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Fii. 1. Hydrolysis of CS-866 0 RNH-6270

presence and absence of various ligands. Then, we examined the
importance of certain lypes of amino acid residues of HSA for the
hydrolysis of C$-866. using chemical modification techniques, Re-
combinant HSA (tHSA) proteins with alterations of specific aming
acid residues were prepared using site-directed mutagenesis tech-
niques. to obtain detailed information about the contribution of those
residues. Finally, computer docking models of CS-866 and HSA were
constructed and were found to be consistent with the experimental
results,

Materials and Methods

Materials, HSA was donated by the Chemo-Sera-Therupeutic Research
Institwe (Kumamoto, Japan). HSA was defatted hefore use (Chen. §967).

C8-866 and RNH-6270 were donated by Sankyo Co., Lid. (Tokyo. Japan).
PNPA, succinic anhydride and n-butyl p-aminobevnzoate (n-butyl p-AB) were
purchased form Nukalai Tesque (Kyote, Japan). Warfarin was obtained from
Hisai-Co. (Tokyv, Japan), ibuprofen was obtained from Kaken Pharmaceutical
Co. (Osaka, Japan), diazepam was obtained from Sumitome Pharmaceutical
Co. (Osaka, Japan). fetranitromethane was obtained from Aldrich Chemical
Co. (Milwaukee. WI). and trinitrobenzenesulfonic acid was obtained from
Wako Pure Chemical Industries, Lid. (Osaka, Japan). Dansyl-i-asparagine
{DNSA}. 2-hydroxyl-5-nitrobenzyl bromide, and diethyl pyrocarbonate were
purchased from Sigma-Aldrch (St. Louis, MO). Restriction enzymes, T4
polynucleotide kinase, calf intestinal alkaline phosphatase, 2 DNA ligation kit,
TaKaRa EX TagDNA polymerase, and a site-directed mtagenesis kit {oligo-
nucleotide-directed dual amber method) were obtained from Takara Shuzo
Co., Ltd. (Kyoto. Japan). A DNA sequence kit was obtaioed from Applied
Biosystems (Tokyo. Japan). The Pichia Expression kit was purchased from
Invitrogen (Carlsbad, €AY, All other chemicals were of analytical grade.

Esterase-Like Activity Measurement, Procedures for Michaclis-Menten
Equavion Runs. The reaction was starved by adding C'S-866 in 1009 acetoni-
e (5 ul) 1o preincubated HSA (120 pl, 75 uM), e a final concemtration of
1010 250 uM. Incubation proceeded for 10 min and was terminated by adding
300 g of acetonitrile w the incubation mixiure. We have checked that 4%
acetonitrile has ittle cffect on the reaction. After centrifugation for 1 min. a
30-p1 aliquot of the deproteinized sapernatant was subjected 1o high-perfor-
mance liquid chromatography. and RNH-6270 was separated from CS-8606 on
an ODS column using the following conditions: column, YMC-Pack ODS.
AM. AM-302. 150 X 4.6 mm i.40.; colunm temperature, 40°C mmaintained by a
Hitachi 655A-52 column oven: a Hituchi L-6000 pump; a Hitachi FL deeetor
L-7480 fluvrescent monitor; a HITACHI D-2500 Chromato-Integrator; mobile
phase, acetonitrile/waterfacetic acid, 40:6(:0.1; wavelength, excitation = 260
nm, emission = 370 am: Dow rate, 1.0 mi/min,

The reaction berween CS-866 and HSA ook place at 4°C. Under that
condition, Michaelis-Menten eguation analysis can be applied,
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Here. [ 8] is the concentration of substeate, That is the case, becavse previous
studies have revealed a linear relationship between 1/V and 1/S when plotted
in a Lineweaver-Burk plot (Koike ef al., 2001):
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Procedures for Kinetic Runs. Hydrolysis of CS-866 (5 uM) by HSA (at
Jeast a 5-fold excess concentration over the substrate} was performed using
conditions able to avoid complications due to nmultiple reactive sites of albu-
min. Under such conditions, pseudofirst-order rate constant analysis can be
performed. The pseudofirst-order rate constant for the release of RNH-6270
(kops). the dissociation constant of the substrte-HSA complex (Ky), and the
caralytic rate constants (&) were calculated as reported elsewhere (Sakurai et
al,, 2004). .

Thermodynamic Analysis. Thermodynamic analysis of the HSA-catalyzed
reaction was performed at teraperatures ranging from 20°C to 40°C. We
calenlated the thermodynamic parameters, the free energy change for the initial
reaction between enzyme and substrate (AGg), the activation free energy for
the rate-determining step (AG), the free energy differcnce for the reaction
(AG), the activation caergy (E,). the activation enthalpy change (AH), and the
activation entropy chunge (AS), using previously published methods (Sakurai
et al., 2004).

Lffects of Ligands, HSA (120 pl, 75 pM) was preincubated, and the
enzymatic reaction was staried by adding CS-866 in 100% acctonitrile (5 uf)
to the solution, at a final concentration of 100 to 250 uM. in the presence or
absence of cach figand (at a final concentration of (4~600) M) (Tkeda, 2000).
Incubation proceeded for 10 min at 37°C, and the release of RNH-6270 was
measured by high-performance liquid chromatography as deseribed above,

Chemical Modification of HSA. Histidine Residues. Chemical modifica-
tion of His residues was performed using diethy) pyrocarbonate {Roosemont.
1978). An average of 2.22 Ris residucs was modificd out of the total of 16 His
residoes.

Lysine Resiches, Chemicat modification of Lys residues was perforimed
according 1o the merhod of Geounaris and Perhnann (1967). The modificarion
ratio was caleulated as deseribed by Haynes ot al. (19675 An average of 3,80
of the 59 Lys residues was modified.

Tyrosine Residiees. Chiemical modification of Tvr residues was performed as
outlined by Sokolovsky et al, { 1966), An average of 1.24 of the 18 Tyr residucs
was modified.

Tryprophan Residues. Chemical modification of the single Tip residue was
perfornied at room temperature (Fehske et al,, 1978), An average of 0.88 of the
} Trp residue was modified.

Chemical modifications of specitic amino acid residues (Tyr, Lys, His, and
Tmp) were performed with the assumption that the cffects on other amino acid
esidues would he negligible. The secondary and teriiary protein structures of
all the modified HSAs were examined by circular dichroism measurements
before use. and no signiticant difference was observed between the derivatives
and native HSA (data not shown),

Synthesis and Purification of THSA Forms, The recombinant DNA tech-
nigues used to produce wild-type fHSA and the single-residoe mutants were
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essentially the sanie as those described by Watanabe et al. (2001). A chimeric
plasmid (pJDB-ADH-L10-HSA-A) containing cDNA for the mature form of
HSA and an L10 Jeader sequence was donated by Toencn Co. (Tokyo, Japan).
The mutagenic primers vsed (underlined letters indicate mismatches) were as
follows: 3-CAAACAGAGACTCGCCTGTGCCAGTCTCC-3 for K199A;
S"-CAGCTTTCAAAGCAGCIGCAGTAGCTCGCCTG-3 for W2I4A; 5'-
CTATTAGTTCGTGCCACCAAG-Y for Y411A,

The L10-HSA coding region was amplified by polymerase chain reaction
using a forward and a reverse primer containing a 5'-terminal EcoR| site, and
was cloned into the HeoRl-digested pKF19k vector (Takara Shuzo Co. Lad.).
and mutagenesis was then performed. The mutation was confirmed by DNA
sequencing of the entire HSA cading region using the dideoxy chain termina-
tion methad and an Applied Biosystems ABI Prism 310 Genetic Analyzes. To
construct the HSA expression vector pHIL-D2-HSA, an L10-HSA coding
region wilh or without the desired mwtation site was incorporated into the
methanol-inducible pHIL-D2 vector (Invitrogen). The wesulting vector was
mtroduced into the yeast species Pichia pastoris (strain GS115) to express
cHSA. Secreted rHSA was isolated from the growth medivm by precipitation
with 60% amnioniunt sulfate at room temperature. and was then purificd using
a column of Blue Sepharose CL-6B (GE Heahtheare, Litile Chalfant, Buck-
inghamshire, UK). The eluted HSA was deionized and thon defared using
charcoal treatment.

‘The resulting protein exhibited a single band on an SDS/polyacrylamide gel.
and all of the reconibinant proteins migrated (o the same position as native
HSA (data not shown). Any secondary or testiary structwral differences be-
tween native (wild-type) and mutant rHSAs were analyzed by circular dichro-
ism (data not shown), In the far-UV and near-UV regions. all tHSAs exhibited
the same characteristics as native HSA.

Daocking of €25-866 to HSA. To dock C5-866 to HSA. we used the crystat
structure of the HSA-myristate-S-warfwin complex (PDB 1D 1197 Petitpas et
al.. 2001), The docking calewlation of CS-866 to HSA was performed using
SYRBYL FlexX (Rarey et al.. 1996). CS-866 docked at site 1 and site Il The
residues within 5 A from S-warlarin were defined as site 1, and the residues
within § A from myristate-3 and -4 were defined as site 1. During the docking
calculation. the structure of HSA was kept rigid. The docking algorithm
generated 275 and 209 different placements of CS-866 in site 1 and site 1L
respectively. All placements were evaluated using the scoring fusnction of
Flex X. For cach site, because the top 10 placements exhibited nearly identical
binding modes. we chose the placement with the best value as the candidate
binding mode.

Relinement of Dacking Models. To refine the docking models, the
coordinates of CS-866 and the residues within 10 A from CS-866 were
aptimized 0 reduce the root mean square of the gradients of potential energy
to below 0.05 keal mol ' A7 using SYBYL 6.9.1 (Tripos. Inc.. St. Lovis.
MO, 200%). The Tripos force field was used for the molecular energy caleu-
Tation. The AMBER 7 charges (Cornell et al., 1993) were used as the atomic
charges for HSA. The Gasteiger-Hitckel charges (Purcel and Singer. 1967:
Casteiger and Masili. 19805 Muwsiti and Gasteiger. 1980, 19311 were used as
the charges for C8-866. The cw-of! distance for the nonbuonded imeractions
was 10 A, The distance-dependent diclectric constant of 4 was used. Due ©
the kuck ol the {st and 2nd Nacouinal residucs and the Jaek of the 585h
C-terminal residne in the orvstl steucture of HISAL the 3rd and 384th residues
ware protected by an acelyl group and by an N-methy] group. respectively, The
initial positions of the other missing atoms in the cystal structore were
generald by SYBYL,

Statistics. Where possible. statistical anabyses were performed using Stu-
dent’s 1 test

Resulty

Hydrolytic Kinetics. First, we werc able to confirm that the hy-
drolysis of CS-866 hy HS A, followed Michaclis-Menten kinetics {data
not shown). Table 1 shows the Ky, Vi ke @0 specificity constant
(ko Kpy) values Yor the hydrolytic reaction,

To elucidate the reactivity of CS-866, we compared the kinetic
parameters for CS-866 with those determined for the release of
p-nitrophenol from PNPA (Table 2) (Means and Bender, 1975; Sako-
rai et al.. 20041, The K value was found fo be lower for CS-866,
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TABLE 1

Kinetic parameters for the hydrolvtic reaction between CS-866 and HSA
pH 7.4 and 37°C

HSA Type Kn Vs Kea  kedRa
pM natod < min™! min"! oM omin”!
Native 48.2 102 0.113 000232

* Reaction conditions: 75 M HSA. 10 to 250 uM CS-560, 115 M phasphate buffer (pi
74, 37°C.

TABLFE 2
Kinetic parameters for the hydrolvsis of CS-866 und PNPA by HSA at pH 74

and 25°C
Sohsiate ke Ky kadKe
v Ses? nM Myt
CS-866 0.845 42,5 19.9
PNPA 86.8 217 403.4
Y PNPA diva from Sakurai et al. (2004,
TABLE 3
Thermodvaamic. paranteters for the hydrolysis of CS-866 and PNPA by HSA
Substrate A, AGyg AG AH AS
emd™t kool K emal™ kfemol™ kS omal K
CS-866 71.3 -~ 25.0 96.3 34.7 -0.207
PNPA" 58.1 -209 79.0 66.1 -0.0435

“ PNPA data feom Sakurai ot al, (2004). Reaction conditi
74), 25°C.

115 M phosphate huffer (pH

suggesting that PNPA has greater affinity than C8-866 for HSA
(Fersht. 1998: Sakurai et al., 2004). The catalytic rate constant. k.
was also found to be greater for PNPA.

Thermodynamics. The relationship between the catalytic rate con-
stants and temperature followed the Arrhenius equation. Accordingly.
a linear relationship was found between In &, and V/T, where T is the
absolute temperature in degrees Kelvin (data not shown), The activa-
von energy of the reaction, £, calculated from the Arrhenius plot
(Fersht, 1998: Sakurai et al., 2004). was found to be 37.1 kJ - mol ™%,

Using 1he HSA-hydrolysis parameters, we compared energy
changes and thermodynamic parameters between CS-866 and PNPA
(Table 3). CS-866 had Jarger values of AG (96.3 k) mol 'y and AS
(0207 kd - mol ' - K ') than PNPA.

Elfects of Ligands on Hydrolysis. The site T-specific ligands
warlario, DNSA, and n-butyl p-AB were used as inhibitors 1o inves-
tigate for any competition with the hydrolytic reaction {Yamasuki et
al., 1996: Kragh-Hansen et al.. 2002). Interestingly. warfurin inhibited
hydrolysis ina competitive manner. with a K value of 1535 pM ina
Dixen plot (Fig. 2A). By contrast. neither n-buty! p-AB nor DNSA
inhibited HSA-canafyred hydrolysis of CS-866 (Fig. 2. B and C).

The site Hl-specific ligands thuprofen and diazepam were used to
investigate. whether there is competition between that ligand-binding
site and the catalytic site (Kragh-Hansen et al., 2002). Diazepam
had no inhibitory cffect, bul compeutive inhibition was observed
with ibuprofen, with a K value of 235 uM in a Dixon plot (Fig. 3A
and 3B}.

Effect of Chemical Modification on Hydrotysis. Hydrolytic ac-
tivities of the four specifically modified HSA derivatives (Tyr-, Lys-,
His-. and Tep-HS A) were assayed (Fig. 4). Compared with native-type
HSA, all modified HSA derivatives had significantly decreased hy-
drolytic activity (p < 0.05). Modification of Lys residues or of the
single Trp residue resulted in the most pronounced reductions in
catalytic reaclivity.
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Fiis. 2. Effect of warfarin 1A). a-buty! p-AB (B). and DNSA (C) (0-- 600 M} on the hydrolysis of CS-366 by HSA. Reaction conditions: 75 pM HSA. 100 10 250 uM
CS-866. 1713 M phosphate butfer (pH 7.4). 37°C. Plots represent meat = S0, (1 = 3%

Examination of Hydrolytic Activity Using Site-Directed Mu-
tagenesis. Wild-type rHSA and the HSA single-residuc mutants
KI99A, W2I4A, and Y41 1A were gsed 1o examine involvement of
varions aming acid residues in the hydrolysis, The hydrolylic
activity of each rHSA was examined to elucidate the contribution
of speeific amino acid residues {Fig. 5). Compared with dhe wild-
type rHSA. all mutant rHSAs showed signilicant decreases in
catalytic activity. K 199A exhibited a particularly marked decrease
in catalytic activity (p 0 0.01). suggesting that Lys-199 plays a
particularly important role in the hydrolysis. These results are in
good agreement with those obtained with the chemically modificd
HSAs. The W214A and Y411A mutants showed a significant
reduction in catalytic activity {p < 0.05), indicating that the amino
acid residues Trp-214 and Tyr-411 are also involved in the hydro-
Iytic reaction.

Molecular Interaction of CS-866 and HSA in Docking Models.
We obtained two docking models: model I for site 1, and modef JI for
site 1L In model 1, the binding of CS-866 was similar to that of

warfarin (Fig. 6). The biphenyl moiety off CS-866 was bound to the
hydrophobic pocket eonsisting of Leu-219. Leu-238. Val-241. Leu-
260). Ala-261. Te-264. He-290, and Ala-291, The 2-propyi-imidazole
moiety and the propan-2-of imoiety were hound to the other hydro-
phobic pocket (Phe-211. Trp-214, Ala-215, Leu-219, and Lew-238).
Hydrogen bonds to and electrostatic interactions with other residues
are detailed in Table 4. Oxygen wtoms of the vinylene carbonate
moiety formed hydrogen bonds with side chains of Arg-218 and of
Arg-222. Negative charges of the tetrazole neiety interacted electro-
starically with side chains of Lys-199 and of Acg-257. The hydroxyl

oxygen atom of the propan-2-ol moicty formed a hydrogen bond with-
the side chain of Lys-199. and the hydrogen atom formed a hydrogen
bond with the side chain of His-242, The carbonyl oxygen atom of the
ester moicty formed a hydrogen bond with the side chain ol Lys-199.
The ester moiety of CS-866 was in the vicinity of Glu-292. However,
the side chain of Glu-292 was distant from the carbonyl carbon of the
ester moiety. because the docking program, FlexX, cannor account for

. chemical reactions and remains rigid. We changed the torsion angles
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Fii. 4. Hydrofytic activitics of chemically modified HSAs as compared with that of
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phate bufter (pH 7.4), 37°C. Euch column represents mean £ S0, tr = 3 #,
signiticantly different from native-type HSA (p = 0.05).

Lys Trp

of the side chain of Glu-292 sithout steric hindrance as Glo-292
became capable of a nucleophilic veaction.

In model 1. CS-866 was bound to site 1 using the pocket for
myristate-4 (Fig. 7} (Curry ct al.. 1998). The pocket for myristate-3
was not occupied. The biphenyl moiety and the 2-propyl-imidazole
moiety were bound to the hydrophobic pocket consisting of Leu-
187, Pro-486 and Ala-490. The propan-2-ol inoiety was surrounded
by the hydrophobic residues (Leu-387. Len-430. and Leu-453).
Table 5 shows hydrogen bonds and clectrosiatic interactions in site
1L Negutive charges of the tetrazole moiety interacted electrostat-
ically with ihe side chain of Arg-485. and the tetrazole moiety
formed a hydrogen bond with the side chain of Asn-391, The side
chain of Ser-489 formed hydrogen bonds with the hydroxy! oxygen
atom of the propan-2-o0l maicty and the carboxyl oxygen atom ol
the ester moeiety, The carbonyl oxygen atom of the ester moicty
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Fri. 5. Hydrolytic activities of murant rHSAs as compared with that of wild-type
rHSA. Reaction conditions: 75 uM HSA. 250 pM CS-866. /15 M phosphaie butize
{pH 7.4), 37°C. Each colwmn represents mean # S.0. Ge = 39, 8 p <0 (.05, and #4,
¢ < 001 as compared with wild-type tHSA.

formed a hydrogen bond with the side chain of Lys-414. The
carboxyt bxygen atom of the ester moiety formed a hydrogen bond
with the side chain of Tyr-411.

Discussion

This antihypertensive prodrug, CS-866. is hydrolyzed in the seram,
Hydrolysis of CS-866 in serum has been observed in several species.
and comparison among five species has shown that hydrolytic activity
is highest in rabbits, followed by dogs. mice, rats, and humans (Ikeda,
2000). Futthermore, we examined the activity due to serum altbumin.
It was found (o be highest in humans. followed by rats, mice, rabbits.
and dogs (daty not shown). This indicates that the mechanisms of
hydrolysis of CS-866 in scrum differ among those species, and that
HSA plays a more important role in producing RNH-6270 than other
serum albumin species.
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Fi6. 6. Stereo drawings of ligands in site 1, A, modeling structure for CS-866, The torsien angles of the side chain of Glu-292 were changed as Glu-292 becomes capable
of a nucleophilic reaction. B. crystal structure for S~warfarin (PDB ID 1H9Z), Relaxed sterco viewing.



HYDROLYSIS OF CS-866 BY HSA AND STUDIES OF THE ACTIVE SITES

TABLE 4
Hydrogen bands and electrostatic interactians in model I of HSA-CS-866
complex
Donor Accepror Distance
A
Hydrogen bonds
Lys-199 N, Ester C=0 4.1
’ N, Propan-2-o} .OH 30
Propan-2-of OH His-242 Ne2 4.6
Arg-218 N, Vinylene carbonate Q2 3.8
N,2 C=0 a4
Arg-222 N,2 Ci il
Positive " Negative
Electrostatic interactions
Lys-199 N, Tetruzote N2 57
Arg-257 Ne N4 2.8

Thermodynamic Properties. The esterase-like activity of HSA is
dependent on the catalytic rale constant, &, and increases with a
decrease in the activation Iree energy change, AG. Thus, the magni-
tude of AG, which is dependent on activation entropy change (AS). as
calculated from a thermodynamic analysis, can be regarded as an
indicator of hydrolytic activity of HSA (Fersht, 1998; Sakurai ct al.,
2004). Because PNPA has lower AG and AS values than CS-866
(Table 3), PNPA exhibited greater affinity for HSA and a higher
catalytic rate than CS-866 (Table 2). Hydrolysis reactions cutalyzed
by albumin have previously been found to have a particularly great
entropy difference hetween the ground state (ES) and the transition
state (ES*) (Sakurat et al., 2004). The active sites of HSA to which the
substrate binds are perfectly oriented to the reactive site of the
substrate (the ester portion) for hydrolysis, and thus has a smaller
entropy difference between the transition state (ES*) and the ground
state (ES). This may be the reason why hydrolysis of PNPA proceeds
more readily than hydrolysis of CS-866. That is, compared to CS-866,
PNPA has a structure and ovientation that are better suited to hydro-
lysis by HSA.

Relationship Between Ligand Binding Sites and Hydrolytic
Active Sites. HSA is the most abundant protein in blood plasma and
serves as a storage protein and transport protein for many endogenous
and exogenous compounds (Peters, 1996; Kragh-Hansen et al., 2002).
The unigue capability of HSA to reversibly bind a large number of
compounds is usually explained by the existence of 4 number of
binding regions (including site I and site 1D, each of which has a very
different specificity (Kragh-Hansen. 1991; Kragh-Hansen et al,,
2002}, Furthermore. site T on HSA consists of three subsites: 1a, ib.
and lc (Fehske et al.. 1982 Yamasaki et al., 19906). Another important
role of HSA is as a catalyst for the hydrolysis of various compounds.
such as esters. amides. and phospliates. 1t bas been suggested that the
active site of HSA for p-nitropheny! esters is site 11, and that Tyr-411
is essential for hydrolysis of p-nitrophenyl esters (Ozeki ot al., 1980;
Watanabe et al.. 2000). The reactive site and active residue for
nitroaspirin are reportedly site I and Lys-199, respectively (Ikeda and
Kurono. 1986). The relationship between the hydrolytic active sites of
HSA for CS-866 and the proteins’ ligand-binding sites was investi-
pated in the present study.

There are interesting patterns of competition betwecn site | and site
11 ligands for hydrolysis, Although warfarin, which is regarded as a
typical ligand of subsite la of HSA. acts as a competitive inhibitor,
this does not peeessarily indicate that the HSA catalytic site for
CS-866 is subsite Ia, becavse ibuprofen, a typical site 11 ligand, also
exhibited evidence of competitive inhibition (Figs. 2A and 3B). These
results suggest that substrate specificity of the esterase-like region and
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ligand-binding site of HSA is inconsistent. In other words. the cata-
Iytic site for CS-866 on HSA may recognize CS-866 in a manncr
ditferent from that of the ligund-binding site,

Roles of Specific Amino Acid Residues. For proteins whose X-ray
crystallographic structure is known. the role of cach amino acid
residue can be quantitatively determined using the amino acid dis-
placement (site-directed mutagencsis) technigue and information ob-
tained from X-ray analysis.

The present chemical modification experiments indicate that Lys,
Trp, and Tyr residues of HSA are important for hydrolysis of C5-866
by HSA, and that His residues are also involved (Fig. 4). These
experiments were performed with mildly modified HSA, because, for
example, only 1.24 of the Tyr residues and 3.8 of the Lys residues
were modified. However, HSA has 59 Lys residues, and the numbers
of Trp, Tyr, and His residues are 1, 18, and 16. respectively. Previous
findings have demonstrated that Tyr-411 is most likely the reactive
Tyr of HSA (Watanabe ct al,, 2000). It is also known that the
reactivity of Lys-199 is high (Means and Bender, 1975), Furthermore,
it is reported that this single Trp residue contributes to the esterase-
like activity of HSA (Ozeki et al., 1980: Kurono et al.. 1982). In an
attempt to identify specific residues of importance for the hydrolysis
of CS-866, we examined the activity of several rHSAs, namely
wild-type HSA and the single-residue mutants K199A, W214A, and
Y411A.

Because we did not observe a great decrease of the hydrolytic
activity of HSA for CS-866, even in the single-residue mutants
K199A and Y411A, we conclude that the catalytic sites of HSA for
CS§-806 are not solely confined to the Lys-199 and Tyr-411 residues
but. rather, involves several additional amino acid residues (Fig. 5).

The single Trp residue, Trp-214, is located close to Lys-199, as
indicated by X-ray diffraction analysis, and is an element of 2 major
interdomain cluster of hydrophobic residues (He and Carter, 1992;
Sugio et al., 1999). The mutant W214A exhibited a significant de-
crease in hydrolytic activity (Fig. 5). In addition, the microenviron-
ment near Trp-214 was investigated to obtain detailed information
about the role of this residue in the hydrolysis. After incubation with
CS-866 for 10 min, the relative fluorescence intensity of HSA de-
creased by more than half and the A, was blue-shifted (data not
shown). These results are consistent with a model indicating that the
Trp-214 residue is involved in hydrolytic reaction. These limited data
Jead us to the idea that a double (or triple) mutation of Lys-199,
Trp-214. and Tyr-411 could completely abolish the hydrolyiic
activity. Further investigations on this point are under way at this
laboratory.

Structural Mechanisin of Hydrolysis Based on Models, The
present findings suggest that HSA has two catalytic sites for CS-866.
for the following two reasons. Mutation at site 1 oy site H diminishes
but does not abolish the hydrolytic activity. The hydrolytic activity is
inhibited by both warfarin (site 1 drug) and ibuprofen (site 11 drug).

In model | (Fig. 6). C$-866 occupied the binding site of warfarin:
this is consistent with the results showing that warfarin inhibits the
hiydrolytic activity of HSA. In site |, the carbonyl oxygen atom of the
ester moiety formed a hydrogen bond with the side chain of Lys-199,
and this hydrogen bond could function as an oxyanion hole. The
importance of Lys-199 indicated by the model is consistent with the
decreased hydrolytic activity of the KI99A mutant and the HSA
variat produced by chemical modificasion of Lys. The catalytic
residue may be Glu-292; the distance between the oxygen atom of the
side chain of Glu-292 and the carbonyl carbon of the ester moiety of
CS-866 was 4.8 A, The hydrophobic interuction between CS-866 and
Trp-214 indicated by the model is consistent with the diminished
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P, 7. Stereo drawings of ligands in site 1. A, miodeling stuctuce for CS-866: B. crystal sbucture for myristate-3 and -4 (PDB 1D 1H9Y). Relaxed stereo viewing.

hydrolytic activity of the W214A murant and the HSA variant pro-
duced by chemical maodilication of Trp.

Model I (Fig, 7) indicates that the mechanism of hydrolysis of
CS-866 is almost the same as that found in previous studies for

p-nitrophenyl esters, with the exception of the involvement of Arg-
410 (Watanabe et al., 2000; Sakurai et al., 2004). Instead of Arg-410,
Lys-414 was used to create an oxyanion hole. The distance between
the hydroxyl oxygen atom of Tyr-41] and the carbonyl carbon ol the



HYDROLYSIS OF GS-866 BY HSA AND STUDIES OF THE ACTIVE SITES

TABLE S

Hydrogen bomdy and electrostatic interactions in model 11 of HSA-CS-866

complex
Donor Agcepror Distance
A
Hydrogen bonds
Asn-391 N2 Tetrazole N2 29
Tyr-411 0, Ester -0- 28
Lysdi4 N, =0 22
Ser-489 o, (- 4.7
O, Propan-2-ul OH .4
Puositive Negative
Elecurostitic interactions
Arg-185 N1 Tetrazole N3 3.8

ester moiety of CS-866 was 3.3 A. indicating that it is possible that
Tyr-411 plays the role of a cathantic residue. The importance of
Tyr-4§1 and Lys-414 is consisten with the decreased hydrolytic
activity of the Y411A mutant and of the HSA varants produced by
chemical madification of Tyr or Lys. In our model {f, CS-866 was
bound to the pocket for myristate-4 in site 1. The binding pockets of
the site I ligands ibuprofen and diazepam are unknown. If ibuprofen

binds to the pocket for myristate-4, our model H provides a mecha- -

nism for inhibition of hydrolytic activity of HSA by ibuprofen.

The present findings indicate that hydrolysis of CS-866 by HSA is
dependent on AS. Another important factor is the orientation between
the catalytic active sitc on HSA and the ester region of the subsirate.
There are differences between the catalytic active sites and the ligand-
binding sites of HSA. Furthermorc, the residucs of Lys-199. Trp-214,
and Tyr-411 play important roles in this catalytic reaction. AH of these
experimental findings are consistent with the docking model that we
derived from computer simulation.
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spectroscopy, and the modified Mosher method

Hiroaki Gouda*, Toshiaki Sunazuka®, Hideaki Ui*, Masaki Handa*®, Yusuke Sakoh®, Yuzury lwai®, Shuichi Hirono*?,

and Satoshi Omurat?

*School of Pharmaceutical Sciences, Kitasato University, Shirokane, Minato-ku, Tokyo 108-8641, Japan; and 'Kitasato Institute for Life Sciences,
Graduate School of Infection Control Sciences, Kitasato University, and The Kitasato institute, Shirokane, Minato-ku, Tokyo 108-8641, Japan

Contributed by Satoshi Omura, September 28, 2005

The absolute stereostructure of luminamicin, an anaevobic antibi-
atic, has been determined by using conformational analysis via
high-temperature molecular dynamics, NMR speciroscopy, and the
modified Mosher method. it was found that luminamicin has the §,
S.R.A R RS, S, 5, R, and 5 configurations at C2, €4, (7, C9, C10,
C11, €12, C13, C16, C28, and C29, respectively. This configuration
is the same as that found in nodusmicin, which has a chemical
structure quite similar to luminamicin. The structure of luminamicin
consists of three different rings, i.e., a decalin ring, a 10-membered
macrolactone ring, and a 14-membered macrolactone ring. The
vesulting 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-
volactone 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-
unisms of action. We have found previously uncharacterized
antianaerobe antibiotics ol actinomycetcs origin, thiotetromycin
(1), clostomicin (2), luminamicin (3), aud lustromycin (4, 5). The
structure 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 Huemaphilus, whercas it was not active against most acrobic
bacteria (3, 6). Intercstingly, structurally refaicd antibiotics,
nodusmicin (7) and nargenicin (8), are reported to inhibit some
aerobic bactevia. Theretore, the additive macrocyclic structure
of luminamicin seems to be important in exerting ils selective
antianaerobic microbial activity. In conjunction with our con-
tinning program directed toward the structure clucidation and
synthesis of important antimicrobial natural products, we de-
scribe here the ehicidation of the absohne stercochemistry of
fminamicin. :

The prefiminary NMR study of luminamicin could explain
only relative configuration with respect to C4, C7. C9, C10, CI1,
C12. and C13. but could not provide any absolute configuration
of chiral carbon atoms of luminamicin {6). Recently. we have
determined the stercostructure of choloropeptin [, an unusual

- chlorinated hexapeptide with sclective anti-HIV activities, by

inhibiting the binding between HIV gpi20 envelope protein and
CD4 protein, using a combination method of contormational
analysis via high-temperature molecular dynamics (MD) and
NMR spectroscopy (9-11). Among six amino acids involved in
cholaropeptin I, three were established 1o 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-
recomers. Therefore, NMR spectroscopy has been applied suc-
cessfully to determine the stercochemistry of choloropeptin 1,
However, in the case of luminamicin, we have no absolute
configuration of chiral carbon atoms and need to consider both

18286-18291 | PNAS | December20,2005 | vol. 102 | no.5t

diastercomers and enantiomers. Therefore, only applving NMR
spectroscopy is not enough o determine the absolute stereo-
chemistry of luminamicin. because it can provide only relative
structural information. However. the modified Mosher method
is well known to give an absolute configuration {or a chiral
carbon atom with a hydroxyl group (12, 13). Luminamicin has
two chiral carbon atoms attached 1o 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
fuminamicin. Once we obtain at least onc absolute configuration
by the modified Mosher method, we can assign absoluie con-
figurations for other chiral carbon atoms using relative structural
information derived from NMR spectroscopy. We will show that
this combination method is very powerfnl, even when it is
necessary to consider both diastereomers and enantiomers.

Methods

NMR Experiments. Luminamicin (1) was prepared as described in
ref, 3. The sample of 10 mg was dissolved in 0.6 ml of CDCli. All
NMR spectra were recorded on a Varian INOVAGM specurom-
eter operating at 600 MHz for the proton frequency at 30°C. A
rcfaxation delay of 2.0 s was used in all experiments. The D
proton spectrum used to estimate coupling constants 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
solvent 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 Overhguser cffect spoc-
troscopy) pulse sequence of Hwang and Shaka (14, 15) wilh
mixing times of 100, 13}, 200, 2561, and 300 ms, which is designed
1o suppress fotad correlation spectrascopy cross peaks. The
spinfock pulse was 1807(x) 180° - x), with o field streagth of 6,200
Hz. 2D-TROESY spectroscopy was performed with a spectral
width 0f 3,273 Hz in the phase-sensitive mode (16). Atotal of 512
blocks were acquired with data points of 2,048, Before 2D
Fourier transformation, the acquired data were multiplied by a
Gauss function in t2 and by a shifted sine square function in t1
and were zero-filled once along the t1 direction.
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L.ominamicin

Fig. 1. Chemical structure of luminamicin. The dihedral angles used to
cluster similar conformers are indicated by blue arrows. The dihedral 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-C13,1.e,the R, 8,5, 5, S, R, andRorthe S, R, R. R, R,
S, and S configurations at C4. C7, C9, C10, C11, C12, and C13,
respectively (Fig, 2). Therefore, we first prepared initial struc-
tures of the 16 diastereomers differing in the configuration af C2,
C16, C28, and C29 for luminamicin with either of Lthese two
decalin confignrations, using SYBYL 6.91 (Tripos, St. Louis). As &
result, a total of 32 initial structures were prepared. Then, the
conformational analysis of these initial structures was performed
by using the program CAMDAS 2.1 {Confor mational Analyzer with
Molecular Dynamics and Sampling) (17). This program. devel-
oped in our laboratory, generates the energetically stable eon-
formalions of a larget molecule by performing the high-
temperature MD calculation and sampling conformations along
the MD trajectory, CAMDAS then clusters similar conformations
based on values of dihedral angles defined before calculation,
The following caleulations were performed for cach initial
structure by using cAMDAS. Ten MD ealculations were simulia-
neously performed by using different conformers. Each of the
MD calculations was carried out for 1000 ps with an integral
time step of 1 s, The Iengths of covalent bonds were fixed with
SHAKE algorithm through the MD (18). The temperature of the
system wis maintained @ 1200 K to cuhance the sampling
clficiency. The Merck Molecular Force Ficld was used o
evaluate the potential energy surface of the molecule (19). To
mimic the shicld effects of solvent molecules on electrostatic
interactions, the clectrostatic potential term was neglected. The
14-methyl group was suggested 1o be trans to HIS by its 2C
chemical shift value of 15.1 ppm (20). The FE25 was also indicated
10 be trans to H26 on the basis of the large coupling constant
between these protons of 13.5 Hz Therefore, values of the
dihedral angles of C13-C14-C15-C16 and H25-C25-C26-H26
were constrained to be 180° 2 10° in MD calculations to keep
their conformations trans. The constraint cnergy term was
quadratic, and the force constants were 100 keal-mol~'rad -2,
Conformers were sampled at 100-step intervals, thus producing
10,000 conformations for cach MD calculalion. A total of
100.000 conformations were preclustered with a dihedral angles
deviation threshold of +30°, A total of 37 dihedral angles were

Gouda et al.

Fig. 2. Two possible stereostructures of the decalin ring of luminamicin. (A)
C€4,€7,€9,C10,C11, €12, and C13 have theR, S, 5, S, 5, R, and R configurations,
respectively, (8) C4, C7, €9, C10,C11,C12, andC13 havethe S, R, R, R, R, S, and
S configurations, respectively.

used to cluster similar conformations, which are indicated by
arrows in Fig. 1. Each of the conformers obtained after preclus-
tering was then minimized until the root mean square (RMS) of
the potential-coergy gradient fell below 0.001 keabmol™"A~",
The minimized conformers were reclustered with a dibedral
angle deviation threshold of +3(F, furnishing a final conformer
set. Al finally obtained conformers maintained chirality of their
initial structures. although chirality restraints were not used in
MD calcutations. This result indicated that no inversion of chiral
centers occurred during MD calculations.

Modified Mosher Method, 28-[(-+ }-a-Methoxy-a-(trifluoremethyl)phenyl-
acetoxy]luminamicin (2). To a solution of 1 (9.9 mg, 16.1 pmol) in
CH,Cl, (800 p1) atroom temperature was added (+)-MTPA (113
mg, 48.3 umol), EDCI [l-ethyl-3-(3-dimethylaminopropyl)carho-
diimide] (9.3 mg, 48.3 pmol), and DMAP (4-dimethylaminopyri-
dinc) (0.4 mg, 3.22 pmol). and the mixture was stirred for I h and
quenched with HzO (5 ml). The resultant mixture was extracted
with CHCl; (3 X 5 mi), and the combined extracts were washed with
brine (5 ml), dried over Na,SOy, tiltered, and concentrated. Flash
column chromatography (Benzene/Acetone 20/1) furnished 2 (6.2
mg, 7.47 umol, 46% yicld) as a colorless solic: [a]p™ +34.4 %(c0.29,
CHCL); TLC R, 0.61 (Benzene/Acetone 2/1); mp 108-109°C; IR
(KBr)3,442.1,761,1,178 em™}; TH-NMR (600 MHz, CDCl3) 30098
(3H, d,J = 6.9 Hz), 1.42 (1H, m), 1.45 (11, m). .69 (3H, 5), 1.70
(1H, m), 1L.80 (1H, m), 190 (1H, m),2.19(1H, m), 2.21 (1H, m),2.48
(tH,m), 2,62 (1H,m). 2.72(1H, m), 280 (1H, m), 296 (1H, m),3.27
(3H, 5), 3.34 (1H, m), 3.36 (1H. m), 3.64 (1H, m), 3.78 (1H, dd,/ =
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). .62 (1H, dd,J = 9.6, 5.5 Hz), 5.78
(1H, d,J = 135 Hz), 5.89 (1H, m), 590 (14, d, J = 63 Hz), 6.04
(1H, dd,J = 9.6, 7.4 Hz), 791 (1H, d,J = 13.5 Hz}; PC-NMR (150
MHz, CDCL) 8§ 15.1,15.9, 18.7,27.9, 29.6,32,9.33.0, 37.3,38.1, 38.3,
40.9, 58.0, 64.2. 688, 70.1, 704, 70.6. 76.4, 77.4, 82.7, 96.3. 122.3,
1282, 130.3, 133.9. 138.4, 143.0, 156.9, 164.0. 163.7. 171.2, 172.7;
HRMS caleulated for CaaHenOwFa [MAHP 8302840, found
R31.2859,

28-](— }-c-Methoxy-a-{trifluoromethyljphenylacetoxyjluminamicin (3).
Previous procedure was performed with 1 (8.9 mg, 14.4 pmob),
(~)-MTPA (10.1 mg. 43.2 pmol), EDCIH (8.3 mg. 43.2 pmol). and

- DMAP (0.4 mg, 2.88 pmol) in CH-Cls (720 pl) to afford 3 (4.1

mg, 4.94 pmol, 34% yield) as a colorless solid: [alp™ +12.9° (¢
0.185, CHCY); TLC Ry (163 (Benzene/Acetone 2/1); mp 115~
116°C; IR (KBr) 3.521, 1.761, 1,178 cm !, "TH-NMR (600 MHz,
CDCly) 8 0.98 (3H. d, J = 6.9 Hz), 1.39 (1H, m), 1.43 (1H, m).
1.60 (3H, m). L.70 (1H, dd,J = 13.2, 11.0 Hz), 1.77 (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.J = 14.9, 7.2, 2.7 Hz), 2.76
(1H. m), 2.90 (1H, ddd, J = 15.1, 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), .18 (1H, dd, J = 12.1, 2.2 Hz), 4.30 (21,
d,J = 3.9 Hz), 455 (1H, dd.J = 12.1, 1.7 Hz), 5.46 (111, dd,J =
9.6, 2.5 Hz), 549 (1H, dd,J = 10.2,55 Hz), 5.78 (1H,d,7 = 135
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 Yy, Hz Torsional canstrainis
H2-C2-C3-H3, (2.49 ppm) 12.4 180° + 40°

H3, (2.49 ppm)-C3-C4-H4 1.9 --80° + 40° or 90° * 40°
H16-C16-C17-H17, (4.05 ppm) <1.0 ~90° + 40° or 50° + 40°
H16-C16-C17-H17, (4.87 ppm) <1.0 ~90° + 40° or 90° * 40°
H 19 (2.46 ppm)-C19-C20-H20, (2.67 ppm) 2.2 ~90° + 40° or 90° = 40°
H19 (2.46 ppm)-C19-C20-H20,, (3.29 ppm) 126 180° = 40°

H19, (2.86 ppm)-C19-C20-H20,, (3.29 ppm) 20 —~90° + 40° or 90° - 40°
+28-C28-C29-H29 10.7 180° : 40°

He), 7.94 (1H, d.J = 13.5 He); PC-NMR (150 MHz, CDCly) &
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, 156.8, 164.0, 165.7, 1711, 172.8;
HRMS calculated for CiaHysOpFs (M} 830.2734, found
830.2761,

Results and Discussion

Distance and Dibedral 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-Horientation 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° X 40°,
The resulting torsional constraints are given in Table 1.

To obtain distance constraints, 2D-TROESY spectra were
measured with mixing times of 100, 150, 200, 250, and 300 ws.
A plot of 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 published as supporting
information on the PNAS web site, shows a part of the 2D-
TROESY spectrum measured with a mixing time of 200 ms.
Volumes of the five ponoverlapping geminal proton cross-peaks

were averaged and used for calibrating measured ROE volumes.
A distance of 1.8 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 Ho6.
Distance constraintys were classified into threc categories corre-
sponding to 1.8-2.7, 1.8-3.5, and 1.8-5.0 A, corresponding to
strong, medivm, and weak ROEs, respectively. For the distance
constraints related to methylene 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 H4 and the 14-methyl group is converted to a distance
constraint between H4 and carbon atom of 14-methyl group
(14MeC), the range of which is 1.8-3.7 A. A to1al 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 calculation for 32 different configurations. About
2,500~ 3500 distinct conformers were obtained for ¢ach config-
uration. Then, we calculated RMS deviations for all conformers
generated by CAMDAS to determine which configurations can
adopt conformers accommodating the distance and dihedral
constraints. All distance constraimts were treated with equal

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 2ZMeC 3.7 H9 H15 5.0
H2 H3y, (1.41 ppm) 2.7 H10 H11 3.5
H2 H4 2.7 H10 H15 35
H2 H5 3.5 10MeC H11 3.7
2MeC H25 4.5 H12 14MeC 3.7
2MeC c2? 5.5 14MeC H16 3.7
H3: (1.41 pprm) Ha 35 14MeC H29 3.7
H3p, {1.41 ppm) HS 2.7 H15 H16 35
H3, (2.49 ppm) Ha 35 H1S H17, {4.05 ppm) 2.1
H3; {2.49 ppm) H1% 2.7 Hi6 H17y, {4.05 ppm) 2.7
Ha HS 2.7 H16 H17, (4.87 ppm) 2.7
H4 H12 3.5 H16 H28 5.0
H4 14MeC 3.7 H16 H2% 2.7
Hé H7 2.7 H17, (4.87 ppm) H28 2.7
H6 H8, (1.43 ppm) 3.5 H19y (2.46 ppm)  H20, (2.67 ppm) 27
H7 H8,, (1.69 ppmy) 2.7 H19, (2.86 ppm)  H20, (3.29 ppm) 2.7
H8, {1.43 ppm) H9 2.7 H20, (3.29 ppm) H2s 27
H8;, (1.69 ppm) Ho 2.7 H25 27 3.7
HB, (1.69 ppm) 10MeC 3.7 H25 H28 2.7
H8,, (1.69 ppm) H11 1.5 c27 H29 3.7
H9 H10 2.7 H28 H29 3.5
H9 10MeC 3.7

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

Gouda et af.



Table 3. RMS deviations of camoas-generated conformers of luminamicin from experimentally determined values

Conftlg :;:t:;:vﬁu::{:;pect Cglr;:’gcuzr;h:: doézcgz' Smallest RMS qeviation RMS devia'tion from Number of '
from exptl distance exptl dihedral conformers obtained
¢4 G ¢ CQw a1 12 13 @ s Q8 C9 constraints, A constraints, °* hy campas
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 0.9 2,369
R S S S N R 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 S R R R S R R 0.36 18.5 3,022
R S S S S R R R S R S 0.27 0.0 2,768
R S S S S R R R S S R 0.33 19.0 3,016
R S S S S R R R S S 5 033 9.5 2,931
R S S S S R R S R R R 0.39 37.2 3,294
R S S S S R R ) R R s 0.51 0.0 3.064
R 5 s S S R R 5 R S R 0.36 8.1 3,375
R S S S S R R S. R S 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 0.43 200 2,895
R S S S S R R S S S ) 0147 0.2 3,298
S R R R R S 5 R R R R 0.52 1.4 3,297
s R R R R 5 S R R R 5 0.54 14.3 3,160
S R R R R S 5 R R 5 R 0.43 0.0 3,477
S R R R R 5 S R R S S 0.27 ' 36.5 3,108
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 S 0.36 8.1 3,321
S R R R R s S R ) S R 0.49 138 3,067
S R R R R S S R S S S 0.53 8.9 3,252
5 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 5 0.33 19.0 2,955
S R R R R S S S R S R 0.35 0.0 2,909
S R R R R ) S S R S S 0.36 18.5 2,886
S R R R R 5 S S s R R 0.17 18.7 2,569
S R R R R S S S S R S 0.00 0.0 3,204
S R R R R S S S S S R 0.50 18.9 2,521
S R R R R S S ) S S S 0.37 0.0 3,329

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

weight, although they were classified as strong, medium, and  have the R R, 8, and R configurations, respectively. On the other
weak. For constraints including nonoverlapping geminal protons  hand, for luminamicin with the 8, R, B, R. R, $, and § configu-
(3-, 8-, 17-, 19-, or 20-methylene protons), carcful analysis was  rations at C4, C7, C9. C10, C11, C12, and C13. respectively, the
done when estimating target dihedral angles and proton-proton  results embodicd the S, S. R, and S configurations at C2, C16,
distances, For example, H3, (2,49 ppm) is included in a total of (228, and €29, respectively. Obviously, the former configuration
four constraints, i.c., two dihcdral constraints and two distance  is an enantiomer of the atter one. This means that NMR
constraints as shown in Tables | and 2. The proton correspond- ¢onstraints could not distinguish between enantiomers. This was
ing w H3, should simultancously salisfy all of these four o oypecied result, because distance and dihedral constraints can
constraints. Because we cannot ustqhhsh the stcr‘cuspecﬂw 4 avide only refative structural orientation, The final determi-
signments ou 3-methylence protons (F3, and H3,) in advanee, we
first need Lo consider all combinations when eslimating target
dihedral angles or target proton-proton distances. For example.,
we first cstimate a total of four dihedral angles, i.c., two dihedral
angles are combination between H2 and two 3-methylene pro-
tons, and other two are combination between H4 and two
3-methyicne protons. Then, we determine which of two 3-mcethe-
lyne protons can simultancously satisfy two dihedral constraints
included in Table 1. The identified proton can be considered to
correspond to H3, (2.49 ppm). Next, for the identified 3-methe-
lyne proton, we estiniate two targel distances related to H3, (2,49
ppm) in Table 2. The similar procedure was also performed for
the constraints on 8-, 17-, 19-, or 20-methylene protons. Table 3
includes the smalest RMS disiance deviations obtained for each
configuration. The conformers satisfying all experimental con-
straints were found in only iwo configurations. For luminamicin AR = 56 - SR
withthe R, S, 5. 5. 5, R, and R conligurations at C4, C7, C9, C10, AG=65 -8

C1L, C12, and C13, respectively, C2, C16, C28, and C29 should Fig. 3. A& Values of MTPA esters from luminamicin (1),
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Luminamicin

Nargenicin

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 (S)-(~)-2-methoxy-2-
trifluoromethyl-2-phenylacetic acid (MTPA) in the presence of
EDCI and DMAP 1o afford the (R)-(+)- and ($)-(-)-MTPA

28-Hydroxyl

11-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
(8y-8x) obtained from the "H-NMR data of 2 and 3, which are
included in Table 4, which is published as supporting information
on the PNAS web site. The A8 values for Hz-14-Me, H-16, and
1H-29 were negative, whereas positive A8 valucs were obtained
for H-26 and H2-27, thus indjcating an R configuration. The
absolute configurations therefore at C2, C4, C7, €Y, Cl10, C11.
C12, Cl13, C16, C28, and C29 of 1 were assigned as S, S, R, R, R,
R, 8, 8, 8, R, and 8, respectively,

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

Description of the 3D Structure of Luminamicin, The process de-
scribed above led 10 a set of two energy-minimized structures for
luminamicin, which have Merck Molecular Force Field energies
of 135.6 and 142.1 keal/mol, respectively. Fig. § shows stere-
opairs of the 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, ie., a decafin, a

2-Methoxy
group

28-Hydroxyt
group

11-Hydroxyl
group

Fig. 5.

Stereopairs of the superposition of the resulting two 3D structures of luminamicin. Black and green structures have Merck Molecular Force field eneryies

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,

18290 | www.pnas.org;/cgi/dois/10.1073/pnas.0508425102
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10-membered macrolactone, and a 14-membered macrolaclone.
The earlier NMR study described only the stereochemistry of the
decalin ring (Fig. 2). Both C3 and Cl4 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-methyl group and H12 and 14-methyl group conclu-
sively established the spatial orientation of the 14-mcethyl 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 o
the l4-membered macrolactone. The 10- and 14-membered
macrolactones were clearly found to be cis-fused in this study,
because eritical strong ROEs were observed between H16 and
H29, H16 and 14-methyl group, and H29 and 14-methyl group,
indicating that these protons are on one side of the molecule.
Both of H17, and HI7y have gauche orientation relative to 116,
because both correlations of 16H to H17, and H17, are strong
in the TROESY spectrum, The small values of /647, (<10 Hz)
and Jioq (1.0 Hz) are also consistent with these gauche
orientations. The orientation of olefinic group (C25 and C26)
was cstablished by the surong correlations of H25 to 1320, 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,
resulting 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 14-membered macrolacione is nearly
perpendicular to the plane of the decalin and l4-membered
macrolactone rings, as showa in Fig, 5.

Luminamicin has two hydroxyl groups at Cil and C28, which
are expected to react with (R)}-MTPA or (5)-MTPA. However,
it appears that these reagents can react with only the 28-hydroxyl
group. With respect to this phenomenon, we have obtained some
rclevant information from the 3D structure of luminamicin, As
shown in Fig. 6, two hydroxy! groups at C11 and C28 are placed
on one side of luminamicin. In addition, the 28-hydroxyl group
is more exposed 10 the solvent, because its solvent-aceessible
surface area (36.9 A) is Jarger than that of the hydroxyl group at
Cil (297 A). Therefore, we can consider that the reagents
appear to more easily react at C28, and the (R)}-MTPA or
(§)yMTPA ester group attached at C28 most likely hinder the
reaction occurring at C11.

In conclusion, the absolute stercostructure of luminamicin,
an anaerobic antibiotic, has been determined by using the
conformational analysis via high-temperature MDD, NMR spec-
troscopy, and the modified Mosher method. Luminamicin (1)
could be a aew lead for medicines (o 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 o evaluate candidate structures for a protein—ligand complex, in combinaticn
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 strategy 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—ligand
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 predicled 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 10 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 experimental structures and are represented by relatively

* Corresponding author phone: +81 76 431 8218; fax: +8[ 76 431
8208; e-mail: AKIFUMI_ODA @toyama-chemical.co.jp.

t Toyama Chemical Co., Ltd.

¥ Kitasato University.

10.1021/¢i050283k CCC: $33.50

simple atomic interaction-pair potentials. Force-field-based
scoring functions are derived from molecular mechanics
force-fields and are tepresented by physicochemical-interac-
tion terms, such as van der Waals potentials and Coulombic
interactions. These scoring tunctions 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 utilized 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 of 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 sysiems,
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 consensus score was proposed for model
selection in computational docking and virtual screening

© 2006 American Chemical Society
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COMPARISON OF CONSENSUS SCORING STRATEGHHS

Table 1. Consensus Scores

consensus scoring method according to ref 197

threshold rank-by-number rank-by-rank
number-by number-by-number number-by-rank
rank-by rank-by-number rank-by-rank

percent-by petcent-by-number percent-by-rank
“Note that the names of the consensus scoring stralegics in the
current study differ from those 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 cqual 10 Xmesnaiy are selecled; in the second, the
models are ranked according to the consensus scores and
the top Vireshow models are selected; in the third, the top
Zureshole PETCENL 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-based 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 to the rank-by-number con-
sensus score with the number-by criterion) were considered
to be too long, we chose to describe this type of consensus
scoring strategy as number-by-number. In the same 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 score are shown in Table 1. In this study,
autoscaled scores are used for the by-number strategies.
Optimizations of the thresholds, xy Viweshotds 80 Zpreshol
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 mode] 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 t0p Znregold
percent win one vote™, and the rule that “models whose
scores arc less than, or equal (0, Xyreshors Win one vote” was
used in CScore.?! In addition to these criteria, the idea that

Mode!  Ascorc Bscore C score
1 0,525 0.564 0.671
2 0.434 0.000 0.911
. vote
3 0.000 0.232  0.000
Kibgentotd = 0.5
4 1.000 1.000 1.000
5 0.566 0.777 0.620

6 0.303 0412 0.405
Figure 3. Vote-by sirategies.
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the “top Ymweshos 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 [or these three approaches: the
majority-vote-based consensus scoring strategy that awarded
votes Lo “models whose scores are within the top Ziregon
percent” was referred to as vote-by-percent, the strategy that
awarded votes to “models whose scores are less than, or
equal to, Xuesmol” Was referred 1o as vote-by-number, and
the consensus scoring strategy in which the “top ywresow
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 (he 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 two
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
Zinreshold PEYCEnt obtaing one vote for one scoring function
(the Zuveshort 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 Wipesog Will
eventually be selected (the Wiyeshoia 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 Seoves. 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 Xynesw values
were oplitnized 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 Xineshld
for all 220 protein—ligand systems without exceptions.
Similarly, the Yireshor a0d Zinresnal 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 best score from all of the reasonable
models was identified, and its score value, rank, and
percentage were investigated. These values were obtained
for all 220 protein—ligand systems, and the highest values

Number of votes Elected or excluded

0 excluded
2 clected
selection
elected
Wby eahutd ™ 2
0 excluded
0 excluded
3 elected
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Model RMSD  Score

A 3442 0100 Kthrentotg — 8.300

B 5260 0.200 -
vl Vitgenhut = 3

> 19582 3

€. 1952 0300 Zihpedatt = 6%

D 085  0.400

C 6.435 0,500
Figure 4, Thresholds. The solution with a RMSD < 2.0 A was
selected as a focus, and its score value (xpshow), rank order
{Vtreshort)> @nd top % (Ziuesnon) Were adopled as the thresholds.

among the 220 scores, ranks, and petcentages were set as
the Xihreshotds Yihreshotds aDd Z 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 oOnly Xieestotds Yivresholds Zthreshold DUE 2lso
Winreshold Ned o0 be optimized for majority-vote-based strate-
gies. When the thresholds for voting standavds (Xhresyotss
Finresholds OF Zincesmota) Were defined, each model obtained a
certain humber of votes by vote-by strategies. For example,

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

wins one vote, and model 3 wins five votes and only models
1 and 2 are “reasonable models”, is considered. For this
situation, the appropriate wiesna is three, because when the
Wieshold 18 greater than three, no reasonable models are
selected. When weshotg is less than three, it is possible o
select reasonable models, but a higher threshold is more
appropriate. In this way, an appropriate wiyesholg Was inves-
tigated for each vote-by strategy and each Xinresnoids Vibresholds
and Zyesnore. 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 nrcmu'm/ z Ay (3)

220 systems 220 systems

Peampress =

Here, prompress is the compression ralio, fiemain is the number
of remaining models using the threshold, and ny 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 afl 220 systems without exception, the
compression ratio was generally relatively large (that is, not
well-compressed). Therefore, the numbers 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—}igand systems. For this investigation, not only the
compression ratio but also the ratio of accurate modeling
(that is, the ratio of accurately modeled systems to the total
number of systems) was evaluated using the following
formula:

Paccurate = nuccum(c/ Bt (4)

Here, pacarae is the ratio of accurate modeling, Muccurue 15 the
number of protein—ligand systems in which reasonable
models can be obtained using the predefined threshold, and
ng is the total number of systems (in this study, ny = 220

ODA ET AL,

for the complete test sct, g = 57 for those complexes with
high-affinity ligands only, and ny = 122 for groups including
complexes with n 2 250). The tradeoff between accuracy
and efficiency was investigated using the peompress and Paccurate
values for each consensus score.

In the current study, the combinations of scoring functions
with the best pueeurae and Pranpress values were investigated
{or euch strategy and threshold. However, the computational
cost of evaluating all 511 combinations would have been
extremely high. Therefore, from 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 he 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
prolein—ligand complexes were also calculated in order to
consider the wider applications of the consensus scoting
strategies. As the experimental structures were regarded as
the “correct” answers, 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 difterent protein—ligand
complex systems. The models that were calculated by FlexX
were used as parent populations for the consensus scoring.
The experimental structure was added to # models obtained
by FlexX, so the parent population for the consensus scoring
included n + 1 models.

The ranks and percentages of models might be biased by
differences of the numbers of model candidates between test
complexes. For example, although we considered that the
“top threc models of six candidates” means the same as the
“top three models of 500 candidates™ in rank-by strategies,
the latter 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 systems. 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 Canseasus Score

(a) Number-by, Rank-by. and Percent-by Strategics

threshold Peompress. Of best combination
namber-by-number  Ygamon = 0.452 0.399
number-by-rank Xiiestorg = 151 (.519
rank-by-number Yureshote = 151 0.519
rank-by-rank Vibrasond = 181 0.519
percent-by-pumber  Zipeawon = 62.0% 0.617
percent-by-rank Ayeshots = 62.4% 0.623

(b) Vote-by Strategies

threshold for number of
voles (Waeshau)/Nuiuber

threshold for  of functions included  peqmpross OF best

yote or not in best combination combination
vole-by-number Ay = 0.5 S votes/7 voters - 0.37)
vote-by-rank  Yuweawnn = 150 2 votes/3 voters 0.510
vote-by-percent  simpshon = 70% 3 votes/3 volers 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)
werte examined. The compression ratios that weve produced
using these thresholds were also investigated, that is, the
compression ratios under the condition puumee = 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 Xyyeshora 0f 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 systems by selecling the models with number-by-
number consensus scotes that were less than, or equal to,
0.452 (Table 2a). Using this strategy and threshold value,
the number of model candidates to be explored was expected
to be 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 beést compression ratio for
selecting suitable models for all 220 systems (Table 2a). 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 xpeeshotd = 0.5 (Table
2h). When one model received more than, or equal to, five
votes from the seven voters, it was selected because Wyyreshon
= 5. Although the vote-by-percent strategy has been
discussed for use in virtual screening trials in some previous
reports,' "™ our result suggests that a vote-by-number
strategy, 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 S2a
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and g, for number-by-number and vote-by-number strategies,
which had compression ratios that were superior to those of
the other approaches, FlexX score, PLP, and ScreenScore
were included in many of the top 10 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 52a
and g (Supporting Infornation). These force-field-based
scoring functions are based on a different concept from that
used to develop the empirical and knowledge-based scoring
functions, and they seem to 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 reasonable madels were selected
for all protein—ligand test sets without exception (that is,
Peceurate = 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 medels are difficult 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 paeurae a0d 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 ate described, and the
tradeoft’ between the pucurare 40d Peompress 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 (pcue) for the number-by, rank-
by, and percent-by strategies using several threshold values.
In this section, the combination with the best paurae 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 Supportting Information together with the pucunge
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Figure 5. Compression ratios veisus the ratios of accurale modeling
when several threshold values were used.

and prompress, 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 1o one another
(Figures Sic and d). This indicates that, for these strategies,
the results do not depend on whether by-number or by-rank
approaches are uscd when the same thresholds are adopted.

Although Figure S1 (Supporting Information) illustrates
the dependency of the paeune values on thresholds. the
tradeoff between the Pacuae 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 puccurne a0d Prumpress values presented in Table
$3 (Supporting Information). Figurc S shows that the pumpress
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 pycurae. 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 pucyme = 1.0 (in which
the number-by-number strategy was more appropriate).
Therefore, different strategies should be adopted for different
purposes, for example, “puenre = 1.0 is indispensable” or
-2 good balance between puccurme and Poampress 15 desired”,

For the number-by-number and rank-by-number strategies,
the top 10 combinations of scoring functions in terms of
Pasurae are shown in Table 3. The Xucesion 4nd Yot values
were as small as possible while maintaining pyeyrge 2 0.9
for the best combinations (the top 10 combinations for the
other strategies are shown in Table S4 in the Supporting
Information). Table 3 demonsirates that while all of the top
10 combinations (excluding the number 1 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 accurate 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
Wireshort = 1 for rank-by strategies. In Figure 6. the poccne
values of rank-by-rank and rank-by-number with Yoy =
1 are ilustrated. The results of independent scoring by nine
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‘Table 3. Combinations of Scores That Gave the Top 10 Ratios of
Accurate Modeling When Xisestog 80 Fihrestiors Were Smali
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Figure 6. Ratios of accurate modcling for rank-by-number, rank-
by-rank, and nine independent scoring functions when Yigramon =
| 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 five CScore functions, that is, FlexX score, GOLD score,
PMF score, DOCK score, and ChemScore, are illustrated.
As shown in this figure, pucere is around 0,75 for two types
of rank-by strategies, and they were supetior to all nine
independent scoring lunctions. The pucuwe Values of the best
combinations of two rank-by strategies were similar to une
another, and this result was consistent with those of ynsnns
> 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 rank-by-rank, pucme
values obtained by not only best combination and the
combination including all nine functions but also the
combination including five CScore functions were hetter than
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Figure 7. Results obtained using all nine functions depending on the thresholds.

those of all independent scoring functions. These results
suggest that rank-by-rank is rmore robust in terms of
combination of scoring {unctions than rank-by-number when
Ytheeshold = 1.

3.3. Easy-to-Use Consensus Scores without Exploring
the Combinations of Scoring Functions. For practical
applications of consensus scores, exploring the hest 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 functious 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 peompress values of the nine consensus
scoring strategies under the condition pucyrse = 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, are appropriate for model
selection of all systems without exception. Furthermore, for
these two strategies, the peompress values calculated by both
the combinations including all nine functions and five CScore
functions were not much worse than those of the best
combination. It suggests thal these sirategies also have
advantages in terms of robustness of the combination of
scoring tunctions,

The pyceurne 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
Paccurate Values of the rank-by and percent-by strategies using
all nine functions or the five CScore [unctions 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 puecurne 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
Puceurare values than the rank-by-rank strategy using all nine
tunctions and the five CScore functions when Yoy Was
between 5 and 20. These results were different from those
of Yiweshtd = 1, mentioned in Section 3.2, in which rank-
by-rank was more robust than rank-by-number in terms of
combinations of scoring functions.

In addition to the number-by, rank-by, and percent-by
consensus scoring strategies, the dependencies of the Py
and Pegmpress values on the wiyesnow (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 pucunne ad Pepinpress
values.,

Figure 7 compares the balances between the puccyrare 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 (Xmresholas
Yanreshowts a0 Zinesmon) are desirable. For each of the thresholds
for the voting standard, the threshold values for the number
of voles (Wyremara) Were set 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



