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higher receptor binding affinity.13® Several methods for
cyclization are known, and we selected the disulfide
method, which forms a side chain—side chain disulfide
bridge between the N- and the C-terminal Cys residues.

Here, we report the rational design and synthesis of
cyclic disulfide decapeptides and their inhibitory activi-
ties as evaluated by an AP-1 binding assay. Ac-c{Cys-
Gly-Gln-Leu-Asp-Leu-Ala-Asp-G]y-Cys] -NH; (peptide 2)
exhibited the most potent inhibitory activity (ICso =8
#M) among these peptides. Furthermore, we built a
pharmacophore model based on the chemical and struc-
tural features of peptide 2 obtained from an alanine
scan and structural studies using a combination of NMR
and molecular dynamics (MD) simulations of peptide
2.

Methods

Molecular Modeling and de Novo Design. The
crystallographic coordinates of the bZIP domains of
AP-1 were obtained from the Brookhaven Protein Data
Bank, entry 1FOS,” followed by the addition of hydrogen
atoms to the bZIP domains with standard geometry. All
molecular modeling and docking studies were performed
using the SYBYL software package version 6.4% run-
ning on a Silicon Graphics Power Indigo2 workstation.
All of the peptides used in this study were built using
the Biopolymer module. The designed peptides were
N-terminal-acetylated and C-terminal-amidated. Ioniz-
able residues in the bZIP domains and designed pep-
tides were assumed to be charged under physiological
conditions. Docking was performed with the manual
docking module DOCK. Our design was based on the
AP-1 DNA binding site topology from the X-ray crystal
structure of the AP-1-DNA complex. In the complex,
Asnl47 and Argl55 of ¢-Fos and Asn271 of c-Jun
interact with the bases of the AP-1 binding site by
hydrogen bonds, whereas the S-carbons of Alals0,
Ala151 and Serl54 of c-Fos and Ala274, Ala275 and
Ser278 of c-Jun come in contact with the 5-methyl
groups of thymine bases of the AP-1 binding site by
hydrophobic interactions.” The residues involved in
these interactions are essential for the high-affinity
binding of AP-1 to DNA.21"2% On the basis of these
interactions between the bZIP domains and the DNA,
the candidate peptides were manually docked in the
binding site. In particular, geveral spatial orientations
and conformations of peptides were evaluated in the
binding site of the bZIP domains.

Minimization of each complex obtained by docking
was performed to reach a final convergence of 0.001 keal
mol~! A~ by the Powell method in the MAXIMIN2
module of SYBYL. The Tripos force field®” was used for
the energy minimizations, and a dielectric constant of
78.3 was employed. Partial atomic charges were calcu-
lated by the method of Gasteiger and Hiickel, 282* The
intermolecular energy of the peptide—binding site in-
teraction was used to evaluate the quality of the docking
experiment.

MD Simulations. The MD calculations were per-
formed with AMBER version 4.1.2° The structure of the
bZIP—peptide 1 (Ac-c[Cys-Gly-Gln-Leu-Asp-Leu-Ala-
Leu-Gly-Cys]-NHj) complex obtained by docking was
covered with an 18 A shell of 9163 water molecules. The
TIP3P model was used as the water model.¥ The
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resulting structure of the complex was optimized using
energy minimization until the root-mean-square (RMS)
value of the potential gradient was <0.05 kcal mol™?
A-1. MD simulation was then performed for 100 ps at
310 K with a dielectric constant of 1.0. Next, the initial
structure of the bZIP—peptide 2 complex was con-
structed by the replacement of Leu in position 8 of
peptide 1 with Asp while maintsaining the original side
chain orientation in the bZIP—peptide 1 complex after
removing water molecules using the Biopolymer module
of SYBYL 6.4. The structure obtained was covered with
a 22 A shell of 12 810 water molecules. After energy
minimization of the structure, MD simulation was
carried out for a period of 400 ps. The model structure
obtained after MD simulation was minimized using the
conditions described above.

The SHAKE algorithm was employed to restrain the
bond lengths in order to remcve the high-frequency
motions.3¢ This allowed us to use a time step of 1 fs.
We used the dual nonbonded cutoff method with a
primary cutoff of 9 A and a secondary cutoff of 12 A.
The nonbonded pair list was updated every 20 time
steps in the MD calculations. All calculations were
carried out using a Silicon Graphics Power Indigo2
workstation.

Results and Discussion

De Novo Design. We designed candidate peptides
using a combination of aliphatic hydrophobic amino
acids such as Leu, Ile, and Val, acidic amino acids such
as Asp and Glu, and neutral pelar amino acids such as
Asn and Gln. bZIP domains lack a binding cavity, so
we chose a manual rather than an automated docking
procedure. First, we searched for a tripeptide to interact
with the residues, Asn147, Alal50, Ala151, Ser154, and
Arg155 in the basic region of «-Fos, which participate
in contacts with the bases of the AP-1 binding site of
DNA. We chose Ac-Asn-Leu-Asp-NH; to assume the
hydrogen-bending interaction between the Asn residue
and the Asn147 and between the Asp residue and the
Arg155 and the hydrophobic interaction between the
Leu residue and the residues, Ala150, Alal5l, and
Serl154, and then, we docked the tripeptide into the
binding site of the bZIP domains (Figure 1a). Next, we
elongated the tripeptide stepwise at the C terminus by
one residue increments to the hexapeptide Ac-Asn-Leu-
Asp-Leu-Ala-Leu-NH; to interact with the residues
Asn271, Ala274, Ala275, and Ser278 in the basic region
of c-Jun. Finally, we built the cyclic disulfide deca-
peptide Ac-c[Cys-Gly-Asn-Leu-Asp—Leu-Ala-Leu-Gly-
Cys]-NH; by addition of Cys-Gly residues at the N
terminus and Gly-Cys residues at the C terminus to the
hexapeptide and by cyclization of the resulting decapep-
tide. On the basis of the docking model of the cyclic
peptide, we designed several cyclic peptides by replace-
ment of a residue of the cyclic peptide by appropriate
residue to assume an interaction with the putative
binding site in the bZIP domains. By way of example,
Figure 1b shows the docking model of peptide 1,
obtained by replacement of Asn3 with Gln and energy
minimization, After evaluating the quality of the dock-
ing experiment by the interaction energy between the
designed peptide and the bZIP domains, decapeptides
with relatively large interaction energies were synthe-



New Cyelic Disuifide Decapeptides

(a)

(b}

Figure 1, Docking models of the designed peptides with the
binding site in the bZIP domains. (a) Ac-Asn-Leu-Asp-NHy,
pink; (b) peptide 1, green. Ribbon representation of the Fos
and Jun basic regions (c-Fos, cyan; ¢-Jun, magenta). Orange
residues, residues involved in AP-1-DNA interactions; red
broken lines, putative hydrogen bonds; yellow broken lines,
putative hydrophebic interactions.

sized using the standard solid phase methodology with
Fmoc chemistry and were evaluated using AP-1 binding
assays in which peptides competed for the binding of
digoxigenin (DIG)-1abeled oligonucleotides containing
the AP-1 binding site. Among these peptides, peptide 1
exhibited a weak inhibitory activity at 1 mM, whereas
the corresponding linear peptide Ac-Gln-Leu-Asp-Leu-
Ala-Leu-NH; exhibited no inhibitory activity at same
concentration. It was assumed that cyclization of the
flexible linear peptide converted it from an inactive to
an active conformation.

Next, we performed the MD simulation of the bZIP—
peptide 1 complex obtained by docking in order to relax
the structure. The resulting structure of the complex
from the MD simulation at 100 ps is shown in Figure
2. On the basis of the complex structure after 100 ps,
we designed several cyclic peptides to interact more
strongly with the putative binding site in the bZIP
domains. Replacement of Leu with Asp in position 8 of
peptide 1 resulted in Ac-¢[Cys-Gly-Gln-Leu-Asp-Leu-
Ala-Asp-Gly-Cys]-NH; (peptide 2}, which was found to
possess a more potent inhibitory activity (ICso = 8 uM).

‘We synthesized analogues of peptide 2 in which each
Gly was deleted to reduce the ring size and produce
more constrained cyclic decapeptides. However, each
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Figure 2. Snapshot taken frora MD gimulation of the bZIP—~

peptide 1 complex at 100 ps. The color coding is the same as

in Figure 1.

resulting cyclic nonapeptide (Table 1; peptides 3 and 4)
demonstrated a significant loss of inhibitory activity, It
was assumed that reduction of the ring size of the
peptide backbone altered the peptide from an active to
an inactive conformation,

Alanine Scan of Peptide 2. To evaluate the contri-
butions of each of the amino acid side chains, we
synthesized analogues of peptide 2 in which each
residue, except for Cys, was substituted with Ala (Table
1; peptides 5~-11). This strategy has recently been used
to identify the amino acid side chains participating in
ligand—receptor interactions while preserving the con-
figuration of the peptide backbone and maintaining a
similar conformation. % Substitutions of Leud, Asp5,
Leu6, and Asp8 by Ala resulted in a nearly complete
loss of inhibitory activities at 100 or 200 M. Substitu-
tien of GIn3 by Ala resulted in only weak inhibitory
activity. Substitution of the aspartic acid side chain in
position 5 showed the greatest effect. These results
indicate that side chaing of GIn3, Leud, Asp5, Leu6, and
Asp8 in peptide 2 contribute significantly to inhibitory
activity against the binding of AP-1 to DNA. Peptides
5 and 11, in which each Gly residue had been substi-
tuted by Ala, were devoid of inhibitory activities. It was
assumed that replacement of Gly by Ala, which is
expected to restrict the conformational freedom of the
peptide backbone at this point, changed the active
conformation of the peptide to an inactive form.

Modification of Peptide 2. Although an alanine
scan is usefil for identifying important side chains, such
analogues provide little information about the nature
of the interactions or indirect effects due to changes in
the peptide structure. To examine optimal side chains
and obtain a more potent inhibitor, we synthesized
analogues in which each side chain in peptide 2 was
substituted with a more subtle isosteric or isoelectronic
amino acid (Table 1; peptides 12—18).

Gln3 was substituted with Glu or Lys (peptides 12
and 18), resulting in complete loss of inhibitory activity
at 200 M. Substitution with Asn, causing contraction
of the carboxamide side chain (peptide 14), resulted in
a moderate loss of inhibitory activity (> 10-fold).

Substitution of Leu with the more hydrophobic amino
acid cyclchexylalanine {Cha) (peptidezs 15 and 18)
resulted in a nearly complete loss of inhibitory activity.
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Table 1. Analytical Data and Percentages of Inhibition at 100 M and ICso of Synthetic Peptides (2—18) ¢f the Form
Ac-c{Cys-A?-AM-A% AP-AS-AT.ASA?.Cys]-NH;

sequence MS HPLC # (min) @, inhibition
peptide AZ A At AP A% AT AR A% caled®  obsd® methodl method2 at1004M  ICs(uM)
2 Gly Gln Leu Asp Leu Ala Asp Gly 10334 1033.8 11.42 8.76 81 8
3 Gln Leu Asp Leu Ala Asp Gly 9744 9748¢ 11.06 9.47 -2 >100
4 Gly Gln Len Asp Leu Ala Asp 974.4¢  974.8¢ 11,12 9.72 *11 >100
5 Ala Gln Leu Asp Leu Ala Asp Gly 10474 1047.3 11.34 9.51 5 >10G
8 Gly Ala Len Asp Leu Ala Asp Gly 9764 976.8 12.26 11.10 29 >100
7 Gy Gn Ala Asp Leu Ala Asp Gly 9914 9913 8.00 3.44 1 >100
8 Gly Gln Leu Ala leu Ala Asp Gly 9894 989.9 10.86 8.86 -1 >200
9 Gly Gln Leu Asp Ala Ala Asp Gly 9914 981.9 7.33 3.44 7 >100
10 Gly Gln Llex Asp Lea Ala Ala Gly 9894 989.9 11.38 9.85 14 >100
i1 Gly Gln Leu Asp len Ala Asp Ala 10474 10475 11.65 10.12 15 >100
12 Gly Glu Leu Asp Leu Ala Asp Gly 10344 10344 1144 10.14 -2¢ >200
13 Gly Lys Len Asp Leu Ala Asp Gly 10334 10336 10.13 7.78 ~2e >200
14 Gly Asn Lenu Asp Leu Ala Asp Gly 10194 10198 10.55 8.34 42 >100
15 Gly Gln Cha Asp Leu Ala Asp Gly 10734 10734 13.40 14.44 -22 >100
18 Gly Gln Lex Asp Cha Ala Asp Gly 10734 10734 13.61 14,68 10 >100
17 Gly Gln ILeuw Asp Leu Gly Asp Gly 10194 10194 10.32 8.31 1t >200
18 Gly Gln Leu Asp Len Ala Asn Gly 10324 10328 10.93 7.72 64 52

® Theoretical molecular mass (M + H*, Da) except for 3 and 4. * Observed molecular mass (M + H*, Da) except for 3 and 4. ¢ (M — H*,
Da). 4 Retention time (see Experimental Section), ¢ Synthetic peptides were assayed at 100 uM except for 6, 12, 13, and 17 (at 200 xM).

At these positions, Leu would be suitable for the
interaction with AP-1. Substitution of Ala7 with Gly
(peptide 17) resulted in a complete loss of inhibitory
activity. The methyl side chain of Ala might participate
in the interaction with AP-1, or the replacement with
Gly might change the active conformation of the peptide
to an inactive form.

Asp8 wasg substituted with Asn (peptide 18}, resulting
in a moderate loss of inhibitory activity (6.5-fold), At
this position, the charge—charge interaction with AP-1
would be more favorable, Of the peptiides tested in this
study, peptide 2 emerged as that with the most potent
inhibitory activity against the binding of AP-1 to DNA,

Three-Dimensional Pharmacophore Modeling.
To obtain 3D structural information for the active
conformation of peptide 2, we carried out a MD simula-
tion of the bZIP—peptide 2 complex with explicit water
molecules and NMR measurements of peptide 2 in
water. The MD simulation was run for 400 ps until the
system was equilibrated. Six snapshots, extracted at 10
ps intervals from the last 50 ps MD simulation, were
similar to one another in ferms of RMS deviation for
all backbone N, C;, C, and O atoms (mean + SD = 1.85
4 0.48 A). Peptide 2 was stable during the last 50 ps of
the MD simulation, and the average RMS deviations
between each of the six snapshots for all backbone
atoms and all heavy atoms were 0.65 + 0.17 and 0.89
+0.13 4, respectively.

The binding model of peptide 2 at 400 ps is presented
in Figure 3, The leucine zipper region retained ap-
proximately 70% of the o-helical conformation at the
carboxyl terminal, whereas the basic regions underwent
a partial change to a random coil conformation, in
particular for the c-Jun domain, This is similar to
information obtained by CD and NMR about the solu-
tion structure of the AP-1 or GCN4 bZIP domains in
the absence of DNA.%? We speculate that the binding
mode of peptide 2 with the bZIP domains is different
from that of its binding to DNA.

The sequence-specific NMR assignment of peptide 2
was achieved according to the standard method estab-
lished by Wiithrich.*? Identification of amino acid spin
systems was based on DQF-COSY#® and TOQCSY3?

Figure 3. Binding model of peptide 2 (yellow) resulting from
MD simulation at 400 ps. Ribbon representation of the bZIP
domains (¢-Fos, cyan; c-Jun, magenta),

spectra and complemented with 1he results of NOESY4
experiments. Starting with the unique residue Ala7,
which could be easily identified on the basis of its spin
type, sequential connectivities were carried out by the
analysis of the CoHy)~NH;:41y (dan) and NHg~NH;+1)
nuclear Overhauser effects (NOE:s). Figure 4 shows the
CoH~NH fingerprint region of the NOESY spectrum
containing sequential dgy connectivities. The proton
chemical shifts of peptide 2 are summarized in Table
2.

For solution structure determination of peptide 2, 12
intraresidual, 37 sequential, 19 medium range (i - |
< 5, where { and j are residue numbers), and three long
range (Ji — jj =2 5) NOEs were detected and converted
to the distance constraints. On the basis of the 3J(H-
Co-Cs-H) coupling constants and the intensities of
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Table 2. H Chemical Shifts? (ppm) for Peptide 2 at § °C and pH 4.65

residue NH H, H, others
CH;* 2.02
Cysl 8.62 4.64 3.00 (82), 3.19{83)
Gly2 8.89 3.95
GIn3 8.37 4.26 1.98 (82), 2.11(83) C,2.33;C,6.92,7.66
Leud 8.33 4.28 157, 1.70 C, 1.67; C5 0.82, 0.88
AspS 814 4.54 2.68,2.84
Leué 8.17 4.29 1.58, 1.65 Cy157,C,0.82,0.88
Ala7 8.28 423 1.38
Asp8 821 4.58 269 (33, 2.77(82)
Gly9 8.34 3.87,4.02
Cys10 8.25 4.60 3.00 (82), 3.21 (83)
NHz* .27, 117
& Chemical shifts are relative to the water resonance located at 4.95 ppm. ? Peptide 2 has an acetylated N terminus and an amidated
C terminus.
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Figure 8. Superimposition of Gin3-Leu4-Asp5-Leu6-Ala7 of
‘-3" o5 e A a2 peptide 2 of the lowest energy conformer obtained by NMR

Figure 4. Sequential NOE connectivities for residues 1-10
of peptide 2 in the NOESY spectrum observed with a mixing
time of 500 ms at 5 *C, Intraresidue NH-C.H croess-peaks are
labeled with the residue number by standard single-letter
amino acid abbreviations.
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Figure 5. Stereoview of the superimposition of the 11
converged structures of the major cluster of peptide 2. These
are the results of the best fit of all backbone N, C,, C, and O

atoms.

intraresidual NOEs, we established the stereospecific
assignments of the prochiral f-methylene protons and
the range of the y; side chain dihedral angles for Cysl,
GIn3, Asp8, and Cys10. A total of 75 NMR constraints,
which consisted of 71 distance constraints and four
dihedral angle constraints, were used for the following
simulated annealing calculations.

A set of 200 individual structures was caleulated on
the basis of the NMR experimental constraints. These

(white) and MD simulation-derived structure at 400 ps (yel-
low). These are the resultas of the best fit of the backbone
atoms, Three-dimensional pharmacophaore mode] of AP-1 bind-
ing compounds: green, hydrophobic groups; blue, hydrogen
donor or acceptor group; and red, acidie group.

calculations provided 17 structures that had no distance
violations >0.2 A and no dihedral angle violations >5°,
The resulting conformations were grouped into three
clusters according to the pairwise RMS deviations
between 17 individual struetures. Figure 5 shows a
stereoview of the best-fit superimposition of the back-
bone atoms for the 11 individual converged structures
of the major cluster. The average pairwise RMS devia-
tion between the 11 structures was 1.18 & 0.54 A for
all backbone atoms.

Here, we hypothesized that the rigid part of the cyclic
peptide solution structure might be conserved in the
hiclogically active conformation. Superimposition stud-
ies showed that the MD simulation-derived structures
of peptide 2 in the complex were similar to the major
cluster of the NMR-determined solution structures of
peptide 2 in the backbones of the sequence GIn3-Leu4-
Asp5-Leu6-Ala7 (1.45 + 0.10 A). Among these residues,
the side chains of Glu3, Leu4, Asp5, and Leu6 have been
shown by the alanine scan experiment to be important
for inhibitory activity, as described above. Although it
is unknown whether Ala7 is involved in the hydrophobic
interaction with AP-1, we assumed that it contributes
to the observed inhibitery activity.

From these results, we built a 3D pharmacophore
model of AP-1 binding compounds, based on the chemi-
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cal and structural features of the amino acid side chaina
of residues 3—7 in peptide 2 (Figure 6). The pharma-
cophore consists of three hydrophobic groups, one
hydrogen bond aceeptor or donor, and one acidic group.
This 3D model will be useful in the process of molecular
design &nd the search of 3D databases to identify the
chemica) structures of potential novel AP-1 inhibitors.

Conclusions

In the absence of precise 3D structural information
about AP-1, a combination of the available experimental
data and molecular modeling methods~such as docking
and MD simulations—was used to design novel inhibi-
tors of AP-1. The computer-aided molecular design
strategies used in the present study produced novel
cyclic decapeptides that exhibited AP-1 inhibitory activ-
ity. Such peptides will prove useful as intermediates in
the search for nonpeptide and small molecule inhibitors.

This study proposes a 3D pharmacophore model of
AP-1 binding compounds, We aim to use our model to
discover small molecule inhibitors of AP-1 based on de
novo design or 3D database searches. Although this
model relies on many hypotheses and remains specula-
tive, the current successful development of nonpeptide
inhibitors lends credibility to the 3D pharmacaphore
model of AP-1 binding compounds.

Experimental Section

Abbreviations. Abbreviations of common amine acids and
representations of peptides are in accordance with the recom-
mendations of the ITPAC-TUB Joint Commission on Biochemi-
cal Nomenclature.** Additional abbreviations are used as
fellows: DMF, NN-dimethylformamide; DMSO, dimethy]
sulfoxide; Fmoc, 9-Quorenylmethoxycarbonyl; HPLC, high-
performance liquid chromatography; mequiv, milliequivalent;
tBu, tert-butyl; TFA, trifluoroacetic acid; Trt, triphenylmethy).

Materials and Methods. Rink Amide MBHA resin (0.55
mequiv/g) was cbtained from NovaBiochem {(Liufelfingen,
Switzerland). All of the protected amino acids (Fmoc and Fmoc
plus Trt or tBu) and the coupling reagents were purchased
from NovaBiochem. All purchased amino acids were of the
L-configuration. All reagents and solvents were reagent grade
or better and were used without further purification.

HPLC was performed with a Hitachi L-7100 apparatus
equipped with an L-7400 UV detector (peak detection at 230
nm) using an ODS-AP column (YMC-Pack, YMC Co., Kyoto,
Japan) of 250 mm x 20 mm for preparative or 150 mm x 4.6
mm for analytical HPLC, respectively. Liquid chromatogra-
phy—electrospray ionization mass spectrometry was performed
with a Finnigan 700 triple-sector quadrupole mass spectrom-
eter equipped with a Waters 626 LC gystem and a Finnigan
MAT electrospray ionization system (4.5 kV).

Peptide Synthesis. All peptides were synthesized manu-
ally using standard solid phase peptide chemistry** with Fmoc-
pretected amino acids*? on Rink Amide MBHA resin* at a 0.2
mmol scale. Couplings with Fmoc amino acids (3 equiv) were
perfurmed in the presence of 1-hydroxybenzotriazole and 1,3-
diisopropylcarbediimide (each 3 equiv) in DMF (5 mL) at room
temperature for 2 h, and then, the Fmoc protecting group was
removed by treatment with 20% piperidine in DMF (5 mL) at
room temperature for 20 min. After deprotection of the last
Fmoce group on Cys(Trt), the peptide resin was treated with
acetic anhydride and N, N-diisopropylethylamine (each 10
equiv) in 2 1:1 mixture of DMF and CH,Cl; (5 mL) at room
temperature for 30 min before filtration and washing with
DMF (x4) and CH2Cl: (x3) followed by drying in vacuo, The
terminal-N-acetyl product was treated with a mixture of
TFA-thioanisele—water (92.5:5.0:2.5) (20 mL) at rcom tem-
perature for 4 h to induce cleavage of the peptide from the
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resin and removal of the remaining (- and S-protecting groups.
The exhausted resin was filtered, the Sltrate was mixed with
ether (50 mL), and the precipitate was isolated by centrifuga-
tion.

A solution of the dithiol product in 10% DMSO in TFA (10
raL} wag stirred at room temperature for 20 h before concen-
tration to approximately 2 mL and the addition of ether {50
mL).#* The precipitate was collecied by centrifugation and
purified by preparative reverse phase HPLC eluted with a
linear gradient of acetonitrile in water containing 0.1% TFA
at a flow rate of 8.0 mL/min before lyophilization, The
homogeneity of the resulting peptides was tested by analytical
HPLC using two solvent systems: imethod 1, 30 min gradient
of 10—70% acetonitrile in 0.1% squecus TFA; method 2, 30
min gradient of 35~95% methanol in 0.1% aqueous TFA. The
purity of the peptides was determined by HPLC to be >95%.
A summary of the analytical results for each peptide described
in this paper is provided in Table 1.

Enzyme-Linked DNA-Protein Interaction Assay. The
inhibition constants of the synthetic peptides for DNA binding
activity of AP-1 were determined by an enzyme-linked DNA—
protein interaction sssay using synthetic double-stranded
cligonucleotides, which contain the AP-1 binding site (shown
in bold) and nuclear protein. The synthetic oligonucleotides
§-CTAGTGATGAGTCAGCCGGATC-3' and 5-GATCCGGC-
TGACTCATCACTAG-¥ (Bio-Synthesis, Lewisville, TX) were
labeled with DIG-ddUTP as described in the DIG oligonucleo-
tide 3"-end-labeling kit (Boehringer Mannheim, Mannheim,
Germany), After they were annealed, they were used as DIG-
labeled double-stranded oligonucleotides. Nuclear extract
proteins were prepared from phorbol myristate acetate-
stimulated Hel.a cells according to the protocol deseribed by
Dignam et al.* and were used after dialysis against reaction
buffer {20 mM N-(2-hydroxyethyl)piperazine-N"-2-ethane-
sulfonic acid-KOH (pH 7.9) containing 0.5 mM ethylenedi-
aminetetraacetic acid, 50 mM KCl, 0.6 mM dithicthreitol, 0.5
mM phenylmethylsulfonyl fluoride, and 10% (vfv) glyceroil.

Ninety-six well microplates (Corning Inc.,, Corning, NY)
were coated with nuclear extract (1 ug/mL; 100 uLiwell) at 4
°C overnight. After they were washed with phosphate-buffered
saline containing 0.05% Tween-{!0, DIG-labeled double-
stranded oligonucleotides (10 pM) in reaction buffer were
mixed with each sample dissolved in DMSO (99:1-98:2), and
100 4L of each mixture was added to the wells. After they were
incubated for 1 h at room temperature, the wella were washed
with reaction buffer containing 0.05% Tween-20. Horseradish
peroxidase-conjugated goat anti-DIC: antibody (0.04 units/mL,
Boehringer Mannheim) in binding buffer containing 0.1%
bovine serum albumin was added (100 zLAwell) and incubated
for 1 h at room temperature. ¢-Phenylenediamine (1 mg/mL)
in 100 mM Na;HPO,/200 mM citric acid buffer (pH 5.0)
containing 0.1% H:0: was added (100 uLéwell), and the color
reaction was allowed to develop for 20 min at room tem-
perature. After 50 4L of 1 M HySO, was added to each well to
stop the reaction, the optical density was measured with &
microplate reader (Bio-Rad model 450, Bio-Rad Laboratories,
Hercules, CA) at a wavelength of 492 nm. The ICs; values were
calculated by a logistic concentration—response curve using
the SAS System version 8.2 (SAS Institute Inc, Cary, NA).

NMR Measurements and Simulated Annealing Cal-
culations. Peptide 2 (4 mg) was dissolved in 0.5 mL of either
90% H20/10% D;0 er D,O containing 50 mM CD,CO0Na. The
sample sclution was adjusted to pH 4.65. All NMR spectra
were recorded on & Varian INOVAG00 spectrometer operating
at 800 MHz for a proton frequency at two temperatures: &
and 25 *C. For spectral assignment and extraction of structural
information, DQF-COSY,% TOCSY,*® NOESY,* ROESY,* and
E.COSY*® experiments were performed in the phase sensitive
mode.*? The DQF-COSY and E.COSY spectra were recorded
with 512 increments of 8K data points and 32 transients, The
TOCSY spectra were recorded with mixing times of 20 and 50
ms, The NOESY spectra were cbtained with mixing times of
100, 200, 300, and 500 ms at 5 °C. The ROESY spectrurn was
obtained with a mixing time of 500 ms at 5 and 25 °C. Five
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hundred twelve increments of 2K data points were recorded
with 32~96 transients for the TOCSY, NOESY, and ROESY
experiments, The sclvent resonance was suppressed by selec-
tive irradiation during a relaxation delay of 2.0 8. The %/(H-
Ca-Cs-H) measurement was carried out on an E.COSY spec-
trum recorded in D0, The chemical shifts were referenced
with respect to H;0, which in turn was calibrated using an
internal standard, 2,2-dimethyl-2-silapentane-5-sulfonata, in
& different sample. The chemical shift values of 4.95 and 4.75
ppm for the water signal were used at temperatures of 5 and
25 *C, respectively.

Interproton distance constraints were obtained from the
NOESY spectra. Spin-diffusion effects were inspected by
following the buildup of NOESY cross-peaks when mixing
times were increased from 100 to 500 ms. The distance
constraints were classified into four categories corresponding
t01.8-2.7, 1.8-3.5, 1.8-5.0, and 1.8-6.0 A. Pseudoatoms were
used for the prochiral methylene protons that had not been
assigned in a stereospecific way, the methy! groups of the Ala
and Leu residues and the C, proton of the Gly residues.®
Correction factors for the use of pseudoatoms were added to
the distance constraints, In addition, 0.5 A was added to the
distance constraints involving methyl protons. All calculations
were performed on a Silicon Graphics Octane workstation with
the X-PLOR program.® The dynamical sirnulated annezaling
protocols were used to calculate the 3D structures.
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Abstract

In a previous study, we constructed a three-dimensional (3D} structure of pentachloropbenol 4-monooxygenase (PcpB). In this study,

further analyses are performed to examine the important amino aci
mass spectromeiry, circular dichroism (CD} and UV spectrometry,

d residues in the catalytic reaction by identification of the proteins with
and determination of kinetic parameters. Recombinant histidine-tagged

PcpB protein was produced and shown to have a similar activity to the native protein. Mutent proteins of PcpB were then produced (F85A,
Y216A, Y216F, R235A, R235E, R235K, Y397A and Y397F) on the basis of the proposed 3D structure, The CD spectra of the proteins
showed that there were no major changes in the structures of the mutant proteins, wilh the exception of R235E. Steady-state kinetics showed
a 20-fold reduction in kK. and & ninefold increase in Ky for Y216F and n threefold reduction in ke/Ky, and a sixfold increase in X, for
Y39TF compared to the wild type. On the other hand, the value of keu/Ke, of R235K mutant was the same as that of wild type. As a result, it
was confirmed that Y216 and Y397 play an important role with respect to the recognition of the substrate.

© 2004 Elsevier B.V. All rights reserved,

Keywords: Pentachloropheno! 4-monooxygenase (PcpB), Homology Meling; Site-dirccted mutagenesis; Mass spectrometry; Circular dicheoism (CD)

spoctrometry; Steady-state kinetics

1. Introduction

Pentachlorophenol (PCP) is a polychlorinated aromatic
compound that has been used as a pesticide and herbicide
for many years, and its widespread use has caused contam-
ination of soil and groundwater [1]. In addition, paper pulp
mill bleach effluent contains large amounts of chlorinated
phenols, including PCP [2]. Consequently, PCP is listed as a
*Priority Pollutant’ by the Environmental Protection Agency
because of its toxicity and widespread distribution in the

* Supplementary data associzted with this article can be found, in the
online version, at doi:10.1016/j.bbapep.2004.04.008.

* Comesponding euthor. Tel: +81-45-503-9488; fax: +81.45-503-
9483,

E-mail addresses: makamu@postman.riken.go.jp (T. Nakomura),
tmotoyam@postman.riken.go,jp (T. Motoyama),
hironos@pharm.kitasato-w.ac.jp (S, Hirono),
yamaism@postman.riken.go.ip (1. ‘Yamaguchi).

! Tel: +81-45-503-9488; fax: +81-45-503-9489.

2 Tel: 4§1-3-3443-7780; fax: +81-3-3440-5246,

1570-9635/8 - see front matter © 2004 Elsevier B.Y. All rights reserved.
doi:10.1016/.bbapap.2004.04,008

environment [3]. Bioremediation of PCP contamination has
therefore become an important focus of research.

Pentachlorophenol 4-monooxygenase (PcpRB) has been
purified from the PCP-degrading bacterium Sphingobium
chlorophenolicum (formerly Sphingomonas chlorophenol-
ica) strain ATCC39723 [4-6]. This enzyme is a flavin
menooxygenase that converts PCP to tetrachlorobenzoqui-
none (TCBQ) in the presence of oxygen and & reduced form
of nicotinamide adenine dinucleotide phosphate (NADPH)
[7). Although the nucleotide sequence of the pcpB gene has
already been determined and recombinant protein produced
[8.9], its three-dimensional (3D) structure has not yet been
solved. In fact, little information is currently available
regarding the structure and catalytic mechanism of this
enzyme.

Computational chemistry and molecular modeling offer
effective tools to study the mechanisms of biodegradation
reactions at the molecular level [10~12], and can provide
guidelines for mutagenesis cxperiments, PepB was selected
firstly because it appears to catalyze the rate-limiting step in
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the biodegradation of PCP [3,13] and therefore the possi-
bility exists of producing an enzyme which can degrade
PCP more effectively. Secondly, PcpB is strikingly nonspe-
cific, unlike most flavin monooxygenases. The enzyme can
tumn over a varjety of substituted phenols and can replace
hydrogen, nitro, amino, and cyano groups, as well as
halogens, with a hydroxyl group [14]. Consequently, it
appears that PcpB could be altered to break down synthetic
organic pollutants such as polychlorinated biphenyls (PCBs)
and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) that natu-
ral microorganisms currently are unable to degrade.

In the previous study [15], we constructed the 3D
structure of PcpB by homology modeling, where the X-
ray crystal structures of phenol hydroxylase {16] and p-
hydroxybenzoate hydroxylase (PHBH) [17] were used as
templates (Fig. 1). However, experimental data for the
model, such as identification of the proteing with mass

spectrometry, biophysical characterization with CD and
UV spectrometry, and determaination of kinetic parameters,
were not shown sufficiently. In this article, we show the
results of these experimental data and examined the impor-
tant amino acid residues in the catalytic reaction,

2, Materials and methods
2.1. Bacterial strains, plasmids, and culture conditions

The vector pET-19b (Novagen, Madison, WI, USA),
which carries an N-terminal histidine tag sequence, fol-
lowed by an enterckinase site and three cloning sites, was
used for the cloning and expression of recombinant PcpB.
The vector pKFI8K (TaKalRa Shuzo, Kyoto, Japan) was
used for construction of PcpB mutants. Escherichia coli

f

£
Tyr 397 \O\
= OH

" Styr 16
HO ’(fj *

cl cl &
NH
§ '%4-0 I
R ‘ﬁ NH HN
0O Arg 235

Fig. 1. The 3D struchire of PcpB, constructed by molecular modeling [15). (a) Sterec view of the active site of Pep/3. Important residues, predicted from
inspection, are shown and distinguished with different colors: tyrosine, phenylalanine, and arginine are shown in pink, light green, and blue, respectively. PCP
and FAD are shown in orange and yellow CPK models, respectively. The red atom in FAD shows the Cda atom to which molecular oXygen is likely added, The
color of the ribbon corresponds to the secondary structure elements calculated by the Kabsch- Sander method [27). The: regions of red, yellow, and light blue
refer to a-helix, B.sheet, and random coil, respectively. (b) A schematic of the active site of PepB shown in (). The blue stoms in PCP are important for PcpB
recognition. See on-line version of figure for colour. (For interpretation of the references to colour in this fipzure legend, the reader is referred to the web version

of this article.)
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strain DHSa (Toyobo, Osaka, Japan) was cultured in Luria-
Bertani (LB) medium [18] and E. eoli strain BL21 (DE3),
pLysS (Novagen) was cultured in Terrific Broth (TB) [18] at
37 °C with vigorous shaking. Media were solidified with
1.5% Bacto egar (Difco Laboratories, Detroit, MI, USA)
and, where appropriate, supplemented with kanamycin or
carbenicillin at final concentrations of 200 and 50 pg/ml,
respectively. Restriction enzymes were purchased from
TaKaRa Shuzo, Primers for site-directed mutagenesis were
purchased from Sigma Genosys Japan (Hokkaido, Japan). |

2.2. Expression, purification, and determination of molec-
ular weight of recombinant enzymes

Cloning and generation of recombinant plasmids was
carried out using standard methods and as detailed previ-
ously [15,18]. Mutant constructs were prepared by Mutan®-
Express Kim kit (TaKaRa Shuzo). Following sequencing, the
correct mutant PcpB expression plasmids were transformed
into E, coli BL21 (DE3) pLysS strain for protein expression.
The cells containing expression vectors were grown in TB
medium in the presence of carbenicillin (200 pg/ml) at 37
°C until the optical density (ODsoo) of the medium reached
0.6. The expression of the desired protein was induced by
adding isopropyl p-o-thiogalactopyranoside and carbenicil-
lin to final concentrations of 100 and 500 puM, respectively.
The cells were incubated at 20 °C ovemnight, and all
purification steps were performed at 4 °C. Purification of
the proteins was achieved by affinity chromatography using
Ni-NTA agarose (Qiagen K. K., Tokyo, Japan). Details of
these procedurcs were reported previously [15].

DNASIS-Mac (v3.7, Hitachi Software, Engineering, Co,
Ltd, Tokyo, Japan) was used for the determination of
molecular weight of recombinant enzymes. The peptide
sequence predicted from the His-tag component gene, which
is MGHHHHHHHHHHSSGHIDDDDKH, was added to the
component of PepB. Considering removal of the N-terminal
fMet by methiony] aminopeptidase, the averaged molecular
weights of the recombinant enzymes were calculated with
and without the N-termina! methionine. The calculated
molecular weights are as follows: Native PcpB (without
His-tag), 59989.9, Wild type, 62756.6, F85A, 62680.5,
Y216F, Y397F, 62740.6, Y216A, Y397A, 626645,
R235A, 62671.5, R235K, 62728.6, and R235E, 62729.6.

2.3. Digestion of PcpB and its mutants by trypsin or lysyl
endopeptidase (LysC)

Trypsin (Sequencing Grade Modified Trypsin) and LysC
from Achromobacter lyticus M497-1 were purchased from
Promega (Madison, WI, USA) and Wako Pure Chemicals
(Osaka, Japan), respectively.

Fragmentation of PcpB or its mutants was performed
using proteases (trypsin and LysC) [19,20]. 23 pl of the
solution containing 120 pg of the protein in 100 mM
ammonium hydrogen carbonate (NH,HCO;) buifer (pH

8.0) was incubated with 50 pl of 10 mM DTT in 100 mM
NH,HCO; buffer at 50 °*C for 15 min. The solution was
then cooled to room temperature and 2 pl of 250 mM
iodoacetamide in 100 mM NHMHCO; was added to the
solution. The mixture was incubated in the dark at the room
temperature for 15 min, Digestion of the proteins by trypsin
was started with the addition of 5 pl of 100 ng/ul trypsin in
50 mM acetic acid. The proteins were digested at 37 °C
ovemnight. In the case of LysC digestion, Tris—HC! buffer
(pH 9.5) wes used instead of NH4HCO; buffer,

2.4. Mass spectrometric analysis of peptides

Monoisotopic mass values of all peptides were mea-
sured by a Biflex NI matrix-assisted laser desorption/
jonization (MALDI)-time-of-flight (TOF) mass spectrome-
ter (Bruker daltonics, Bremen, Germany) operated in the
reflector mode when the objective mass is less than 3000,
otherwise averaged mass values were measured in the
linear mode. Between 60 and 160 accumulations were
analyzed for each spectrum, and peptides were observed
as (M+H)" in the positive mode. Peptides produced by
digestion of PcpB or its mutants with LysC were desalted
and fractionated by ZipTip C18 (Millipore, Billerica, MA,
USA) as described below. A 100 pmol sample was
adsorbed in the ZipTip C18 at first. The tip was washed
with 2.5% acetonitrile/0.1% trifluoroacetic acid (TFA) in
water (HPLC grade, Kanto Kagaku, Tokyo, Japan) for
dejonization, and then the peptides were eluted utilizing
from 10% to 80% acetonitrile and 0.1% TFA and fraction-
ated using 10% acetonitrite. Peptide solution (0.5 pl) was
co-crystallized with equal volumes of a saturated e-cyano-
4-hydroxycinnamic acid matrix in 50% acetonitrile/0.1%
TFA. All MALDI spectra were calibrated externally vsing a
peptide standard.

2.5. Sequence analysis of the peptides by liguid chroma-
tography/electrospray ionization ion trap mass spectrome-
try (LC/ESI-MS/MS)

LC/ESI-MS/MS analysis was performed using LCQ-
DECA XP ion trap mass spectrometer (Thermo Finnigan,
San Jose, CA, USA) and QSTAR quadrupole orthogonal
acceleration TOF mass spectrometer (AB/MDS Sciex,
Toronto, Ontario, Canada). QSTAR was used for R235K
and R235E due to their extremely close sizes (only 1-Da
difference between them). The analysis of the other
enzymes was performed by LCQ. The LC/ESI-MS/MS
data acquisition program was set up to collect ions signal
from the eluted peptides using an automatic data-depen-
dent scan procedure with a cyclic series of two different
scan modes (full scan and MS/MS scan). First, the
minimum MS signal (>1-5 X 10° counts) in & full scan
(m/z 400~2000) was selected as the precursor ion, or a list
of parent ions was selected and then an MS/MS scan was
performed to confirm the sequence of the precursor ion
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using collision-induced dissociation (CID) with a relative
collision energy of 35%. MASCOT (Matrix Science Inc.,
London, UK) was used for sequence analysis of the
peptides. The LCMS analysis was conducted using a
MAGIC 2002 HPLC system (Michrom Bicresources Inc.,
Aubum, CA, USA) coupled to the LCQ, with 2 capiilary
Cadenza Cl18 custom-packed column (50 X 0.2-mm id,
Michrom), in which Cadenza CD-Ci8 resin (Imtakt Cor-
poration, Kyoto, Japan) was packed, at a flow rate of 1 pV/
min. The enzymatically digested peptides were scparated
using mobile phase A and B with a linear gradient of 5%
to 75% over 50 min (F85A, Y216A, R235A, and Y397F),
5% 10 65% over 20 min (R235K and R235E), or 15% to
85% over 35 min (Y216F). Mobile phases A and B were
2% acetonitile and 0.1% formic acid in water and 90%
acetonitrile and 0.1% formic acid in water, respectively.

2.6, Circular dichroism (CD) spectra measurement

The CD specira of the wild-type PcpB and its mutants in
their substrate-free state were measured using a Jasco J-720
spectropolarimeter (fasco, Tokye, Japan) at 25 °C using
quartz ¢cells (Tosoh Quartz Corp., Yamagata, Japan) with a
pathlength of 0.2 cm. Low noise CD spectra were measured
by averaging 10 scans and the final spectra were corrected
by subtracting the cotresponding baseline of buffer (80 mM
potassium phosphate buffer (pH 7.0)). The enzymes were
dissolved at a concentration of 3.6 mM (200 pg, the mean
residue molar concentration) in a 500-p) solution contain-
ing 80 mM potassium phosphate buffer (pH 7.0). CD data
were transformed into molar ellipticity [0] in the units of
degree cm%/dm of mean residue molar concentration. The
mean residue molecular weight of the enzymes was calcu-
lated as 112,

2.7. UV-visible spectra measurement

The UV-visible spectra of the wild-type PcpB and its
mutants in their substrate-free state were measured using a
UV-2500 UV/VIS spectrophotometer (Shimadzu, Kyoto,
Japan) at 25 °C. The final spectra were comected by
subtracting the corresponding baseline of buffer (80 mM
potassium phosphate buffer (pH 7.0)). The enzymes were
dissolved at a concentration of 6.4 uM (400 pg) in a 500-
ul solution containing 80 mM potassium phosphate buffer
(pH 7.0).

2.8, Determination of steady-state kinetic parameters

The activities of wild-typc PcpB and its mutants were
assayed by measuring the production of tetrachlorohydro-
quinone (TCHQ), as previously reported [5,15). One milli-
liter of enzyme solution was made from wild-type PepB or
its mutants, and stabilized with 25% glycerol (v/v), and 10
mg/ml BSA (Fraction V, crystalline, Calbiochem-Novabio-
chem Co., La Jolla, CA, USA). The concentration of the

enzymes was as follows: Wild type, Y397F, and R235K, 2
pM, and Y216F, 8 pM. The assay system contained 80 mM
potassium phosphate (KPi) buffer (pH 7.0), 100 uM
NADPH, and 5 pl of enzyme solution in a volume of 100
pl. The final concentration of the enzymes was as follows:
Wild type, Y397F, and R?35K, 0.1 pM, and Y216F, 0.4
pM, The PCP degradation reaction was carried out for 90 s
in the case of wild-type, for 60 s in the case of R235K, and
120 s in the case of Y216F and Y397F, at 2 constant
temperature of 25 °C to determine the initial velocities.
The extent of reaction by these enzymes was less than 10%
under these conditions. The values of X, and V., for PCP
were determined with a variable concentration of PCP, from
0.4 to 20 uM. After the reaction, the solutions were acidified
with 2 mol/l HCl, extracted with ethyl acetate, acetylated
with pyridine and acetic anhydride, and analyzed by GC-
MS as reported previously [15), Experiments were repeated
three times,

Initial velocities were fited to Eq. (1) where v is the
observed initial velocity of the reaction, ¥, is maximum
velocity, § is the substrate concentration, and K, is the
Michaelis constant. The curve fitting was camried out by
using Delta Graph (ver 4.5, SPSS Inc., Chicago, IL, USA).

v = Vo S/ (Km+5) (0
2.9. Chemicals

PCP, pentachlorothioanisole (PCTA), external standard
for GC-MS analysis, and ethyl acetate were purchased from
Wako. These chemicals wee of residual pesticide analysis
grade, and the purities of PCP and PCTA were more than
99%. All other chemicals were of analytical grade and of the
highest purity available.

3. Results

3.1. Comparison of enzyme activity of the recombinant
wild-type PcpB with that of the previously reported native
PepB

Enzyme activity of the recombinant wild-type PcpB in
this study was compared to that of PcpB from S. chior-
ophenolicum ATCC39723 [5] to show that the enzyme was
catalytically competent [9]. In the previous report [5], native
PcpB converted PCP to TCHQ completely, Recombinant
PcpB, which has a histidine tag at the N-terminal, converted
72+4.9% and 89 £26% of PCP in the absence znd
presence of 10 mg/ml of BSA, respectively. The reaction
was confirmed to be enzymatic and NADPH-dependent
(supporting information Fig. S1). As a result, it was found
that the recombinant protein has qualitatively same activity
as wild-type enzyme in the presence of BSA and that the N-
terminal histidine tag did not affect recombinant-enzyme
activity,
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Table |
ESI-MS analysis of trypsin-digested PcpB mutants
Enzyme Sequence® Calculated mass  Measured mass  Expected mass®  AM (Du)
Wild type  SNGFTFNFENTDAKFLLDFSVLPGR 2787.08 930.10 (34) 2781.27 0.19
F85A SNGATFNFENTDAKPLLDFSVLPGR 271098 1356.48 (1+) 271095 -0.03
Wild type  ECLGIAYEGEDYEENVLQMMDVGIQDFEAGDDWIHYFIGQDK 494436 1648.86 (3+) 4943.54 -0.82
Y216A ECLGIAYEGEDYEENVLQMMDVGIQDFEAGDDWIHAFIGQDK ~ 4852.26 1618.59 (3+) 4852.73 0.47
Y216F ECLGIAYEGEDYEENVLQMMDVGIQDFEAGDDWIHFFIGQDK ~ 4928.36 1643.81 3+4) 4918.35 0.03
Wild iype  FVFVTK 739.91 740.67 739.66 -0.25
R235A LPGSNYAVIISDLGGANK 1789.02 895.52 (24) 1789.03 0.01
R23SK LPGSNYK 777.40 778.40 77739 =001
R235E LPGSNYEVIISDLGGANK 1845.95 923.90 (2+) 1845.7% -0.16
Wild type VSGMSYNYR 1076.19 53916 (24) 1076.30 0.1l
Y397F VSGMSYNFR 1060.19 531.10 (2+) 1060.1% 0.00

* The sequences mutated in the experiment are shown in boldface.
* The expected mass was calculated based on the measured mass.

3.2, Hentification of wild-type PcpB and its mutants by
mass spectrometry

From inspection of the active site residues in PcpB, seven
residues seemed to be in direct contact with either the
substrate molecule or with each other, as shown in Fig. 1.
Y216 and Y397 were selected because of the potential of
these tyrosines to make hydrogen bonds between the enzyme
and the hydroxyl group of the substrate. The positively
charged guanidinium group of R235 seemed to stabilize
the chloride ion released from PCP during the enzymatic
reaction. F225 possibly made a w— interaction with PCP.
The pheny! ring edge of F87 seemed to interact with the ™
face of Y397. Finally, F85 and F223 seemed to be jnvolved
in the recognition of the ortho chloride of PCP, and was
therefore selected, because PepB could convert the substrate
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for both dichlorinated and trichlorinated phenols as long as
one of the ortho positions was chlorinated [14). Alarine
mutants of these seven residues were constructed to observe
the effect of the residue substitution. Y216F and Y397F were
constructed to examine the importance of hydroxy group of
tyrosine. R235E and R235K were constructed to observe the
effect of the arginine positive charge. In the previous report,
F223A, F225A, R235K, and Y397F had greater activity than
wild type and the others had no (F87A, Y2164, R235A,
R235E, Y397A) or weaker (FBSA and Y216F) activity than
wild type [15}, It was therefore not deemed necessary to
derive further analysis of F223A and F225A in the light of
previous data showing that they were not important for
catalytic reaction, FB7A was not also analyzed in this study
because it does not seem to be correlated with catalytic
reaction directly, although it may be important for stabiliza-

Fig. 2. Far-UV circular dichroism (CD) specira of recombinant wild-type PcpB and its mutants. Low noise CD spectra were measured by averaging 10 scans
and the final spectra were comected by subtracting the eomresponding baseline of buffer {80 mM potassium phosphate buffer (pH 7.03). The enzymes were
dissolved at & concentration of 3.6 mM (200 pg, the mean residue molar concentration) in a solution (500 i) tontaining 80 mM potassium phosphate buffer
{pH 7.0} and measured at 25 *C. CD data were tronsformed into molar ellipticity (7] in the units of degree cm>/dm of mean residue molar concentration. The
mesan residue molecular weight was estimated as 120, (2) CD spectra of Wild type (W), F83A, Y216F, and Y397F. (b) CD specira of Wild type (W1}, R235A,

R235E, and R235K.



L]
156

tion of the enzyme structure. As a result, eight mutants
(F85A, Y216A, Y2I6F, R235A, R235E, R235K, Y3974,
and Y397F) were selected for further analysis.

To examine whether the recombinant wild-type PcpB and
its mutants were expressed correctly, we analyzed the
purified proteins by MALDI-TOF mass spectrometry and
LC/ESI MS/MS. The purified proteins were digested with
trypsin or LysC and the resultant peptides were analyzed. Of
the whole digested fragments with LysC, 88~96% could be
identified and the mutated sites were included in them by
MALDI-TOF mass spectrometry {Supporting information
Tables S1 and §2.

Sequence coverage of PepB digested with trypsin by LC/
ESI-MS/MS analysis was 72%. The mass of all peptides

T Nakamura et al, / Biochimica et Biophysica Acia 1760 (2004) 151-159

containing the mutated sites could be identified as shown in
Table 1 and, morcover, almost all kinds of peptides of the
mutants (Y2164, Y216F, R235A, R235K, R235E, and
Y397F) could also be identified by sequence analysis
(Supporting information Figs. $2—87). Therefore, we con-
firmed that wild-type and all mutants of PcpB except
Y397A are expressed correctly and contained in the purified
fraction.

3.3. CD spectra of PcpB and its mutants
To examine whether the conformational change of the

proteins is responsible for the difference among relative
activities of PcpB and its mutants, CD spectra in the
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Fig. 3, Absorption spectra of recombinant wild-type PcpB and associated mutants. The final spectra were corrected by subtracting the comresponding bascline of
buffcf_(ﬂ(! mM potassium phosphate buffer (pH 7.0)), The enzymes were dissolved st & concentration of 6.4 M (400 pg}in a solution (1 ml) containing 8¢ mM
potassium phosphate buffer (pH 7.0}, Spectra were measured at 25 °C. (8) Absorption specrra of Wild type (W), F85A, Y216A, Y216F, and Y397F. )

Absorption spectrs of Wild type (W), R235A, R235E, and R235K,
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substrate-free state were obtained. The specira were classi-
fied by the amino acid residues such as phenylalanine and
tyrosine (Fig. 2a), and arginine (Fig. 2b), respectively.
Apparent changes in the CD spectrum {210—230 nm) were
only observed in the case of R235E. This result shows that
with the exception of R235E, there were no major changes
in the CD spectra between wild type and mutants {including
Y216A, of which the spectrum was shown in Fig. $8a
(supporting information)). The near UV-CD spectrum
(250-300 nm) of Y397A was quite different from that of
wild type (Fig. S8b (supporting information)), however, no
definitive conclusions can be drawn due to the problems
involved in obtaining an accurate mass for Y397A.

3.4. Absorption spectra of PcpB and its mutants

To investigate whether FAD, the co-factor of PcpB, is
correctly positioned in the protein, absorption spectra of the
proteins were measured. The spectra were classified same as
shown in Fig. 2. The typical absorption spectra of PcpB
derived from FAD at 446 and 370 nm [5] were not seen in
the case of inactive PcpB mutants such as R235E (Fig. 3b)
and Y397A (Fig. 8¢ (supporting information)). Mutants,
which show a weaker absorption spectra derived from FAD,
had no (R235A, Fig. 3b) or weaker activity than wild-type
(F85A, Fig. 3a). On the other hand, the absorption spectra of
Y216A and Y216F, which have no or weaker activity than
wild type, as well as R235K and Y397F, which have
stronger activity than wild type, were similar to that of the
wild type. These results suggest that the strength of absorp-
tion spectra derived from FAD comesponds well to the
activity of the mutants except Y216 mutants.

3.5, Steady-state kinetic parameters

Steady-state kinetic parameters for the PcpB-catalyzed
oxidation of PCP are listed in Table 2 for the wild-type and
mutant PepB enzymes analyzed by GC-MS. Enzyme activ-
ity assays were also performed spectrophotometrically, in a
similar manner to that reported for PHBH, a homologue of
PepB [21]. However, we were unable to obtain the correct
plot of the initial velocity versus the substrate concentration.

Constants could not be derived for R235E and Y397A
due to the inactivity of the protcins, even if the reaction time

Table 2
Steady-state kinetic parameters for PepB and mutants with substrate PCP at
pH 7.0 and 25 °C*

Enzyme kg % 10° kol K % 10° Ky (aM)
(G @M~ 's™")

Wild type 93+04 19.0% L1 0.5 % 0.05

Y216F 41+03 0.9+ 0.0 45+047

R235K 152+1.4 19016 08015

Y397F 160+03 55102 292017

* Data are shown ay means standard deviation and reported values were
determined for triplicate experiments.

was extended up to 30 min and the enzyme concentration
was increased fivefold (i.e. five times greater than stated in
Table 2). In the case of Y216A and R235A, PCP degrada-
tion was observed only when the enzyme concentration and
reaction time were increased. However, the kinetics of the
reaction did not conform to the classical Michaelis—Menten
equation (Eq. (1)).

In the case of F85A, the kinetic parameters were obtained
only when the amount of substrate was not in excess with
respect to the enzyme. Under these conditions, the apparent
Koy kear 2nd kp/ K, of wild type and FESA for PCP were 0.6
UM, 5.5 57", and 8.8 uM™ ' s~ for wild type and 3.3 uM,
0.9 s~ ', and 0.3 uM~ ! s~ ! for F85A. Thus, there was an
observed sixfold increase in K, and kg, and k,/K,
decreased by sixfold and 29-fold, respectively, as a conse-
quence of replacing phenylalanine with alanine at position
§5. As shown in Table 2, replacing tyrosine with phenylal-
anine at position 216 results in a 20-fold reduction in k_,/K
and a ninefold increase in K, whilst the Y397F mutant
showed keo/K reduced by threefold and a sixfold increase
in K. On the other hand, the value of 4 /K, of R235K
mutant was as same as that of wild type.

4, Discussion

It has previously been reported that the Ky, Frax, and
kea/Ky of the native PcpB were 30+ 7 uM, 16 + 5 pmol/
min/mg of protein, and 405 5~ mM™ !, respectively {5).
The authors state that the concentration of PcpB was 5 uM
(15 pg PcpB in 50 pl of reaction mixture) whilst the
concentration of PCP ranged from 20 to 50 pM. Therefore,
since the substrate was not in excess of the enzyme, this
could raise doubt over the reliability of the kinetic param-
eters obtaincd. Thus, these conditions are not strictly steady
state and therefore would produce inaccurate results, In fact,
we examined the kinetic analysis under the same conditions,
but a steep gradient at the start of the curve was not
observed at all. On the other hand, the K, ¥y, and K./
K, of the recombinant PcpB constructed by Wang et al, [9]
were 50+ 7 pM, 30 £ 3 nmol/min/mg of protein, and 0.7
s™' mM™?, respectively. In this case, the concentration of
PcpB was 5 nM and PCP ranged from 20 to 80 pM. These
conditions are strictly steady state, but the majority of the
enzyme in the reaction mixture seemed to be apoprotein
without the required cofactor FAD, Moreover, dilution of
recombinant PepB, without a stabilizer such as BSA, may
result in the inactivation of the enzyme. Indeed, it was
shown in this study that the activity of recombinant PcpB
was decreased in the absence of BSA. The values for K,
Vinaxs 804 keaKny of the recombinant wild-type PcpB
obtained in this study were 0.510.05 uM, 8.9 £04
nmol/min/mg of protein, and 19 £ 1.1 s~' mM™", respec-
tively, These values are lower than those of native PcpB.
However, the recombinant protein had a qualitatively sim-
ilar activity to the wild-type protein in the presence of BSA
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(see Results). Moreover, the flavin content and the molar
ratio of flavin to protein were caiculated to be 9.9 pM and
0.77, respectively (using 0.1120 as the value of absorbance
of the recombinant PcpB at 446 nm and a molar extinction
coefficient of 11300 for FAD {22]). This shows that the
recombinant wild-type PcpB contains a comparable amount
of FAD to that of the native PcpB because the molar ratio of
flavin to protein of the native PcpB was calculated to be
0.64 [5]). Therefore, we believe that recombinant PcpB and
associated mutants can be used to generate data representa-
tive of native protein.

In the previous paper, proteins were identified by their
molecular weight as determined by SDS-PAGE. 1t is clear
that wild-type and seven mutant forms of PcpB except Y397
are expressed correctly. The reduced amount of the desired
protein in the soluble fraction, and contamination with
impurities, might be responsible for the failure of identifi-
cation in the case of Y397A [15]. The CD spectra illustrate
that there are no major changes in the secondary structure
between the wild-type PcpB and PcpB mutants with the
exception R235E. When examined in conjunction with the
absorption spectra (see below), it seems that the conforma-
tional changes in R235E prevented FAD from binding with
a concomitant loss of activity. Hence, the charge of the
amino acid at this position may greatly affect the protein
structure. However, further analysis is needed to investigate
the role of R235 to stabilize the chloride jon released from
PCP during the enzymatic reaction.

The enzyme activities of PcpB and its mutants were
correlated with the absorbance of the cofactor, FAD (Fig, 3).
For example, no FAD-characteristic spectrum was seen in
R235E (Fig. 3b) and Y397A (Fig. 8c (supporting informa-
tion)), which have no activity toward PCP degradation [15).
Moreover, the decrease in the amount of FAD in the protein
may also be responsible for the reduced activity of mutants
such as F85A. The decreases in FAD content may be due to
local conformational changes of the FAD binding site
induced by the substitution of the amino-acid residues,
which may not be detectable by CD spectra. Thus, more
experimental data are needed to confirm that F85A is related
to the recognition of PCP although the result of apparent
kinetic parameters of F85A showed the importance of F85A
for the catalytic reaction of PcpB.

The roles of Y216 and Y397 can be interpreted in the
light of attained mass spectrometry data, CD and UV
spectra. The increase in ko, of Y397F and R235K compared
to the wild-type PcpB was consistent with the previous
report [15]. The increase in K., however, affects the
decrease in k../Ky, and thercfore it was found in this study
that enzyme activity of these two mutants was not neces-
sarily improved. Previously it was sugpested that Y216
appears to be more important for the mechanism of action
of PCP than Y397 [15]. This suggestion was confirmed in
the present study (Table 2) due to the observatien of
ninefold and sixfold increases in the K of Y216F and
Y397F, respectively. This also confirms the importance of

both of these residues with respect to the recognition of the
substrate. -

In PHBH it has been shown that residves Y201 and
Y385 form a hydrogen bond network with the 4-hydroxy
group of p-hydroxybenzoate, the substrate of PHBH.
Residues Y201 and Y385 of PHBH correspond to Y216
and Y397 in PcpB, respectively. The role of Y201 is to
activate the substrate by stabilizing the phenolate and
Y385 is essential for lowering the pK, of the hydroxy
group of Y201, thereby stimulating the ionization of the
substrate upon binding. Y335 is also crucial for controlling
the substrate specificity [23-26). Thus, it could be very
important for the elucidation of the roles of Y216 and
Y397 to examine the pl dependence of the kinetic
parameters and the reaction with the TCHQ or TCBQ,
the reaction product of PcpB, in these mutants. In conclu-
sion, analysis of recombinant histidine-tagged PcpB pro-
tein mutants is performed to examine the important amino
acid residues in the catalylic reaction by identification of
the proteins with mass spectrometry, circular dichroism
(CD) and UV spectrometry, and determination of kinetic
parameters. As a result, it was confirmed Y216 and Y397
play an important role with respect to the recognition of
the substrate, 3D models are the result of continual
refinement based upon experimenta! data. Limitations of
homology modeling and molecular dynamics make it is
impossible to predict the position of the side chains in the
protein correctly. Thus, it will be essential to obtain data
from X-ray crystallography in order to determine the
positions of the side chains in PcpB, which will allow
further mutagenesis of PepB with a view towards im-
proved catalytic properties.
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Purpose. This study investigated the structural features of CYP2C19
complexed with (S)-mephenytoin, using computational methods. In
addition to wild-type CYFP2C19 proteins (1A and 1B), which have
selective 4 -hydroxylase activities of (§)-mephenytoin, CYP2C19 mu-
tants were also studied, together with a wild type and artificial mu-
tants of CYP2C19.

Methods. Three-dimensional structures of wild-type and mutant pro-
teins of CYP2C19 and CYP2C9 were estimated from homology mod-
eling using the crystal structurs of rabbit CYP2CS as & reference. The
binding mode of (§)-mephenytoin to CYP2C19 was investigated us-
ing computational docking, .

Results, The results reproduced the specific bindings between (3)-
raephenytoin and the wild types of CYP2C19. Our findings sugpest
that Asp293 of CYP2C19 plays an important role in the binding of
(S)-mephenytoin, which was surrounded by Val113 and Ala297, and
points the phenyl ring at the heme iron. In addition the wild types of
CYFP2C19, the coraputational docking studies also accounted for the
experimental activities of CYP2C19 mutants, and wild-type and mu-
tant CYP2C19 proteins.

Conclusions. These results confirm that the predicted three-
dimensional structure of the CYP2C19-(S)-mephenytoin complex is
reasonable, and that this strategy is useful for investipating complex
structures. Virtual screening for drug discovery can also be carried
out using these methods,

KEY WORDS: binding mode; computational docking; cytochrome
P450 2C19; homology modeling.

INTRODUCTION

Cytochrome P450 (CYP) ‘plays important roles in the
metabolism of a wide variety of xenobiotic and endogenous
compounds, including clinically important drugs. CYP2C19
(1) is one of the major enzymes that metabolizes drugs in the
human’liver and has an important role in the metabolism of
(S)-mephenytoin (2,3). In 1984, Kilpfer and co-workers ob-
served that urinary recovery of 4'-hydroxylated (S)-
mephenytoin was not detected for approximately 3-5% of
Caucasians, which attracted attention to the identification of
polymorphisms of CYP2C19 (4). A number of gene muta-
tions in CYP2C19 were found by analyzing the genes of poor
metabolizers (PMs) (5-11) (Table I). Almost all Oriental PMs
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can be described by two defective alleles (CYP2CI9*2A and
CYP2C19+3), but other mutant alleles are also important for
Caucasian PMs, CYP2C9 is another enzyme that plays a sig-
nificant role in drug metabolism (12). Although it metabolizes
a variety of drugs, its 4'-hydroxylase activity of (8)-
mephenytoin is negligible. In order to identify the key resi-
dues of CYP2C19 for 4'-hydroxylase activity, Tsao and co-
workers constructed chimeras by replacing portions of
CYP2CS with those of CYP2C19, mutating individual resi-
dues by site-directed mutagenesis and assessing (8)-
mephenytoin 4'-hydroxylase activity (13). They found that
the mutation of six residues of CYP2C9 to imitate CYP2C19
resulted in 6% of the activity of wild-type CYP2C19.

To date, the three-dimensional structure of CYP2C19
has not yet been determined. The mechanism by which (S}-
mephenytoin complexes with CYP2C19 is also unknown.
However, the ligand-free crystal structure of one of the en-
zymes belonging to the CYP2C subfamily (rabbit CYP2CS)
has bees obtained (14), This provides a model upon which to
base structurally unknown human CYPs and their ligands us-
ing computational methods.

The homology modeling method is the most powerful
computational approach to predict the three-dimensional
structures of proteins based on sequence similarities with
structurally known proteins. This method estimates a three-
dimensional model of a protein from the known structures of
homologous proteins, and it is based on the assumption that
a three-dimensional structure of one protein is analogous to
the others, which have similar sequences. In addition to the
structure prediction, computational ligand docking might also
be used for structure-based drug design (15). This is one of
the optimization problems, in which atoms of the ligand mol-
ecule are positioned into points in ligand-binding pockets of
the target biomolecule. The difficulties of these problems ex-
ponentially increase in terms of the number of ligand atoms.
Even if only the grid points of three-dimensional space are
considered, these problems are NP-hard. For this problem,
several approaches—for example, probabilistic search
methods and sophisticated data structures—were proposed
(16-18).

Previous structures that have been proposed for
CYP2C19 complexed with (S)-mephenytoin using homology
modeling and computational docking methods (19,20) were
based on CYP102 (P450-BM3). The homology between
CYF102 and CYFP2C19 is lower than between CYP2C19 and
CYP2C5. Although the homology modeling and docking with
ligands for CYP2C19 were carried out using CYP2CS as tem-
plate (21-23), the docking of (8)-mephenytoin has not yet
been examined. Furthermore, these studies only looked at
wild-type CYP2C19 and not related mutants.

In this study, a three-dimensional structure of wild-type
CYP2C19 complexed with (S)-mephenytoin was constructed
using homology modeling and computational docking proce-
dures. In addition to wild-type CYP2C19, homology modeling
and docking studies were also attempted for mutant forms of
the protein. Docking studies of a wild type and mutants of
CYP2C? were also used to investigate important structural
properties for (S)-mephenytoin docking. Homology modeling
calculations were generally carried out only for wild-type pro-
teins, and this is the first study of the homology modeling and
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Table I, CYP2C19 Alleles

Effect of Name

Allele Enzyme activity nucleotide chaages of protein
2C19*1A Active —_ 2C19.1A
2CI9 B Active Ile331Val 2C19.18
2C19*24 Inactive Splicing defect -
2Cl19%2B Inactive Splicing defect -
2C19*3 Inactive Stop codon -
2C19%¢ Inactive Initial codon —_
2C19%5A Inactive Argd33Tep* 2C195A
2CI9*5B Inactive Ne331Val, Arpd33Trp®  2C19.5B
2C19%6 Inactive Argl32Gint Ne331Val  2C19.6
2C19*7 Inactive Exon skipping -
2C19*8  Activefinactive®  Trpl20Arg® 2C198

*2C19.8 is active in vitro although it is inactive in vivo.
® Mutations without le331Val, which does ot affect enzyme activi-
ties in 2C19.1B, are described by bold letter,

docking of mutant CYPs in order to elucidate the binding
mode of the substrate. The availability of the modelings of
mutants for the binding mode prediction is also discussed.

MATERIALS AND METHODS

Proteins

There are two ways to validate the availability of docking
methods, One is the way in which several proteins are used,
and another is the way in which several small molecules are
used. Because one of the central purposes of this study is the
proposal of the tnethod for predicting the complex structures
by using various mutant proteins, identical ligand molecule,
(S)-mephenytoin, was docked into various target proteins.
Furthermore, multi proteins were desired also for investiga-
tions of the availability of homology modeling for mutants.

Two wild-type and four mutant CYP2C19 proteins, along
with one wild type and four artificial mutants of CYP2C9
constructed by Tsac and co-workers, were used for homology
modeling and computational docking studies (Tables I and
II). Wild-type enzymes that are expressed from alleles
CYP2CI9*IA and CYP2CI9%1B are described in Roman
script (that is, CYP2C19.1A and CYP2C19.1B). The proteins
expressed from the mutant alleles CYP2CI9*5A,
CYP2CI19*5B, CYP2CI9*6 and CYP2C19*8 are described as
CYP2C195A, CYP2C19.5B, CYP2C19.6, and CYP2C19.8,
respectively. Four artificial mutants of CYP2ZC9 were used:
protein 1, which had four mutant residues (2C9/I99H, S220F,
P221T and S286N); protein 2, which had five mutant residues
(2C9/199H, S220P, P221T, $292A and F295L); protein 3,
which had five mutant residues (2C9%/I99H, S220F, P221T,
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S286N and F295L); and protein 4, which had six mutant resi.
dues (2C9/199H, S220F, P221T, S236N, V292A and F295L),
All mutants of CYP2C? are not naturally occurring. In Tables
I and II, amino-acid mutations are also described {note that
although CYP2C19.1B has an Ile331 to Val mutation, there is
no loss of (§)-mepbenytoin 4’-hydroxylase activity. In Table I,
bold type letters illustrate mutations without [le331Val), (S)-
Mephenytoin 4'-hydroxylase activities were experitentally
observed only for CYP2C19.1A, CYP2C19.1B, CYFP2C1938,
and protein 4. Although the enzyme activity of protein 4 is
6% of CYP2C19, itis much larger than the other mutants (c.g.
enzyme activity of CYP2C19.5A is about 0.37% of that of
CYP2C19.1A)}. In this study, because only binding modes are
discussed, we treat the protein 4 as active enzyme.

Homology Modeling

In this study, we used the crystal structure of rabbit
CYP2CS5 (PDB code: 1DT6) (14) as the template for homol-
ogy modeling of CYP2C19 and CYP2CS. The basic local
alignment search tool (BLAST) based on finite automaton
was used for the sequence alignments of the target (CYP2C19
and CYP2C9) against template (CYP2CS). BLOSUMS62 was
used as alternate scoring matrix for BLAST. The alignment
produced by BLAST was used as the input for the FAMS
program (24). In FAMS, the medeling of C, atoms, main-
chain atoms and side-chain atoms are carried out sequen-
tially. For modeling calculations, FAMS can fully automati-
cally perform both the database search and optimization steps
by using the simulated annealing (SA) method. Even if the
positions of sidechain atoms extracted from databases are
not adequate—for example, if they have a conflict of main
chain atoms—FAMS can refine the structure by using SA.
Although homology models for wild types and mutants of
CYP2C19 and CYP2C9 were obtained by FAMS, there were
no hydrogen atoms in these model s*ructures because hydro-
gens were not observed in the template of modeling (the
experimental structure of CYP2C5 produced by X-ray crys-
tallography). In this study, constructed homology models
were protonated by the “protonate” module in AMBER 6.0
(25), and their structures were refined by AMBER PARM94
force fields. Only 1000 cycle calculations were carried out for
refinements, because these calculations were performed only
for reducing structural distortions. The explicit water mol-
ecules and cyclic-boundary conditions were not adopted for
these refinements; a cutoff distance of 12 A for non-bonded
interactions and a distance-dependent dielectric coefficient
£ = 80R (R: distance between two interacting atoms) were
used. For these calculations, the stespest-descent minimizer
was used in the first 10 steps, and the rest of the calculations
were carried out using the conjugate-gradient method.

Table II. CYP2C9 Mutants

Enzyme Abbreviated
Construct activity  name of protein
CYP2C9 Inactive CYP2C9
CYP2C9/199H, §220P, P221T, S286N Inactive 1
CYP2C9199H, §220P, P221T, V2924, F295L Inactive 2
CYP2C9/I99H, §220P, P221T, 5286N, F295L Tnactive 3
CYP2C9/199H, S220P, P221T, S286N, V292A, F295L  Active 4
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Generation of a Conformer Set for the Ligand Molecule

The structure of the ligand molecule (S)-mephenytoin
optimized by ab initio HF/6-31G* method was used for com-
putational docking studies. Atomic charges of the Bgand mol-
ecule were obtained by ESP method, which can reproduce the
electrostatic potential calculated by ab initio HF/6-31G* (26),
Gaussian 98 was used for quantum chemical calculations (27).
In the complex structure, because the conformation of a Ji-
gend molecule is not always the most stable conformer, we
considered many metastable states of ligands for computa-
tional docking studies. For this purpose, a calculation of only
the most stable conformation is not sufficient, and a con-
former set consisting of many metastable conformers of a
ligand is required. In this study, CAMDAS, which is a pro-
gram developed by this laboratory (28) for the generation of
ligand conformer sets, was used to calculate 2 conformer set
for (8)-mephenytoin. Molecular dynamics (MD) simulations
at high temperatures were carried out by this program, and
the conformers obtained in the trajectory of this simulation
were sampled, The clustering procedure was carried out for
all sampled conformers, and the representative conformers
were picked up from the clusters. In the CAMDAS calcula-
tion, a modified MMFF force field was used (29), in which
electrostatic interactions were omitted and the weights of
both angle bending and dihedral terms equal to 0.8 were in-
cluded. The temperature of MD simulation by CAMDAS was
1200 X and 1 ns (1,000,000 steps) calculation was carried out.
Chiral inversions of (S)-mephenytoin were not ajlowed
through the MD simulation. The two dihedral angles shown
in Fig. 1 were used as explanatory variables for the clustering.
For ($)-mephenytoin, the conformer set in which 31 conform-
ers were included was obtained by CAMDAS calculation.

Computational Docking

For computational ligand docking, ligand-binding pock-
ets in the homology models of the proteins were explored
using the SiteID module in the SYBYL program package
(Tripos Inc., St. Louis, MO, USA). SiteID can search for
potential binding sites within or on the proteins by using the
floodfill-solvation technique. The grid method with default
parameters was used in this study, MOLCAD surfaces for the
amino-acid residues within 2 6 A radius of explored binding
pockets were calculated using the MOLCAD program (Tri-
pos Inc.). These surfaces were used as steric constraints for
computational docking trials. In the obtained ligand-binding
pocket of the proteins, hydrogen-bond acceptor and donor
site queries were defined by the UNITY program (Tripos
Inc.). In this procedure, some queries were deleted because of
VDW bumps and we used only the remaining queries for
computational docking in the next step. We adopted toler-
ances of 1.5 A for the spatial constraints of all hydrogen-bond
queries. Using the steric constraint and hydrogen-bond que-
ries, each conformer from the conformer set of (§)-
mephenytoin generated by CAMDAS was docked into the
homology models of the CYPs by the UNITY 3D program.
For wild-type CYP2C19.1A, docking models that fulfilled at
least one of the hydrogen-bond queries (“partial match”)
were adopted. For the other proteins, only one query that
plays an important role in docking models of wild-type
CYP2C19.1A was considered, The steric constraint was con-
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i?ig. L Two torsional angles for clustering of (S)-mephenytoin con-
formets. The two torsional angles illustrated in this figure were used
as criteria for the clustering of conformers.

structed from the MOLCAD surface with default parameters.
Using these strategies, many model structures of the complex
were obtained for one ligand-protein system; for example, 31
models were generated by the docking calculation of (S)-
mephenytoin with CYP2C19.1A. In computational docking
studies, we need to determine which models can be adopted
as candidates for the complex structure. Usually, the scoring
functions that calculate the binding free energies of ligand-
protein systems were used for this purpose, and the models
that had smaller scores (that is, smaller binding free energy)
were accepted as more reasonable models. Although many
types of scoring functions were introduced (16,18,30-32),
each type has different strengths and weaknesses. Recently, a
method for evaluating docking models called “consensus
scoring” has been introduced (33,34). In consensus scoring,
multiple scoring functions were used to cover the shortcom-
ings of each method. In this study, the validjties of the calcu-
lated docking models were evaluated using CScore (Tripos
Inc.) (34), which is one of the consensus-scoring programs. It
includes five scoring functions: FlexX score (16}, Gold score
(18), PMF score (30), Dock score (31), and ChemScore (32).
These five scores were independently calculated for docking
models, and awarded marks out of five for the validities of the
models. The models that are given high scores by CScore are
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the possible candidates of the structures of protein-ligand
complexes. However, when docking models with high CSeore
values were not obtained, we assumed that the computational
docking trials for the ligand-protein systems could not be
successfully carried out.

MD Simulation

The bomology model the docking results of which were
not reasonable were further analyzed by structural refine-
ment by the MD simulation with explicit water molecules.
The rectangular solid box in which the complex was included
was set up and the box was filled with TIP3P water molecules
(35). Sodium ions were used as counter ions for setting the
total charge of the system to 0. The 1 ns MD simulation at 300
K was carried out using the particle-mesh Ewald method for
calculations of electrostatic interactions under cyclic-
boundary conditions by the AMBER 6.0 program. The bond
lengths between two atoms were constrained by SHAKE
(36). The cutoff distance for van der Waals interactions was
9.0 A, and the MD simulation was carried out under isother-
mal and isochoric conditions. After the MD calculation,
100,000 steps of structure refinement were performed using
steepest-descent and conjugate-gradient optimizers. The first
5000 steps of refinement were calculated by the steepest-
descent method, and the rest of the calculation was carried
out using the conjugate-gradient method, until the energy
gradient become less than 0.1 keal/molA. Explicit TIP3P wa-
ters were used in this refinement with the particle-mesh
Ewald method under the cyclic-boundary condition, A cutoff
distance of 9.0 A for van der Waals imeractions and no con-
straint of bond lengths were used for the refinement. After
this calculation, an additional computational docking study
was carried out for refined structure. The same computational
conditions as previous docking calculations were used in the
additional docking.

For FAMS calculations we used a personal computer
with one Pentium3 600 MHz processor and Red Hat Linux
6.1, For the other calculations, an Octane2 workstation by
SGI with dual MIPS R12000 400 MHz processors and IRIX
release 6.5 was used.

RESULTS

Sequence alignments of CYP2C19.1A and CYP2C9
against CYP2CS/3LVdH using BLAST are illustrated in Fig.
2, Similarities in amino-acid sequences are shown in Table I11.
In aligned sequences, identical amino acids were defined as
“identity”, and the pairs of residues whose score were positive
in BLOSUMG62 were defined as “positive”. Although there
are three insertions between helix H and I in both
CYP2C19.1A and CYP2C9, they have a high degree of ho-
mology with CYP2C5/3LVdH. In this study, these alignments
were used for homology modeling calculations of not only
wild types but also mutants of CYP2C19 and CYP2CS9. In Fig.
3, structurally optimized homology models for wild types and
mutants of CYP2C19 are illustrated. The wild-type CYP2C9
and artificial mutant protein 4 are also shown in Fig. 4. In
these figures, mutated residues in proteins without wild-type
CYP2C19.1A and CYP2C? are zalso shown,

The ligand-binding pocket found by SitelD for the
CYP2C15.1A homology model is illustrated in Fig. 5. Al-
though several candidates of binding pockets were obtained
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by SiteID, the adjacent pocket of heme is shown in this figure
because we know that active sites of CYPs are near the heme
region. As shown in this figure, the ligand-binding pocket in
the homology model was main'y composed of hydrophobic
amino acids such as Val, Ile, Phe, Leu and Ala. The hydro-
phobic feature of the pocket of CYP2C19.1A was consistent
with the known crystallographic structures of other CYPs and
it is intimately related with the property of CYPs, which bind
with hydrophobic substrates and oxidatively metabolize
them. The hydrogen-bond queries in this region, which were
three hydrogen-bond acceptor sites, were also jllustrated,
They were associated with the main-chain and side-chain oxy-
gen atoms of Asp293 and the main-chain carbonyl oxygen of
Gly296, respectively. Although all of them were directed to
the heme moiety of CYP2C19.1A, the query from the car-
bonyl oxygen atom in the main chain of Asp293 was closest to
the heme iron, Some of these queries might play important
roles in the docking of (S)-mephenytoin in CYP2C19.

Using the hydrogen-bond queries and steric constraints
calculated from the MOLCAD surface, a computational
docking trial of (S)-mephenytoin was carried out for wild-
type CYF2C19.1A. The conforiner set of (S)-mephenytoin
inciuded 31 conformers, which were used for docking studies.
Figure 6 shows one of the docking models with CScore values
equal to 5 (that is, fult points). The hydrogen bond between
the amide hydrogen adjacent to the nitrogen atom of (8)-
mephenytoin and the carbonyl oxygen in the main chain of
Asp293 in CYP2C19.1A played a significant role in forming
this docking model. The 4'-hydrogen of (S)-mephenytoin in
this model was positioned pear the heme iron. (S)-
Mephenytoin is surrounded by hvdrophobic amino acids such
as Valll3, Ue205, Ala292, Ala297, Leu366, and Phed76.

Computational docking trinls for proteins other than
CYP2C19.1A with (S)-mephenytoin were also carried out by
using SiteID and UNITY (Table IV). These protein models
contained ligand-binding pockets that were mainly composed
of hydrophobic amino acids, which were similar to
CYP2C19.1A. Although Asp 293 was conserved in all pro-
teins, hydrogen-bond queries constructed from the earbonyl
oxygen of Asp293 in CYP2C19.6, CYP2CY, proteins 1 and 3
were omitted by the VDW bump check. The bumps were
caused by the differences of the shapes of ligand-binding sites
between CYP2C19.1A and these proteins, and the shapes of
the sites were affected by the mutations (CYP2C19.6) or dif-
ferences in aminoc-acid sequences between CYP2C19 and
CYP2C3 (CYP2C9, proteins 1 and 3). These proteins were all
experimentally observed to be inactive for (S)-mephenytoin
4"-hydroxylation. Computational docking caleulations for an-
other six proteins, including the hydrogen-bond queries of
Asp293, were carried out using the same procedure of
CYP2C19.1A. The obtained docking modeis were evaluated
by CScore. When no models bad high CScore values for a
certain complex system, we considered that the docking trial
had failed, even if docking models were obtained. For four of
these six proteins (CYP2C19.1B, CYP2C19.8, proteins 2 and
4) computational docking models were obtained in which 4'-
hydrogens of (S)-mephenytoin were positioned nearby heme
irons and with CScore values of 5 (that is, full points). For
three of these four proteins (CYP2C19.1B, CYP2C19.8 and
protein 4) the enzyme activities were experimentally ob-
served and computational docking studies seemed able to ac-
count for the experimental results. In these complex models,



