (1H, ddd,J = 10.2, 4.1,3.9
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Table 1. Vicinal coupling constants and torsinal constraints

Torsional angle 3y, Hz Torsional constraints
H2-C2-C3-H3, (2.49 ppm) 12.4 180° + 40°

H3; (2.49 ppm)-C3-C4-H4 1.9 --90° + 40° or 90° + 40°
H16-C16-C17-H17;, (4.05 ppm) <1.0 --90° + 40° ar 90° * 40°
H16-C16-C17-H17, (4.87 ppmy) <1.0 ~80° £ 40° or 90° * 40°
H19y, (2.46 ppm)-C19-C20-H20, (2.67 ppm) 2.2 ~90° + 40° or 90° + 40°
H18, {2.46 ppm)-C19-C20-H20,, (3.29 ppm) 12.6 180° = 40°

H19, (2.86 ppm)-C19-C20-H20, (3.29 ppm) 2.0 —80° % A40° or 90° * 40°
+H28-C28-C29-H29 10.7 180° #: 40°

Hz), 7.94 (1H, d.J = 13.5 Hz); *C-NMR (150 MHz, CDCl) &
14.9. 16.0. 18.7, 27.9, 29.6. 32.9. 33.0, 37.0, 38.1, 38.3, 41.1, 58.0,
64.3, 68.9, 69.8, 70.5. 70.6, 76.4, 77.4, 82.8, 96.5, 122.5, 128.2,
130.3, 134.1, 1380, 142.8, 1568, 164.0, 165.7, 171.1, 172.8:
HRMS calculated for CipHysOFs M} 830.2734, found
830.2761.

Results and Discussion

Distance and Dihedral Constraints Derived from NMR Experiments.
Torsional constraints were obtained by applying the Karplus
equation to vicinal proton-proton scalar coupling constants
obtained by the 1D proton spectrum with high resolution (21).
A proton—-proton coupling constant >10 Hz was treated as
indicating an anti H-H orientation and a dihedral-angle cstimate
of 180° = 40° A coupling constant <3 Hz was considered
indicative of a guuche orientation, i.c.. —-90° + 40° or 90° - 40°,
The resufting torsional constraints ave given in Table 1.

To obtain distance constraints, 2D-TROESY spectra were
measured with mixing times of 100, 150, 200, 250, and 300 ms.
A plotof the volume of the cross-peak versus mixing time showed
lincarity up to 200 ms. Therefore, the proton-proton distance
constraints were based on the integrated cross-peaks from the
200-ms spectrum. Fig. 7, which is puoblished as supporting
information on the PNAS web site, shows a part of the 2D-
TROESY spectrum measured with a mixing time of 200 ms.
Valumes of the five nonoverlapping geminal proton cross-peaks

were averaged and used for calibrating measured ROE volumes.
A distance of LR A was used as a distance reference for geminat
proton cross-peaks. This calibration yielded the theoretivally
expected value, 2.4 A, for the distance between H3 and H6.
Distance constraints were classified into three calegories corre-
sponding to 1.8-2.7, 1.8-3.5, and 1.8-5.0 A, corresponding 1o
strong, mediam, and weak ROEs, respectively. For the distance
constraints reluted 1o mcethylene protons at C27 (H27,4), of
which chemical shifts are overlapping, or methyl protons of
2-methoxy, 10-methyl, or 14-methyl groups, carbon atoms at-
tached to these protons were used to estimate target distances.
In such a case, 1.0 A was added to the upper boundary of the
constraints (22). For example, the strong ROE observed be-
tween Hd and the 14-methyl group is converted to a distance
constraint between H4 and carbor atom of 14-methyl group
(14MeC), the range of which is 1.8-3.7 A. A lotal of 43 distance
constraints were obtained as shown in Table 2,

Determination of Absolute Stereochemistry of Luminamicin. Table 3
lists the number of energetically possible conformers obtained
from CAMDAS caiculation for 32 different configurations, About
2,500~3500 distinct conformers were abtained for each config-
uration. Then, we caleulated RMS deviations for all conformers
generated by CAMDAS to determine which configurations can
adopt conformers accommodating the distance and dihedral
constraints. All distance constraints were treated with equat

Table 2. Distance constraints obtained by the 2D-TROESY experiments

The upper The upper

Atom A Atom B bound, A Atom A Atom B bound, A
H2 2MeC 3.7 HS H15 5.0
H2 H3, (1.41 ppm) 2.7 H10 H11 3.5
H2 H4 27 H10 H15 3.5
H2 HS 3.5 10MeC H11i 3.7
2MeC H25 4.5 H12 14MeC 3.7
2MeC () 5.5 14MeC H16 3.7
H3;, (1.41 ppm) Ha 15 14MeC H29 37
H3;, (1,47 ppm) H5 27 H15 H16 3.5
H3; (2.49 ppm) Ha 35 H1S H17, (4.05 ppm) 2.7
H3, {2.49 ppm) H15 2.7 H16 H17y, {4.05 ppm) 27
Ha H5 2.7 H16 M17. (4.87 ppm) 17
H4 H12 3.5 H16 H28 5.0
Ha 14MeC 3.7 H1e H29 23
H6 H7 27 H17, (4.87 ppm) H28 2.7
H6 M8, (1.43 ppm) 3.5 H19, {2.46 ppm) H20; (2.67 ppm) 2.7
H7 H8,, (1.69 ppm) 2.7 H19, (2.86 ppm) H204 (3.29 ppm) 2.7
H8, {1.43 ppm) H9 2.7 H20p (3.29 ppm) H25 2.7
H8,, (1.69 ppm) Ho 2.7 H25 7 3.7
HB8y (1.69 ppm) 10MeC 3.7 H25 H28 2.7
H8y, (1.69 ppm) H11 3.5 c27 H29 3.7
H9 H10 2.7 H28 H29 3.5
H9 10MeC 37

18288 | www.pnas.org/cgi/doi/10.1073,pnas. 0508425102

Gouda et al.



Table 3. RAAS deviations of campas-generated conformers of luminamicin from experimentally determined values

Configuration with respect Configuration of €2,

R Smallest RMS deviation  RMS deviation from Number of
to the decalin ring €16, C28, and €29 from expt! distance exptl dihedral conformers obtained
G4 G 9 €0 Cit 12 C13 2 e cC28 29 constraints, A constraints, °* by camnas
R S S S s R R R R R R 0.34 0.0 3,185
R S S S S R° R R R R S 0.32 09 2,369
R S S S S R ! R R S R 0.00 0.0 3,287
R S S S s R R R R S s 0.17 18.6 2,749
R S S S $ R R R $ R R 0.36 185 3,022
R S S N S R R R S R S 0.27 0.0 2,769
R S S S S R R R S S R 0.33 19.0 3,016
R 5 5 S S R R R S S S 0.33 9.5 2,931
R S 5 5 S R R S R R R 0.39 37.2 3,294
R S S S S R R S R R s 0.51 0.0 3,064
R S S S S R R S R s R 0.36 8.1 3,375
R S S S S R R S R S ) 0.38 18.7 3,235
R S S S S R R S S R R 0.41 19.2 2,954
R S S S S R R S S R’ S 0.19 . 0.0 3,392
R S S S S R R S s S R 0.43 20.0 2,895
R S S S S R R S S S S 0.17 0.2 3,298
5 R R R R ) 5 R R R R 0.52 11.4 3297
5 R R R R S 5 R R R 5 0.54 14.3 3,160
S R R R R S S R R 5 R 043 0.0 3,477
S R R R R 5 S R R S S 0.27 36.5 3,105
S R R R R S S R s R R 0.38 0.0 3,109
S R R R R S S R S R $ 0.36 8.1 3,321
S R R R R S S R S S R 0.49 13.8 3,067
S R R R R S S R S S S 0.53 89 3,252
) R R R R S S S R R R 0.39 0.0 2,806
S R R R R S S S R R S 0.33 19.0 2,955
S R R R R 5 S S R S R 0.35 0.0 2,909
S R R R R s S S R S S 0.36 185 2,886
S R R R R s S S S R R 0.7 18.7 2,569
S R R R R s S S S R 5 0.00 0.0 3,204
S R R R R S S s S S R 0.50 189 2,521
s R R R R S S S S S S 0.37 0.0 3,320

*Calculated for the conformer having the smallest RMS deviations from the distance constraints.

weight. although they were classilied as strong, medium, and
weak. For constraints including nonoverlapping geminal protons
(3-. 8-, 17-, 19-, or 20-methylene protons), carcful analysis was
done when estimating target dihedral angles and proton-proton
distances. For exampte, H3, (2.49 ppm) is included in a total of
four constraints, i.c., two dihcedral constraints and two distance
constraints as shown in Tables | and 2. The proton correspond-
ing w H3, should simultancously satisly all of these four
constraints. Because we canaot establish the stereospecific as-
signments on 3-methylene protons (H3, and H3,) in advance, we
first need to consider all combinations when estimating target
dihedral angles or target proton--proton distances. For example.
we first cstimate a total of four dibedral angles, i.c., two dihedral
angles are combination between H2 and two 3-methylene pro-
tons, and other two are combination between H4 und two
3-methylene protons. Then, we determine which of two 3-mcthe-
lyae protoas can simultancously satisfy two dihcdral constraints
included in Table 1. The identified proton can be considered to
correspond to H3, (2.49 ppm). Nest, for the identified 3-methe-
lyne proton, we estimate {wo target distances related to H3, (2.49
ppm) in Table 2. The simitar procedure was also performed for
the constraints on 8-, 17-, 19-, or 20~-methylene protons. Table 3
includes the smaliest RMS distance deviations obtained for cach
configuration. The conformers salisfying all experimental con-
straints were found in only two configurations. For luminamicin
with the R, S, 5. 5. 5. R, and R configurations at C4, C7, C9, C10,
C1L. C12, and C13, respectively, C2, C16, C28, and C29 should

Gouda et al.

have the R, R, 8, and R configurations, respectively. On the other
hand, for luminamicin with the S, R, B, R. R, 8, and § configu-
rations at C4, C7, €9, C10, C11, C12, and C13, respectively, the
results embodicd the 8, S. R, and S configurations a1 C2, Cl16,
(28, and €29, respectively. Obviously, the former configuration
is an enantiomer of the fatter one. Thix means that NMR
constraints could not distinguish between cnantiomers, This was
an expected result, because distance and dihedral constraints can
provide only relative siructural orientution. The final determi-

5= 58 - 3R

Fig. 3. A& Values of MTPA esters from luminamicin (1),
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Fig. 4. Structures of luminamicin, nodusmicin, and nargenicin,

nation of absolute stereostructure of luminamicin was done by
using the result of the following modified Mosher method.

1 was treated with (R)-(+)- and ($)-(—)-2-methoxy-2-
trilluoromethyl-2-phenylacetic acid (MTPA) in the presence of
EDCI and DMAP to afford the (R)-(+)- and ($)-(-)-MTPA

11-Hydroxyl 28-Hydroxyl
group group
Fig. 6. Stereoview of surface representation of luminamicin. This view

direction is the same as that of Fig. 5B.

esters (2 and 3) (sce Scheme 1, which is published as supporting
information on the PNAS web site). Fig. 3 shows the Ad values
{85-6x) oblained from the TH-NMR data of 2 and 3, which are
included in Table 4, which is published as supporting informaltion
on the PNAS web site, The A8 values for Hz-14-Me, H-16, and
H-29 were negative, whereas positive A8 values were obtained
for H-26 and H-27, thus indicating an R configuration. The
absolute configurations therefore at C2, C4, C7, €Y, C10, C11,
C12,C13, Cl6, C28, and C29 of 1 were assigned as §, S, R, R, R,
R, 8, 8,8, R, and S, respectively.

This configuration is the same as that found in nodusmicin (7)
and nargenicin (8), which have a chemical structure quite similar
with fuminamicin (Fig. 4).

Description of the 3D Structure of Luminamicin. The process de-
scribed above led to a set of two encrgy-minimized struetures for
luminamicin, which have Merck Molecular Force Field energies
of 135.6 and 142.1 keal/mol, respectively. Fig. 5 shows stere-
opairs of 1he best-fit superposition of the heavy atoms for these
two structures, The structures only differ with respect to the
orientation of the 2-methoxy group. As shown is Fig. 1, lumi-
namicin consists of three different rings, e, a decalin, a

2-Methoxy
group

28-Hydroxyl
group

1i-Hydroxyl
group

Fig.5. Stereopairs of the superposition of the resulting two 3D structures of luminamicin. Black and green structures have Merck Malecular Force Field energies
of 135.6 and 142.1 kcal /mol, respectively. These are the results of the best fit of the heavy atoms. 8 is rotated 90° in relation to A,
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10-membered macrolactone, and a 14-membered macrolactone.
The earliecr NMR study described only the stereochemistry of the
decalin ring (Fig. 2). Both C3 and C14 of the 10-membered
macrolactone ring occupy equatorial positions relative to the
decalin ring, as indicated in Fig. 2. The two strong ROEs between
H4 and 14-methyt group and H12 and 14-methyl group conclu-
sively established the spatial orientation of the 14-methyl group.
It must be on the same side with H4 and H12 of the decalin ring.
The configuration of C2 was well defined by the ROES between
H2 and H4, 2-methoxy group and H27,,. and 2-methoxy group
and H25. These ROEs result in the 2-methoxy group oriented to
the 14-membered macrolactone. The 10- and 14-membered
macrolactones were clearly found to be cis-fused in this study,
because critical strong ROEs were observed between H16 and
H29, H16 and 14-methyl group, and H29 and 14-methy) group,
indicating that these protons are on one side of the molecule.
Both of H17, and H17, have genche orientation relative to HI16,
because both correlations of 16H to H17, and H17, are strong
in the TROESY spectrum, The small values of /417, (<1.0 Hz)
and Jyoym (<10 Hz) are also consistent with these geuche
orientations. The orientation of olefinic group (C25 and C26)
was cstablished by the strong correlations of H23 to H20, and
H27 in the TROESY spectrum. H25 is oriented inside the
molecule and H26 is turned outside. The stereochemistry of C28
was determined by the strong ROE between H25 and H28,
vesulting in the 28-hydroxyl group oriented outside the molecule.
The resulting 3D structure of luminamicin shows an interesting
feature that the maleic anhydride functionality in conjugation
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with olefinic group of the I4-membered macrolactone is nearly
perpendicular to the plane of the decalin and 14-membered
macrolactone rings, as showa in Fig. 5.

Luminamicin has two hvdroxyl groups at Cl1 and C28, which
are expeceted to react with (R)}-MTPA or (S}-MTPA. However,
it appears (hat these reagents can react with only the 28-hydroxyt
aroup. With respect to this phenomenon, we have oblained some
relevant information from the 3D structure of luminamicin. As
shown in Fig. 6, two hydroxy! groups at Cl1 and C28 are placed
on one side of luminamicin. In addition, the 28-hydroxyl group
is more exposed 1o the solvent, because its solvent-accessible
surface area (36.9 A) is larger than that of the hydroxyl group at
C1t (29.7 A). Therefore, we can consider that the reagents
appear 10 more easily react at C28. and the (R)}-MTPA or
($)-MTPA ester group attached at C28 most likely hinder the
reaction cccwrring at C11.

In conclusion, the absolute stereostructure of luminamicin,
an apaerobic antibiotic, has been determined by using the
conformational analysis via high-temperaturc MDD, NMR spec-
trascopy, und the modilied Mosher method. Luminamicin (1)
could be a aew lead for medicines to compare with vancomy-
cin, which is used clinically in pscudomembranous colitis
therapy.
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Here, the comparisons of performance of nine consensus scoring strategies, in which multiple scoring functions
were used simultaneously 1o evaluate candidate structures for a protein—ligand complex, in combination
with nine scoring functions (FlexX score, GOLD score, PMF score, DOCK score, ChemScore, DrugScore,
PLP, ScreenScore, and X-Score), were carried out. The systematic naming of consensus scoring strategies
was also proposed. Our results demonstrate that choosing the most appropriate type of consensus score is
essential for model selection in computational docking; although the vote-by-number steategy was an effective
selection method, the number-by-number and rank-by-number strategies were more appropriate when
computational tractability was taken into account. By incorporating these consensus scores into the FlexX
program, reasonable complex models can be obtained more efficiently than those selected by independent
FlexX scores. These strategies might also improve the scoring of other docking programs, and more-effective

structure-based drug design should result from these improvements.

L. INTRODUCTION

Drug design that is based on the three-dimensional (3D)
structures of biopolymers, which are candidate drug targets,
is commonly referred to as structure-based drug design
(SBDD). Predictions of the 3D structures of protein—Lligand
complexes play an important role in SBDD.'~* Over the past
15 years, a variety of computational docking programs that
predict protein—ligand complex structures have been
developed.*~7 FlexX is one of the most useful docking
programs,* in which ligand molecules are divided into small
fragments and reconstructed in the active sites of target
proteins guided by physicochemical interactions. It is widely
used for computational docking trials.

Because docking programs generally produce numerous
model candidates for one system, it is essential to evaluate
the predicted models and determine which are the most
suitable. Although free energy calculations of these systems
are required for this purpose, accurate calculations of free
energies using molecular simulations are very time-consum-
ing. Therefore, various scoring functions that approximately
estimate the binding free energies of protein—ligand systems
using simple functions without molecular simulations have
been developed.*~!? Scoring functions can be classified into
three groups: empirical, knowledge-based, and force-field-
based scoring functions.>'* Empirical scoring functions are
fit 1o reproduce experimental data, such as experimentally
obtained binding energies and conformations, as a sum of
several parametrized functions and are the most widely
employed. Knowledge-based scoring functions are derived
from ex perimental structures and are represented by relatively

* Corresponding author phone: +81 76 431 8218, fax: +81 76 431
8208; e-mail: AKIFUMI_ODA@toyama-chemical.co,jp.

1 Toyama Chemical Co., Lid,

# Kitasato University.

10.1021/ci050283k CCC: $33.50

simple atomic interaction-pair potentials. Force-field-based
scoring functions are derived from molecular mechanics
force-fields and are represented by physicochemical-interac-
tion terms, such as van der Waals potentials and Coulombic
interactions. These scoring functions rank the complex
structure candidates, and the most highly ranked models are
adopted.

As well as their role in model selection, scoring functions
have three essential functions in the computational docking
process.!'? First, during the steps of model construction, the
scores of the docking models that are under construction are
calculated using scoring functions. The obtained values are
then utifized in the next construction step. Thus, scoring
functions are required not only in the selection of constructed
models but also in the model-construction steps themselves.
Second, one or a few predicted models are selected from a
large number of model candidates using scoring functions
(as mentioned above). Third, in virtual screening trials, in
which numerous ligands are docked into one target protein,
scoring functions can identify those that potentially represent
favorable drug candidates. These three roles are all important
for SBDD.

Scoring functions play significant roles in SBDD, and
various functions have been proposed. However, building a
scoring function that can make use ol every protein—ligand
system remains the “final frontier” of computational docking
studies.! Every existing scoring function has specific
advantages and disadvantages, and there is no de facto
standard. Although this might suggest that different scoring
functions are required for different protein—ligand systems,
discussions about which scoring function is most suitable
for a particular system are often difficult when the complex
structures are not experimentally observed. Recently, the
concept of a consemsus score was proposed for model
selection in computational docking and virtual screening

© 2006 American Chemical Society
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COMPARISON OF CONSENSUS SCORING STRATEGIHS

‘Table 1. Consensus Scores

consensus scoring method according to ref 197

threshold rank-by-number rank-by-rank
fiutinber-by number-by-number number-by-rank
rank-by rank-by-aumber rank-by-rank
pereent-by percent-hy-number percent-hy-rank

“ Note that the names of the consensus scoring strategics in the
current study differ from thosc given in ref 19.

for model selections with three types of selection criteria:
in the first, models with consensus score values that are less
than or equal t0 Xpesmag are selecled; in the second, the
models are ranked according to the consensus scores and
the tOp Vipresnoie models are selected; in the third, the top
Zmeshoty Percent candidates are selected. No systematic studies
of these three criteria have been reported previously. Hence,
in the present study, we compared these criteria for both rank-
by-number and rank-by-rank consensus scores. A total of
six types of average-hased consensus score were compared
in terms of their effectiveness for model selection. The first
criterion, under which the consensus score values themselves
are used for model selection, was denoted using the prefix
““number-by-" in this study, whereas the second and third
criteria were indicated by the prefixes “‘rank-by-" and
“percent-by-", respectively. Because names such as number-
by-rank-by-number (referring 1o the rank-by-number con-
sensus score with the number-by crilerion) were considered
to be too long, we chose to describe this type of consensus
scoring strategy as number-by-number. In the sume way, the
terms number-by-rank, rank-by-number, rank-by-rank, percent-
by-number, and percent-by-rank were used. Note that the
meanings of rank-by-number and rank-by-rank in this study
differ from those employed in ref 19. The AASS cor-
responded to the number-by-number, rank-by-number, and
percent-by-number approaches.” The six types of average-
based consensus scare are shown in Table 1. In this study,
autoscaled scores are used for the by-number strategies.
Optimizations of the thresholds, x; Yitreshoids &N Zipreshol
‘were also carried out.

By contrast, the rank-by-vote approach uses a majority-
vote-based consensus score. According to this strategy, if
the score value of a model meets the standard that is set for
a vote, the model is awarded one vote. This procedure is
repeated for all of the scoring functions that are included in
the consensus score, and the models that have many votes
are eventually selected. Some previous studies'’~* employed
the rule that “models whose scores are within the 0P Zires
percent win one vote”, and the rule that “models whose
scores are less than, or equal 10, Xipresmonw Win one vote” was
used in CScore.?! In addition to these criteria, the idea that

Model  Ascore  Bscore Cscore

! 0523 0.564 1.67)

2 0.434 0.000 0.911

vote

3 0.060 0.232 0,009

Xipresiatd = 0.5

4 1.000 1.000 1.060
5 0.566 0.777 0.620

6 0.303 0.412 0.405
Figure 3. Vote-by strategies.
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the “top Yiesota Models obtain one vote” could also be
applied. No previous comparative studies have examined
these three standards, and they have all been referred to using
the same term—rank-by-vote. In the cumrent study, we
proposed different names for these three approaches: the
majority-vote-based consensus scoring strategy that awarded
votes 1o “models whose scores are within the tOp Znreson
percent” was referred to as vote-by-percent, the strategy that
awarded votes to “models whose scores are less than, or
equal to, Xpeson” was referred 1o as vote-by-number, and
the consensus scoring strategy in which the “tOp Yimeshoi
models” were awarded votes was referred to as vote-by-rank.
Thus, the rank-by-vote strategy described in ref’ 19 was
referred to as the vote-by-percent strategy in the current
study, and the CScore strategy was referred to as the vote-
by-number strategy. In the present study, these three types
of majority-vote-based consensus scores were investigated
together with six types of average-based consensus score.
In contrast to the average-based consensus scores, in which
only one threshold is used, the vote-by strategies require {wo
types of threshold: one for the voting standard and another
for the number of votes. For example, in the vote-by-percent
strategy, the model candidate with a score within the top
Znreshold percent obtains one vote for one scoring function
(the Zinreshoa 18 the threshold for the voting standard), and a
candidate with a total number of votes for all of the scoring
functions that is greater than, or equal to, the Wipreshors Will
eventually be selected (the wipsespora 18 the threshold for the
number of votes). Figure 3 illustrates the vote-by strategy.
Both thresholds of the vote-by strategies were optimized in
our study.

2.5, Evaluations of Consensus Scores. To evaluate the
consensus scores, we initially determined the thresholds that
enabled reasonable solutions to be obtained for all of the
systems without exception, Using these thresholds, the
number of model candidates could be reduced, and we
investigated how many remained in each candidate group.
For example, in the number-by strategies, the Xpregon values
were oplimized in order to reduce the number of models as
much as possible while at least one reasonable model
remained in the filtered sets of candidates, the consensus
score values of which were less than, or equal to, the Xieshoid
for all 220 protein—ligand systems without exceptions.
Similarly, the yugreshoid and Zinesholg values were optimized for
the rank-by and percent-by strategies, respectively. These
thresholds are illustrated in Figure 4. As shown in the figure,
the model with the hest score from all of the reasonable
models was identified, and its score value, rank, and
percentage were investigated. These values were oblained
for all 220 protein—ligand systems, and the highest values

Number of votes Elected or excluded

1] excluded
2 clected
sclection
elected
Wyt ™ 2

0 excluded
0 excluded
3 elected



384 1 Chem. Inf. Model., Vol. 46, No. I, 2006

Maodel RMSD  Score

4
A 3442 0100 Stnd — 0300

B 5260 0.200 _
el Vibnlotd = 3

Zibrechatd = G0%

¢ _ 1952 0.00
D 0085 0.400

L 6.435  0.500

Figure 4. Thresholds. The solution with a RMSD = 2.0 & was
selected as a focus, and its score value (Appeshow) rank order
(Viwestont) and t0p % (Zywesnors) Were adopled as the theesholds.

among the 220 scores, ranks, and percentages were set as
the Xinreshotds Yiheshats 404 Zineeshola values, respectively. Using
these thresholds, at least one reasonable model could be
obtained for all 220 systems. In contrast to average-based
consensus scores, not only Xurestotds Mresholds Zuweshotd but also
Winrashots TIEED 10 be optimized for majority-vote-based strate-
gies, When the thresholds for voting standards (Xieshou
Vinreshonds OF Zmrosnota) Were defined, each model obtained a
certain number of votes by vote-by strategies, For example,

the situation in which model 1 wins three votes, model 2 -

wins one vole, and model 3 wins five votes and only models
1 and 2 are “reasonable models”, is considered, For this
situation, the appropriate wyremaq 18 three, because when the
Wineshold 1S greater than three, no reasonable models are
selected. When weyestolg 1S less than three, it is possible 1o
select reasonable models, but a higher threshold is more
appropriate, In this way, an appropriate waesole Was inves-
tigated for each vote-by strategy and each Xureshoias Yihveshoids
and Zypresnore. The ratio of the remaining models to all of the
candidates was referred to as the compression ratio and was
calculated using the following formula:

2 nmma'm/ Z Ry (3)

220 systems 220 systems

Peompress =

Here, peumpress I8 the compression ratio, Aemain is the number
of remaining models using the threshold, and sy is the total
number of models. The compression ratio was used as an
indicator of the ability of each consensus score strategy.

Using conditions under which reasonable models could
be obtained for all 220 systems without exception. the
compression ratio was generally relatively large (that is, not
well-compressed). Therefore, the nurabers of protein—ligand
systems for which reasonable models could be selected using
several predefined threshold values were also elucidated, to
investigate the scenario in which reasonable models could
be obtained, not for all 220 systems, but for the majority of
the systems, with few exceptions. Using these predefined
thresholds, a good compression ratio was expected at the
expense of the accuracy of the modeling of a few of the
protein—ligand systems. For this investigation, not only the
compression ratio but also the ratio of accurate modeling
(that is, the ratio of accurately modeled systems Lo the total
number of systems) was evaluated using the following
formula:

Paceunate = naccurmc/null (4)

Here, pyccurae is the ratio of accurate modeling, nucunne is the
number of protein—ligand systems in which reasonable
maodels can be obtlained using the predefined threshold, and
ng is the total number of systems (in this study, ny = 220
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for the complete test sct, ny = 57 for those complexes with
high-affinity ligands only, and ma = 122 for groups including
complexes with # = 250). The tradeoff between accuracy
and efficiency was investigated using the peompress and Paccuraee
values for each consensus score.

1n the current study, the combinations of scoring functions
with the best pyeunme and Peonpress values were investigated
for each strategy and threshold. However, the computational
cost of evaluating alt 511 combinations would have been
extremely high. Therefore, {rom a practical standpoint, the
results produced using all nine functions could be discussed
for the simple consensus scoring methods without exploring
the combinations; thus, the computational cost that was
involved in searching for the best combination was reduced.
To further simplify the procedure, we also investigated the
consensus scores using only five of the scoring functions:
FlexX score, GOLD score, PMF score, DOCK score, and
ChemScore. These functions were included in the CScore
module of the SYBYL 6.9 program. Because all of these
scores could be calculated simultaneously in a single CScore
trial, using the consensus scores with these five functions
was the simplest method for our study. Not only exhaustive
investigations of 511 combinations but also tests of these
simplified consensus scores were carried out in this study.

Consensus scores for the experimental structures of
protein—ligand complexes were also calculated in order to
consider the wider applications of the consensus scoring
strategies. As the experimental structures were regarded as
the “correct” amswers, the consensus scores for these
structures were expected to reflect the ability of the scoring
strategies in applications with real complexes. The number-
by-number strategy was used for this purpose, because it
was one of the most useful consensus scoring strategies and
could easily be compared among different protein—ligand
complex systemns. The models that were calculated by FlexX
were used as parent populations for the consensus scoring.
The experimental structure was added to n models obtained
by FlexX, so the parent population for the consensus scoring
included n + 1 models.

The ranks and percentages of madels might be biased by
differences of the numbers of model candidates between test
complexes. For example, although we considered that the
“top three models of six candidates” means the same as the
“top three models of 500 candidates” in rank-by strategies,
the fatter three models appeared to be more highly selected
than the former models. Because the flexibilities of ligands
and the sizes of active sites were very different from each
other for 220 test systems, it is not a practical setting that
FlexX generates completely the same number of candidates
for all systerns. Thus, we extracted the 122 complex systems
that have more than or equal to 250 candidates, and we
compared the abilities of consensus scoring strategies for
these 122 systems. By using this test set, the bias caused by
differences of the numbers of candidates was reduced, and
the dependencies of abilities of consensus scores on n were
investigated,

3. RESULTS AND DISCUSSION

3.1. Selection of Reasonable Models for the 220
Protein—Ligand Systems. To determine the thresholds
under which at least one reasonable model could be selected
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Table 2, Comparison of the Nine Types of Consenstis Score

(1) Number-by, Rank-by. and Percent-by Steategics

thresheld Pasmaress Of best combination
number-by-number Xy = 0.452 0.399
number-by-rank Xiestong = 151 0.519
rank-by-number Yuwestarg = 151 0.519
rank-by-rank Fitwashora = 151 0.519
percent-by-number  zZpeemon = 62.0% 0.617
percent-by-rank Teshory = 62.4% 0.623

(b) Vote-by Strutegies

threshold for number of
voles (Waveshers) nuraber

threshold for  of functions included  Pympress OF best

vote or not in best combination combination
vole-by-number e = 0.5 5 votes/? voters 0.37)
vote-by-rank  Yoyesnta = 150 2 votes/3 voters 0510
vole-by-pereent St <= 70% 3 voltes/3 voters 0.502

for all 220 protein—ligand systems without exception, nine
consensus scoring strategies and 511 combinations of scoring
functions (that is, a total of 4599 types of consensus scores)
were examined. The compression ratios that were produced
using these thresholds were also investigated, that is, the
compression ratios under the condition pegme = 1.0.
Although all 511 combinations for each strategy were
systematically evaluated, the combination that gave the best
(smallest) compression ratio is focused on here (this was
defined as the “best combination™), The best combinations
are summarized in Table 2, in which both the thresholds and
the compression ratios are described. For example, in the
case of the number-by-number strategy, the best combination
included the FlexX score, GOLD score, PMF score, DOCK
score, PLP. and ScreenScore (as shown in Table S2 of the
Supporting Information, and sce below for discussion). After
the autoscaling of the six scores, the average value—that is,
the number-by-number consensus score—was calculated for
each model. The Xneshota Of this combination for the number-
by-number strategy was 0.452, which meant that at least one
reasonable model was produced for each of the 220 protein—
ligand sysiems by selecting the models with number-by-
number consensus scores that were less than, or egual to,
0.452 (Table 2a). Using this strategy and threshold value,
the number of mode! candidates Lo be explored was expected
to he reduced to about 40% of the current size, because the
compression ratio was equal to 0.399 (Table 2a). The vote-
by-number strategy gave the best compression ratio for
selecting suitable models for all 220 systems (Table 24). In
the best combination of vote-by-number, when the auto
scaled value of one score was less than, or equal to, 0.5 for
one model, it obtained one vote because xyreamag = 0.5 (Table
2b). When one model received more than, or equal to, five
votes from the seven voters, it was selected because Wiesnal
= 5, Although the vote-by-percent strategy has been
discussed for use in virtual screening trials in some previous
reports,"”2" our result suggests that a vote-by-number
strategry, such as CScore, is a more appropriate majority-
vote-based consensus score system for model selections. The
second-best was the number-by-number strategy, which gave
the best compression ratio of all average-based consensus
scores.

The combinations that gave the top 10 compression ratios
for all nine consensus scoring strategies are shown in Table
52 of the Supporting Information. As shown in Table $2a
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and g, for number-by-number and vote-by-number strategies,
which had compression ratios that were superior (o those of
the other approaches, FlexX score, PLP, and ScreenScore
were included in many of the top [0 consensus scores, It
has been reported previously that these scoring functions
work well when they are used independently.?**? Our results
suggest that they are appropriate not only for independent
scoring but also for consensus scoring. However, although
it was reported that the GOLD score and DOCK score
implemented in the CScore module were less successful
when used alone, they appear high up in the lists of
successful consensus scoring methods shown in Table S2a
and g (Supporting Information). These force-field-based
scoring functions are based on a different concept trom that
used to develop the empirical and knowledge-based scoring
functions, and they seem (o compensate for the shortcomings
of the empirical scoring functions (such as FlexX score, PLP,
and ScreenScore). By contrast, ChemScore and X-Score
appeared in relatively few of the top 10 combinations. These
are both empirical scoring lunctions, which are similar in
form to FlexX score and ScreenScore, so mutual comple-
mentarity between them might not be expected, Therefore,
ChemScore and X-Score do not seem to be appropriate for
use together with FlexX score or ScreenScore, although they
might perform well independently.

3.2. Efficient Selection of Reasonable Models with Some
Exceptions. The investigations of the abilities of consensus
scores discussed in the previous section were carried out
under conditions in which reasopable models were selected
for all protein—ligand test sets without exception (that is,
Pacare = 1.0). In this scenario, the values of the compression
ratios tend 10 become overly large, because the thresholds
are set to a high value if there are only a few systems for
which reasonable models are ditficult to search; this impairs
the effectiveness of the consensus scores, even if they work
well for most protein—ligand systems. In fact, the compres-
sion ratio was around 40%, even for the vote-by-number
strategy, which was the best approach for this purpose.
Therefore, the tradeoff between the pucuurae aNd Peompress Values
was investigated using several threshold values in order to
make effective selections of reasonable models for as many
protein—ligand systems as possible. In the current section,
we discuss number-by, rank-by, and percent-by strategies,
in which only one threshold is used. In the following section,
consensus scores that are easy to use without exploring the
combinations of scoring functions are described, and the
tradeoff between the paccurac a0d Peonpress Values is also
discussed for vote-by strategies, in which two types of
thresholds (that is, thresholds for the voting standard and
for the number of votes) are required.

Figure S1 of the Supporting Information shows the ratios
of the accurate modeling (puccyre) for the number-by, rank-
by, and percent-by strategies using several threshold values,
In this section, the combination with the best puurue among
all of the 511 combinations is defined as the “best combina-
tion”. The best combination for each threshold is summarized
in Figure S1. Note that the meaning of best combination in

-this section is different from that in the previous section

(where the term referred to the best compression ratio, rather
than the best ratio of accurate modeling). ‘The best combina-
tion of scoring functions for each threshold is shown in Table
53 of the Supporting Information together with the py.cune
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Figure 5. Compression ratios versus the ratios of accurate modeling
when several threshold values were used.

and Peompress values, In the rank-by and percent-by strategies,
the behaviors of the by-number and by-rank consensus scores
depending on the thresholds were similar to one another
(Figures Slc and d). This indicates that, for these strategies,
the results do not depend on whether by-number or by-rank
approaches are used when the same thresholds are adopted.

Although Figure S1 (Supporting Information) illustrates
the dependency of the pause values on thresholds, the
tradeofT between the paccuae aNd Peompress values cannot be
discussed on the basis of this figure. Thus, the relationships
between these parameters are explored in Figure 5, on the
basis of the pacunie and Peampress values presented in Table
$3 (Supporting Information). Figure 5 shows that the pompress
values of both of the number-by strategies were much worse
than those of the rank-by and percent-by strategies when they
were compared at the same values of pycyre. This suggests
that the rank-by and percent-by strategies are more appropri-
ate for the effective selection of model candidates than the
number-by strategies, which differs from the result we
obtained for model! selection with pucyae = 1.0 (in which
the number-by-number strategy was more appropriate).
Thercfore, different strategies should be adopted for different
purposes, for example, “pume = 1.0 is indispensable” or

“a good balance between pycunme a0d Peompress 1S desited”.

For the number-by-number and rank-by-number strategies,
the top 10 combinations of scoring functions in erms of
Paceurae 8€ shown in Table 3. The Xmeshaa 40 Yineeshord values
were as small as possible while maintaining puceyrare = 0.9
for the best combinations (the top 10 combinations for the
other strategies are shown in Table S4 in the Supporting
nformation), Table 3 demonstrates that while all of the top
10 combinations (excluding the number | combination)
included more than, or equal to, four scoring functions in
the rank-by-number strategy, all of the top 10 combinations
in the number-by-number strategy included less than, or equal
to, three functions; in particular, four of the top 10 combina-
tions included only one scoring function and. thus, were not
consensus scoring approaches, This suggests that the concept
of consensus scoring does not work well for the number-
by-number strategy, in contrast to the rank-by-number
strategy, for the purpose of highly effective model selection
at the expense of the accurale modeling of a few exceptional
systems.

For the fast selection of model candidates. only the top
model is frequently investigated. This is the situation with
Yieestord = 1 for rank-by strategies. In Figure 6. the paceurae
values of rank-by-rank and rank-by-number with ypemog =
1 are illustrated. The results of independent scoring by nine
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Table 3. Combinations of Scures That Gave the Top 1) Ratios of
Accuratc Modeling When Xuwvots and Yo Were Small

(1) Numbser-by-Number (X = 0.2)

seoring functions

F G PM DO C Dr PL. S X Paccorate Peopipress
1 v Y 0.9091 0.0882
2 v Y 09091  0.0957
3 J 0.9091  0.1179
4 v 0.9045  0.1183
5 v 09045 0.1186
6 N, 0.9000  0.1050
7 v v 08955 0.0909
8 VooV V08818 00706
9 Vo DHBI8 0.0856
[ V08818 0.1099
(b) Rank-by-Number (Yuuetta = 10)
scoring functions

F G PM DO C Dr PL § X Poccure Peomprass
i A v 09091 0.0372
2 VY v VY 0.9045  0.0371
LIV ARV v v v 0.9045 0.0371
2 NNV N 09045  0.0373
2 VoV v vV VY 05045  0.0371
2 VY v v 0.9045 00171
2 VY v v vV 0.9045 0.0371
2 v VoYY 09045 00371
2 v Vo N Y 08045 0Tt
10 v VooV 09045 00372

L

| O

| node i

i I A

BT | YT W R ]r i)
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Figure 6. Ratios of accurate modceling for rank-by-number, rank-
by-rank, and nine independent scoring functions when Yo =
1 was used. The “by-n" and “by-r" mean rank-by-number and rank-
by-rank, respectively.

scores are also shown in the figure. For rank-by-number and
rank-by-rank. not only the results of the best combination
but also those of combinations including all nine functions
and tive CScore functions, that is, FlexX score, GOLD score,
PMF score, DOCK score, and ChemScore, are jllustrated.
As shown in this tigure, pycne 18 around 0.75 for two types
of rank-by strategies, and they were superior to all nine
independent scoring functions, The pyouae values of the best
combinations of two rank-by strategies were similar to one
another, and this result was consistent with those of Viresha
> 1. However, for the combinations including all ninc
functions and five CScore functions, the results of rank-by-
rank were better than those of rank-by-number. In fact, for
rank-by-number, although the best combination and the
combination including all nine functions were superior to
all independent scoring functions, the result of the combina-
tion including five CScore functions was worse than the
results of the independent scoring of DrugScore, PLP, and
ScreenScore, On the other hand, for vank-by-rank, puecorae
values obtained by not only best combination and the
combination including all nine functions but also the
combination including five CScore functions were better than
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Figurce 7. Results obtained using all nine functions depending on the thresholds.

those of all independent scoring functions. These resulls
suggest that rank-by-rapk is more robust in terms of
combination of scoring functions than rank-by-number when
Piheesors = 1.

3.3. Easy-to-Use Consensus Scores withont Exploring
the Combinations of Scoring Functions. For practical
applications of consensus scores, exploring the best combi-
nation of scoring functions is highly expensive in terms of
computational cost, Although thorough investigations of the
combinations are desirable to allow detailed discussions, the
compulational cost is frequently as important as accuracy in
drug design trials. Thus, in this section, consensus scores
that are accurate and easy to use without the need to
exhaustively explore the best combinations are discussed.
One of these systems includes all nine functions and another
includes the five CScore functions. In particular, the latter
can be calculated using only a single CScore trial and is,
therefore, the most simple consensus score considered in this
study.

A comparison of the peympress Values of the nine consensus
* scoring strategies under the condition pyeurac = 1.0 was
carried out. The results are shown in Figure S2 of the
Supporting Information, and they were similar to those of
the best combinations mentioned in Section 3.1, These results
support the finding that the two strategies, that is, vote-by-
number and number-by-number, arc appropriate for model
selection of all systems without exception. Furthermore, for
these (wo stralegies, the prompress Values calculated by both
the combinations including all nine functions and five CScore
functions were not much worse than those of the best
combination. 1t suggests that these strategies also have
advantages in terms of robustness of the combination of
scoring functions.

The puceurae values obtained by the number-by, rank-by,
and percent-by strategies depending on the thresholds are

shown in Figure S3 of the Supporting Information (this is
similar to the investigations mentioned in Section 3.2). The
Paccure Values of the rank-by and percent-by strategies using
all nine functions or the five CScore functions were not much
worse than those of the best combinations, in contrast to the
number-by strategies. This means that. for the rank-by and
percent-by strategies, the combinations using all nine func-
tions or the five CScore functions, without exploring the best
combinations, were effective in saving computational costs.
Although the pyecure values of the rank-by-number and rank-
by-rank strategies were similar to each other by using the
best combinations, the rank-by-number strategy gave better
Puccure Values than the rank-by-rank strategy using all nine
functions and the five CScore functions when Yuwshag Was
between 5 and 20, These results were different from those
of Yueshoe = 1, mentioned in Section 3.2, in which rank-
by-rank was more robust than rank-by-number in terms of
combinations of scoring fumctions.

In addition to the number-by, rank-by, and percent-by
consensus scoring strategies, the dependencies of the puure
and peompress values on the wyeshag (the thresholds for the
number of votes) were discussed for the vote-by strategies
with the combinations including all nine functions. These
discussions are useful for model selection by vote-by
strategies with good balances between the pcurue A Peainpross
values.

Figure 7 compares the balances between the pacurae and
Peompress Values depending on the thresholds for the vote-by
consensus scores including all nine functions, to determine
which of the threshold values for the voting standard (Xinveshoits
YVunresholds AN Zineesnog) are desirable. For each of the thresholds
for the voting standard, the threshold values for the number
of votes (Wiresny) Were sel from 1 to 9. Figure 7 illustrates
the results depending on both of the two thresholds (the
complete data are shown in Table S5 in the Supporting
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Information). As shown in the figure, the tradeoff between
the paccurae and Peampress values obtained by the vote-by-percent
strategy was the worst of all the vole-by approaches. For
the vote-by-number and vote-by-rank strategies, smaller
Xibreshotd aNnd Vinesholy Values gave smaller (better) compression
ratios when similar pyeuae values were obtained. For
example, if pacorae Z 0.9 was required, the best peompress for
the vote-by-rank was around 2.6% and was obtained using
Yuweshors = | and Wyresate = 1. These thresholds mean that
each scoring function votes tor only the top model, and the
models that win one or more votes are selected. The same
results can be obtained using the vote-by-number strategy
when the xpeshaa 18 small enough, because the autoscaled
score value of the top model is always 0. The compression
ratio produced by this threshold was the best of all the
consensus scores, including not only the vote-by but also
the number-by, rank-by, and percent-by strategies for the
condition of pycurae 2 0.9, By contrast, it is difficull to adjust
the parameters for vote-by strategies because of the require-
ment for two thresholds; thus, other strategies, such as the
rank-by-number approach, might be more suitable for easy-
to-use consensus scoring.

3.4. Consensus Scores for Complexes with High Bind-
ing Affinities. Sections 3.1—3.3 discussed our investigations
of all 220 protein—ligand complex systems. The current
section describes the analysis of the 57 complexes with high
affinities that are marked in bold in Table S1 of the
Supporting [nformation,

Figure S4 in the Supporting Information shows the
compression ratios produced by the nine consensus scoring
strategics under the condition that gave reasonable models
for all 57 systems without exception (that is, pucene = 1.0),
The results that were obtained using the best combinations,
all nine functions, and five CScore functions are illustrated.
The number-by-number and vole-by-number strategies were
appropriate for the 57 complexes, which was consistent with
the results obtained for all 220 test complexes. These findings
suggest that the results for the 220 complexes will also be
useful for designing high-affinity ligands, which could play
important roles in drug design trials.

In addition to the calculations under the condition pyume
= 1.0, the tradeoffs between the puccurme and Peanpress values
were investigated for the 57 complexes with high-affinity
ligands using several threshold values, The results are shown
in Figure 8. The balances between the pucurwe and Poampress
values obtained using the best combinations for number-by,
rank-by, and percent-by strategies are shown in Figure 8a
(similar to those presented in Figure 5). Figure 8b, which
corresponds to Figure 7b, illustrates the tradeofts between
the Puccurae aNd Peompress values for the vote-by-rank strategy
using all nine tfunctions. According (o these calculations, the
results of the rank-by and percent-by strategies were better
than those of the number-by strategies. For the vote-by-rank,
Yireshora = | was the best voting standard threshold. These
findings were consistent with the earlier discussions of all
220 complexes.

3.5. Consensus Scores for Experimental Complex
Structures, In this section, we discuss the abilities of
consensus scores for use with experimentally observed
complex structures. Calculating the consensus score values

for various experimental structures (that is, the “correct
answer") revealed how small scores could be obtained for
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Figure 8. Compression ratios versus the ratios of accurate modeling
for the test set including complexes with high-affinity ligands,

Table 4. Thresholds of Number-by-Number Consensus Scores for
the Experimental Complex Structures

Nhreshuld
all complexes with
complexes high-affinity ligands
best combination 0.386 0271
using all nine functions 0.689 0.513
using the five CScore 0.785 0.676

functions

‘compounds that experimentatly docked inlo target proteins,

In this study. the number-by-number strategy was used for
this purpose.

Table 4 and Figure 9 present the computational results
for the experimental structures produced using the number-
by-number strategy. The thresholds under which reasonable
moadels can be selected (that is, the worst value for the
number-by-number strategy) are described for all 220
experimental structures and for the 57 complexes with high-
affinity ligands. The score value for the test set including
complexes with high-affinity ligands was better than that for
the whole test set. This suggests that. when the ligand with
a better score is selected, a higher binding aftinity can be
expected using the nuimber-by-number strategy. In addition,
the Irequency distributions of the consensus score values of
the experimental structures are illustrated in Figure 9. For
practical reasons, we used the combinations including all nine
scoring functions and the five CScore {unctions. For the high-
affinity ligands, the numbec-by-number values were less than
0.3 for 90% of the 57 experimental structures produced using
all nine functions.

3.6. Consensus Scores for Complexes with More Than
or Equal to 250 Candidates Generated by Computational
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Docking. In computational docking, the numbers of gener-
ated candidates depend on flexibilities of ligands and sizes
of active sites of target proteins. As shown in Table §1 of
the Supporting Information, in this study. the number of
candidates was between 6 and 500. To find the consensus
scoring strategies which can be widely used, various types
of test complexes. for which various numbers of candidates
were generated, need 1o be investigated as mentioned in
Sections 3.1--3.5. However, the large differences of the
numbers ol candidates possibly cause bias for the ranks and
percentages. In this section. the comparisons of consensus
scores for only 122 test complexes which have more than
or equal 0 250 model candidales generated by FlexX were
carried out in order to reduce the bias.

Figure {0 shows a comparison of the pempress vatues of
the nine consensus scoring strategies under the condition
Pacenre = 1.0, As shown in this tigure. the results of the best
combinations of percent-by stratcgies were as good as or
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better than those of vote-by-number and number-by-number
for complexes with n = 250 although both percent-by
strategies gave much worse pemgres Values than vote-by-
number and number-by-number in a test for all 220
complexes, as mentioned in Section 3.1. On the other hand,
for the combinations inciuding all nine functions and five
CScore functions, results of the percent-by strategies were
worse than those of vote-by-number and number-by-number.
It indicates that vote-by-number and number-by-number are
more appropriate in terms of the robustness of combinations
of scoring functions not only for complete test sets but also
for complexes with n = 250, For rank-by-number and vote-
by-rank. although peounpes values were highly improved in
comparison with the results shown in Table 2 in Section 3.1,
they remain worse than those of vote-by -number and number-
by-number. These results suggest that although ranks and
percentages are affected by the number of model candidates
(n), vole-by-number and number-by-number are stili ap-
propriate under the condition puecye = 1.0 because they
workwell regardless of whether n is large or not and they
are robust in terms of combinations of scoring lunclions.

In Figure 11, the tradeoffs between puccuae and Pewipress
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~8 anber-by- rink
- Fatk-by-munber

= - rank-hy-rank
—#— percent-by-number
-~ pereeni-hy-ruk
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Figure 11. Compression ratios versus the ratios of accurate
modeling for the test sel including complexes with n = 250,

for complexes with n = 250 are illustrated. As shown in
this ligure, the results were similar to those in Figure S in
Section 3.2, Thus, to achieve a good balance between puceurue
and pempresss rank-by and percent-by strategies were ap-
propriate regardiess of the number of candidates. Both the
results of studies with conditions under pyeyrre = 1.0 and
those of tradeoft studies for complexes with 1 = 250 were
consistent with those for all 220 complexes, and they indicate
that the results of this study are useful for various systems
regardless of the numbers of generated candidates within the
limitation of “Num.Answers™ = 500.
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Figure 10. Compression ratios for the {ocased test set including complexes with i > 250.
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4. CONCLUSIONS

In this study, we investigated the abilities of consensus
scores 1o evaluale docking models constructed using FlexX.
We systematically named the nine types of consensus scoring
strategies that have been independently proposed (and
previously confused with one another) and compared their
performance. Al 511 types of combinations including the
nine scoring functions were investigated for each of the
strategies. Consequently, we found that the number-by-
number and vote-by-number strategies were appropriate for
use in model selection in all of the systems without exception,
and the rank-by-number and percent-by-number strategies
were useful for mode! selection with a good tradeoff between
accuracy and efficiency. Considering the scoring functions
that were utifized, PLP and DrugScore, which were effective
for model selection in single scoring systems, were also
appropriate for use in consensus scores, [n addition, GOLD
" score and DOCK score, which were not effective in single
scoring systems, were also useful in consensus scoring
approaches, as they seemed to compensate for the shortcom-
ings of the other scoring functions. Optimizing the combina-
tions of scoring functions is expensive in terms of compu-
tational costs, so consensus scores including all nine functions
or the five CScore functions without the need for prior
optimizations are particufarly useful in practice. Although
the vote-by strategies were effective for model selection, they
require two Lypes of threshold to be detined, and it is difficult
to control the numbers of finally selected models. Thus, we
recommend the number-by-number strategy (for all systems
without exception) or the rank-by-number strategy (for a
good balance between accuracy and efficiency), both of
which have abilities similar to those of the vote-by strategies,

In previous papers,'’~2M3 the vote-by-percent strategy
has been used as a representative of vote-by approaches
(denoted as rank-by-vote in refs 17 and 20, and the
“intersection approach” in ref 31) for compound selection
in virtual screening (rials. Some of these studies reported
that vote-by strategies did not work well in comparison to
other approaches or single scoring.!7?3! However, as shown
in the current study, the vote-by-percent approach is the least
appropriate of all the vote-by strategies, at least for model
selection, and other technigues should be used for discussions
of the abilities of vote-by strategies. Although the scoring
scheme of compound selection in virtual screening is
different from that of model selection in computational
docking, the vote-by-percent strategy might not be appropri-
ate for virtual screening, as is the case in model selections.
In our study, the abilities of consensus scores were discussed
only for use in model selection in computational docking,
and we intend to systematically investigate the performance
of consensus scores in virtual screening in future trials,

In the curent study, model selection for all systems
without exception, and for most systems with few exceptions,
were investigated. This is the first comparison of the use of
consensus scores in these two situations, and we found that
different types of strategies are required. If vote-by strategies
are inadequate because of practical problems, number-by-
number and rank-by-number approaches should be suitable
for the former and latter situations, respectively. We previ-
ously described the by-number-type consensus score AASSY
and argued that both the number-by-AASS and rank-by-
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AASS approaches should be used according to the demands

- of the specific sitation.

Although this study focused on the sclection of docking
models produced by FlexX, we expect our results to be
relevant to other computational docking programs. We intend
1o investigate these aspects further in a future study.

Supporting Information Available: Lists of the protein—
ligand complexes for the test set, top 10 combinations of the
scores, dependencies of pacurste 80 Ponmpress 0N Wikreshold, the
figures of dependencies of paowrute 0N threshold, and the figures
of Pempress under the condition pacqicare = 1.0. This material is
available free of charge via the Internet at http:/pubs.acs.org.
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We designed and synthesized small-molccule activator protein-1 (AP-1) inhibitors based on a three-
dimensional (3D) pharmacophore modcl that we had previously derived from a cyclic decapeptide cxhibiting
AP-1 inhibitory activity. New AP-1 inhibitors with a 1-thia-4-azaspiro[4.5}decane or a benzophenone scaffold,
which inhibit the DNA-binding and transactivation activities of AP-1, were discovered using a “lead hopping”
procedure. An additional investigation of the benzophenone analogues confirmed the reliability of the
pharmacophore model, its utility to discover AP-1 inhibitors, and the potency of the benzophenone derivatives

as a lead series.

Introduction

Activator protein-1 (AP-1) is a transcription factor that has a
crucial role in cellular signal transduction, as it is responsible
for the induction of a number of genes that are involved in cell
proliferation, differentiation, and immune and inflammatory
responses.!2 It has been implicated in various discascs, such as
rheumatoid arthritis. 4

AP-1 contains members of the Fos and Jun families, which
form either Jun-Jun homodimers or Fos-Jun heterodimers and
bind to the consensus DNA sequence 5-TGAGTCA-3, which
is known as the AP-1 binding site.! An investigation of the X-ray
crystal structure of the basic region-leucine zipper (bZIP)
domains of ¢-Fos and c-Jun bound to a DNA fragment
containing the AP-1 binding site revealed that both domains
form continuous o-helices, and the heterodimer grips the major
groove of the DNA, similar to a pair of forceps.’

Natura] products such as curcumin,® dihydroguaiaretic acid,”
and an anthraquinone derivative® were rcported to inhibit the
binding of AP-1 to the AP-1 binding site. However, three-
dimensional (3D) structural information about the AP-1 binding
of these inhibitors that is necessary for structure-based drug
design is not well-known. In a previous report,’ we discovered
a new cyclic disulfide decapeptide Ac-cyclo[Cys-Gly-Gln-Lou-
Asp-Leu-Ala-Asp-Gly-Cys]-NH; (peptide 1) that exhibits AP-1
inhibitory activity, using a de novo approach that exploited
molecular modeling methods, such as molecular dynamics (MD)
simulations, and docking studies based on the 3D stuucture of
the bZIP domains derived from the X-ray structure.” Further-
more, we built a 3D pharmacophore model based on the
chemical and structural features of peptide 1. Thesc data were
obtained from an alanine scan and structural studies involving
a combination of MD simulation of the bZIP—peptide 1 complex
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Figure 1. Binding model of peptide 1 (yellow) resulting from MD
simulation. Ribbon representation of the basic domains (c-Fos, cyan;
c-Jun, magenta). The residues of ¢-Fos and c¢-Jun that are involved in
interactions are labeled with one-letter codes, and the residues of peptide
1 that are involved in interactions are labeled with three-letter codes.
Red broken lines indicate putative hydrogen bonds and green broken
lines indicate putative hydrophobic interactions. Hydrogen atoms are
not shown for clarity.

with explicit water molecules (Figure 1) and NMR measure-
ments of the peptide in water.’

Peptides gencrally have unfavorable properties for therapeutic
drugs, such as poor bioavailability.!? Several approaches have
been reported to convert bioactive peptides into nonpeptidic drug
candidates known as peptidomimetics.'%~'2 In many cascs, these
peptidomimetics are peptide-like molecules, such as peptoids,
and so further modifications are essential.

To avoid these problems, we designed nonpeptidic small
molecules using a molecular modeling method based on a 3D
pharmacophore model. This procedure could be described as
“lead hopping” and has been employed as part of several recent
in silico approaches.!3 There are two general computational
approaches, de novo design and 3D database searching, to
identify new lead candidates with desired biological activity
using a pharmacophore model.'® Although several successful
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Figure 2, Pharmacophore model derived from peptide 1, The phar-
macopharic residues and the supplementary parts are colored yellow
and gray, respectively. The pharmacophoric elements on peptide 1 are
shown as circles and an ellipse in magenta. The main chain {orms a
trapezoid shape, the dimensions of which are¢ shown by the arrows.
An anthracene molecuie of the same scale is depicted in green for a
comparison of the sizes. Hydrogen atoms are not shown [or clarity.

examples of these have been reported, the problems inherent
in them have also been pointed out.!>1¢ In de novo design,
output structures are particularly apt to be difficult to synthe-
size.!516 In 3D database searching, novel structures cannot be
obtained.!> Thus, we chose to search the compound library in
our company to identify synthctically accessible scaffolds before
general 3D database searching. We succeeded in finding several
good scaffolds in the library. These scaffolds are synthetically
accessible and easy to modify by our organic chemists, Through
design efforts based on these scaffolds, we discovered new AP-1
inhibitors: 1-thia-4-azaspiro[4.5]decane and benzophenone
derivatives.

In the current paper, we describe the design by a lead-hopping
stratcgy and synthesis of nonpeptidic AP-1 inhibitors and their
inhibitory activities as evaluated by AP-1 binding and cell-based
Teporter gene assays.

The Design of Nonpeptidic AP-1 Inhibitors, Lead-Hopping
Strategy. Our pharmacophorc model of AP-1 binding com-
pounds is illustrated in Figure 2, which shows the 3D arrange-
ment of the side-chain functional groups of the Gin-Leu-Asp-
Leu-Ala residues in peptide 1. A visual inspection revealed
that the main chain of the five residues of peptide 1 has a §-turn-
like conformation and a trapezoid shape (Figurc 2). Is dimen-
sions, which were measurcd as the distances between the
a-carbons of Gln3-Leud, Leud-Asp5, Asp5-Ala7, and Gln3-
Ala7, are 3.89, 3.89, 5.99, and 8.40 A, respectively. Thus, we
decided to design candidate small molecules for synthesis and
evaluation by combining a suitably sized scaflold placed onto
the trapczoid structure with the corresponding pharmacophoric
elements, which constitute pivotal functional groups within the
side chains of the five pharmacophoric residues of peptide 1,
to retain the 3D arrangement in the pharmacophore model.

Scaffold Design. In general, it is assumed that a scaffold
should have a cerlain level of rigidity to maintain the correct
spatial arrangement of each of the pharmacophoric elements.
In addition, the substitution position to which a pharmacophoric
element might be connected via a suitable linker should be
flexible to ensure synthetic feasibility. In a different perspective,
at least three substituents for each pharmacophoric element could
be introduced that would allow sufficient pharmacophoric
interactions. As depicted in Figure 2, the trapezoid was as large
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Figure 3. Fitting images of two scaffolds, 1-thia-4-azaspiro[4.5]decane
(a) and benzophenone (b) to the trapezoid shown in Figure 2.

Figure 4. Illustration of the lead hopping of benzophenone. The
superposition of the pharmacophoric residues of peptide 1 and the
benzophenone scalfold is shown. The pharmacophoric elements on
peptide 1 are shown as magenta-colored circles and an ellipse. The
conncetions of the substituents from benzophenone are denoted by
curved arrows.

as an anthracene molecule, which was therefore assumed to be
the maximum size for a scaffold.

Although the main chain of the five pharmacophoric residues
of peptide 1 had a planar trapezoid shape, the pharmacophoric
elements were not located on the same plane. Thus, to maintain
the pharmacophoric arrangement, it was desirable that the
scaffold was not planar, but rather was twisted and compact,
within limits.

On the basis of these considerations, by searching our.
compound library, we selected the two scaffolds that are
depicted in Figure 3: 1-thia-4-azaspiro[4.5jdecane (a), and
benzophenone (b) scaffolds.

Definition of Pharmacophoric Elements. Four pharma-
cophoric elements were defined from the five residues of the
pharmacophore model: the carboxamide group of GIn3, the
isobutyl group of Leu4, the carboxyl group of AspS, and an
isobuty! group that was adopted as a proxy for Leu6 and Ala7.
The reason for using a proxy was that the two residues in
question were adjacent to one another and could be regarded
as onc large hydrophobic element. Among these, the carboxyl
group of Asp3 was regarded as a key pharmacophoric element,
because substitution of the AspS had a significant effect in a
previous alanine scan experiment;® we therefore assumed that
an acidic group at this position was essential for interactions
with the basic regions of the bZIP domains. Tn addition, this
carboxy! group appeared to be the only charged group and might
have conferred desirable features in terms of drug design. We
thercfore produced various combinations of three or four
pharmacophoric elements, while ensuring that a carboxyl group
was incorporated into the newly designed molecules.

Scaffold Placement and Substitution Points. Only those
atoms on a scaffold for which the introduction of a suitable
substituent was synthetically feasible were viewed as potential
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Table 1. Chemical Structure of Compounds 2—5 and Their Inhibitory Activities against AP-1

compd structure

1Cs0 (UM)
binding assay*

luciferase assay®

1 Ac-c [Cys-Gly-Gln-Leu-Asp-Leu-Ala-Asp-Gly-Cys]-NH, 64 NT*

T
3 MO8

* WA° °“|”

COM

-
. ~PT

COH

650 11.8
460 ' 13.3
610 5.0
600 5.8

@ \nhibition of the binding of the AP-1 bZIP peptide to synthetic oligonucleotides containing the AP-1 binding site. © Inhibition of the expression of

AP-1-luciferase by TPA-stimulated NIH3T3 cells. ¢ NT: not tested.

substitution points. Each scaffold was manually placed onto the
trapezoid depicted in Figure 2 and interactively checked using
a visual display. The position and orientation of the scaffolds
were designed so that as many substitution points as possible
were pointed in a favorable direction toward the corresponding
pharmacophoric elements.

Combinaiion of Scaffold and Pharmacophore Elements.
The candidate molecules for the synthesis were constructed by
connecting the relevant pharmacophoric elements to suitable
substitution points on each scaffold via linkers.

An example of substituent introduction featuring benzophe-
none is shown in Figure 4. The connections between the
pharmacophoric elements at suitable substitution points are
indicated by curved arrows. In this casc, the pharmacophoric
elements corresponding to GIn3, Leud, and Asp5 could be
connected by any atoms on the left-hand ring of the scaffold
via linkers. Likewise, the centroid of Leu6 and Ala7 could be
connected from any atom on the right-hand ring. The lengths
and types of linkers used were carclully sclected, -taking
synthetic feasibility into consideration.

Computational Evaluation of Designed Molecules. We
examined the various possible combinations of substitution
points, and the lengths and types of linkers, so that each
pharmacophoric element was well suited to the pharmacophote
model. Each of the designed molecules was computationally
evaluated to verify the fact that the 3D pharmacophore require-
ments were met by a low-energy conformer. Conformational
analyscs were carried out to obtain low-energy conformers. All
unique conformers that were within 6 kcal mol ! of the lowest
energy were collected for each of the designed molecules. The
selected low-energy conformers were then systematically su-
perimposed onto peptide 1 using the least-squares fit'? of three
or four of the pharmacophoric aloms: the d-carbon atom of
Gln3, the y-carbon atoms of Leud and Asp5, and the centroid
of the y- and §-carbon atoms of Leu6 and the S-carbon atom
of Ala7. In addition, the overlapping volume between each
conformer and the corresponding pharmacophoric residues in
peptide 1, and its ratio to the volume of the corresponding
residues in peptide 1, were calculated. Those compounds in
which at least onc conformer had a root-mean-square deviation
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Table 2. Benzophenone Derivatives 4, 6—13 and Their Inhibitory Activities in Binding Assay

o
BOR Y
R:l

compd R Rz Ra

% inhibition

at 500 uM at | mM 1Csp (uM)?

4 OBu O'Bu CH,CH,CHO,H 28 91 610

6 H O'Bu CH,CH,CHO,H 10 14 >2000
7 OBu H CH,CH,CHO,H 7 9 >2000

8 O'Bu O'Bu H 3 —h NI*

9 O"Pr O'Bu CH,CH,CHO.H 26 55 910

10 G'Bu o'Pr CH,CH,CHO;H 25 42 930

11 OCH:Ph O'Bu CH,CH,CHO-H 51 97 420

12 O'Ba OCHzPh CH,CH,CHO.H 45 —» NDe

13 OBy ’Bu CH,CH,CONH, 5 -b ND¢

450% inhibition concentration was determined from the concentration—response curve (125-2000 ;M). ¥ % inhibition was not determined at this

concentration due to precipitation. ¢ ND: not determined.

Scheme 14
0 ab c
L) e PNy
15m=2
17m=1

PO

6m=2 2m=2,n=1
18m=1 Im=1,n=2
¢ Reagents: (a) Me;CHCH;CH,CH,PPhyBr (for 15) or Me;CHCH2CH,-
PPhsl (for 17), r-butyllithivm, THF; (b) 6 M HCl, 1,4-dioxane; (c)
L-cysteine, aq EtOH; (d) 4-methylpentanoic acid (for 2) or 5-methylhexanoic
acid (for 3), oxalyl chloride, EtsN, CH,Cly.

N]YOH
Q

al

(RMSD) value < 1.0 A under a three- or four-point superposi-
tion with the corresponding residues of peptide 1, and an
overlapping volume ratio = 0.5, were selected as small-molecule
inhibitor candidates for synthesis and biological evaluation.

Biological Evaluation of the Compounds Synthesized. The
AP-1 inhibitory activities of the compounds synthesized were
evaluated using enzyme-linked immunosorbent assay (ELISA)-
bascd AP-1 DNA-binding and cell-based reporter assays (Table
1; compounds 2—5).

Furthermore, the synthesis of benzophenone derivatives and
the evaluation of their inhibitory activitics were performed to
verify our pharmacophore model (Table 2; compounds 6—13).

Chemistry

Synthesis of the (R)-4-(4-methylpentanoyl)- 1-thia-4-azaspiro-
[4.5]decane compound 2 was carried out as outlined in Scheme
1. The starting material, 1,4-cyclohexanedione monoethylene
ketal (14), was subjected to the Wittig reaction with 4-meth-
yipentyltriphenylphosphonium bromide and rn-butyllithium to
afford 4-(4-mcthylpentylidene)cyclohexanone (15) afier an acid-
catalyzed deprotection procedure. Treatment of 15 with L-
cysteine in aqueous EtOH produced the spiro[cyclohexane-1,2"-
thiazolidine] compound 16, which was treated with 4-methyl-
pentanoyl chloride in the presence of EtaN to provide the target
molecule 2.'% The structurally analogous spiro compound 3,
1-thia-4-azaspiro[4.5}decane-3-carboxylic acid, 8-(3-methylbu-
tylidene)-4-(S-methylhexanoyl), was prepared by the same
proccdure.

Scheme 2°
CO,Bn
a,
R i i
0/\]/
CHO
CO,Et coz
19 20

9 Reagents: (a) (BtO)P(O)CH,CO,Et, NaH, DMF; (b) Hz. Pd—C, EtOH;
(c) oxalyl chioride, DMF, CH2Cl»; (d) isobutoxybenzene, AlCh, CHyCla;
(e) NaOH—-H,0, EtOH.

Syntheses of mono- and di-isobutoxy derivatives of 3-(3-
benzoyliphenyl)propionic acid (4—7) were carried out as il-
lustrated in Schemes 2—4. 3-[3-(4-Isobutoxybenzoyl)phenyl]-
propionic acid (6) was prepared via thc Horner—Emmons
reaction of benzyl 3-formylbenzoate (19) with ethyl dieth-
ylphosphonoacetate and NaH, which was followed by Pd—C-
catalyzed hydrogenation 1o yield 3-(ethoxycarbonylethyDbenzoic
acid (20). The corresponding acid chloride generated by
treatment with oxalyl chloride was allowed to react with
isobutoxybenzene!? in the presence of AICl; in CH;Cl, to give
an ethy! ester, which on alkaline ester hydrolysis provided
compound 6 (Scheme 2). Compound 7 (Scheme 3), which is a
regioisomer of the isobutoxy group of 6, was prepared via
isobuty] 3-(2-isobutyloxyphenyl)propionate (22), which was
subjected to a regioselective Friedel—Crafits benzoylation.
Compound 22 was also employed for the synthesis of 3-[2-
isobutoxy-5-(4-isobutoxybenzoyl)phenyllpropionic acid (4). The
regiosciective formylation reaction® of 22 followed by Na-
ClO;—H,0; oxidation?! afforded the monocarboxylic acid 23,
and coupling its acyl chloride with isobutoxybenzene atforded
compound 4. The rcgioisomer 5, 3-[2-isobutoxy-5-(3-isobu-

toxybenzoyl)phenyl]propionic acid, was prepared via coupling

of 22 with the acyl chloride of 3-isobutoxybenzoic acid (25) in
the presence of AlCl3 (Scheme 4).

Exchange of either one of the two isobutyloxy groups in 4
with a propyloxy or benzyloxy ether moiety was also considered
as outlincd in Scheme 5. The methyl ester of 4 (compound 26)
was subjected to AlCl3-catalyzed lactonization accompanied by
cleavage of the isobutoxy linkage to produce 6-(4-hydroxyben-
zoyl)-3,4-dihydrocoumarin (27). The liberated phenolic hydroxyl
group was then subjected to the Mitsunobu reaction with R2-
OH (2-methylpropanol, propanol, or benzyl alcohol) in the
presence of diisopropyl azodicarboxylate (DIAD) and triph-
enylphosphinc in tetrahydrofuran (THF) followed by MeONa-



