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The three-dimensional structure of lanosterol 14a-demethylase (P45014pm, CYP51) of Candida
albicans was modeled on the basis of crystallographic coordinates of four prokaryotic P450s:
P450BM3, P450cam, P450terp, and P450eryF. The P450,:4pm Sequence was aligned to those of
known proteins using a knowledge-based alignment method. The main chain coordinates of
the core regions were transferred directly from the corresponding coordinates of P450BM3.
The side chain conformations of the core regions were determined by the conformations of the
equivalent residues with the highest homologous scores in four crystal structures. The model
was then refined using molecular mechanics and molecular dynamics. The reliability of the
resulting model was assessed by Ramachandran plots, Profile-3D, hydropathy plot analysis,
and by analyzing the consistency of the model with the experimental data. The structurally
and functionally important residues such as the heme binding residues, the residues interacting
with redox-partner protein and/or involved in electron transfer, the residues lining substrate
access channel, and the substrate binding residues were identified from the model. These
residues are candidates for further site-directed mutagenesis and site-specific antipeptide
antibody binding experiments. The active analogue approach was employed to search the
pharmacophoric conformations for 14 azole antifungals. The resulting bioactive conformations
were docked into the active site of lanosterol 14o-demethylase of Candida albicans. All 14
azole antifungals are shown to have a similar docking mode in the active site. The halogenated
phenyl group of azole inhibitors is deep in the same hydrophobic binding cleft as the 17-alkyl
chain of substrate. The 7—x stacking interaction might exist between halogenated phenyl ring
of inhibitors and the aromatic ring of residue Y132. The long side chains of some inhibitors
such as itraconazole and ketoconazole surpass the active site and interact with the residues in
the substrate access channel. To compare with mammalian enzymes, structurally selective
residues of the active site of fungal lanosterol 14a-demethylase are distributed in the C terminus

of F helix, 56-1 sheet and (6-2 sheet.

Introduction

Lanosterol 14a-demethylase (P45014pm, CYP51) is a
member of the cytochrome P450 superfamily, which
catalyzes the removal of the 14-methyl group (C-32) of
lanosterol via three successive monooxygenation reac-
tions. The first two of these reactions are conventional
cytochrome P450 hydroxylations that produce the 14-
hydroxymethyl and 14-carboxyaldehyde derivatives of
lanosterol.>2 In the final step, the 14-aldehyde group is
eliminated as formic acid with concomitant introduction
of a A1%15 double bond.3—5 P45044p0 Occurs in different
kingdoms, such as fungi, higher plants, and animals,
with the same metabolic role, i.e., removal of the 14-
methyl group of sterol precursors such as lanosterol,
obtusifoliol, dihydrolanosterol, and 24(28)-methylene-
24,25-dihydrolanosterol,® and this is the only known
P450 distributed widely in eukaryotes with essentially
the same metabolic role.”8

* To whom inquiries should be addressed. For W.Z.: Phone: 86-
21-25070321. Fax: 86-21-65490641. E-mail: Zhangwnk@online.sh.cn.
For H.J.: Phone: 86-21-25070354. E-mail jihaitao@online.sh.cn.
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In yeasts and fungi, P45014pm participates in ergo-
sterol biosynthesis and is an essential requirement for
fungal viability.® Selective inhibition of the enzyme
would cause depletion of ergosterol and accumulation
of lanosterol and some other 14-methyl sterols and
result in the growth inhibition of fungal cell. The
inhibitors include imidazole and triazole antifungal
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agents such as ketoconazole and fluconazole, which are
well-established drugs for the treatment of topical and
systemic mycoses.

Although the amino acid sequences of P45014pm from
higher plants,1© bacteria,!! fungi,’>13 and mammalsl415
have been characterized and substrate specificity and
inhibitor selectivity of P450,4pm have been investigated
by the indirect methods, structure—function analysis
has not been rigorously approached. There are, for
example, no site-directed mutagenesis data that would
pinpoint key substrate and/or inhibitors binding resi-
dues, the heme binding residues, and the residues
interacting with redox-partner protein and/or involved
in electron transfer. Due to the importance of P45014pm
in antifungal drugs study, it is of great interest to
understand how this enzyme functions, in particular the
nature and structural requirements of its substrate and
inhibitor binding sites. These studies will be facilitated
by information about the three-dimensional (3D) struc-
ture, which would allow a detailed analysis of enzyme—
substrate and enzyme—inhibitor interactions and help
the rational design of new antifungal agents. Experi-
mental methods, such as X-ray crystallography or
multiple dimensional NMR, are being used to obtain 3D
structures of proteins and protein—ligand complexes.
However, these techniques are difficult to apply to large
membrane proteins such as P45014pm. The only X-ray
coordinates of cytochrome P450 available are not mem-
brane-bound and belong to prokaryotic microorgan-
isms: P450cam from Pseudomonas putida,'® P450terp
from Pseudomonas sp,!” P450eryF from Saccaropolyspo-
ra erythrea,’® and P450BM3 from Bacillus megate-
rium.1® Among them, P450cam, P450terp, and P450eryF
are the class | cytochrome P450s that receive their
NADH-derived electrons from a two-protein redox chain
(FAD redutase — iron-sulfur protein — P450). PA50BM3
is a class Il cytochrome P450 that receives NADPH-
derived electrons directly from an FAD/FMN-containing
reductase in a similar manner as microsomal cyto-
chrome P450s do.

Although pairwise sequence identities of the four
prokaryotic P450s are generally low (19—26%), their
topology is quite similar. Most of the secondary and
supersecondary structural motifs, characteristically hy-
drophobic and hydrophilic segments, and the regions of
the sequence containing the heme binding site, the
oxygen binding site, and the site of interactions with
redox partners are highly conserved. A 3D superposition
of the P450s mentioned above permits the definition of
spatially conserved regions (SCRs), which include the
heme-binding core region, especially the bottom and the
side of the substrate binding pocket.2%21 On the other
hand, site-directed mutagenesis, antibody recognition
information, and photoaffinity labeling have found that
many functional residues and segments were conserved.
These findings provided the rationale for a reliable 3D
modeling of mammalian P450s despite their low degree
of homology with prokaryotic P450s.

On the basis of the premise of structural homology
among cytochrome P450s, molecular models of various
microsomal P450s have been constructed. The initial
models, based on the structure of P450cam, the only
known P450 structure at that time, included CYP1A1,22
CYP2B1,22 CYP17,24 CYP19A1,%> CYP21.2* More recent
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models were based on the structure of P450BM3 due to
their structural and functional similarity, for example,
the models of CYP1A2,2627 CYP2A6,28 CYP2B1,2%31
CYP3A4,%6 CYP5%, CYP17,3° CYP193%32 and CYP21.30
In the case of CYP51 from Candida albicans, only the
3D structures were modeled on the basis of the crystal-
lographic coordinates of P450cam and P450eryF by
Boscott,3* Tsukuda,3® and Holtje,3¢ respectively.

When the degree of homology between the studied
protein and the available 3D templates is low, as occurs
in members of the cytochrome P450 superfamily, model
building becomes a difficult task and the reliability of
the results depends critically on the correctness of the
sequence alignment. In this case, the accuracy of the
alignment may be improved by taking into account
further structural information. That is, the method of
knowledge-based sequence alignment is more suitable
than the automatic multiple alignment procedure uti-
lized in the previous 3D structure modeling of P45014pwm.

Therefore, in the present investigation, we con-
structed a model of P45014DM from Candida albicans,
which was built on the basis of the four known crystal
structures, P450cam, P450terp, P450eryF, and P450BM3.
The sequence of P45014DM was aligned to those of
known proteins using a knowledge-based alignment
method. Such a model should include structural infor-
mation from all known enzymes and lead to a more
accurate model structure. The model can be used to
explain substrate specificity and relate enzyme function
to its structure. For this purpose, the docking of
substrate and some azole antifungals into the active site
of the model was explored. The structurally and func-
tionally important residues identified allowed for a
better understanding of the structure—function rela-
tionships of the enzyme. The modes of the enzyme—
substrate and enzyme—inhibitor interactions would be
useful in developing more potent antifungal drugs.

Materials and Methods

General. The crystallographic coordinates of P450cam (1.63
A resolution, Reryst = 0.19), P450terp (2.3 A resolution, Reryst
= 0.19), P450eryF (2.1 A resolution, Reys = 0.19), and
P450BM3 (2.0 A resolution, Reyst = 0.17) were obtained from
the Brookhaven Protein Databank as entries 2CPP, 1CPT,
10XA, and 2HPD. The sequences of P45014pm Were from PIR
database. Molecular modeling was performed with the com-
mercially available SYBYL6.2 software package®” and MSI
Insight 11 98 software package.®® All calculations were per-
formed on a Silicon Graphics Iris Indigo Il XZ workstation.

Sequence Alignment. To align the segences of P45014pm
to those of P450cam, P450terp, P450eryF, and P450BM3, we
utilized the knowledge-based alignment, which was a modi-
fication of structure-based alignment proposed by Hasemann
et al.?222 Four crystal structures were superimposed by root-
mean-square (rms) fit of the porphyrin ring carbon atoms of
the prosthetic group heme to obtain the structure-based
sequence alignment. The SCRs of the four proteins were
determined on the basis of rms deviations of the backbone for
each pair of structures. The sequence of P45014pm Was aligned
to that of P450BM3 using the Needleman—Wunsch algo-
rithm.3® The pmutation homology matrix was used for evaluat-
ing amino acid similarity. The number of gap penalty and
jumbles were 8 and 10, respectively. The alignment was then
manually optimized on the basis of a variety of goals: (1) To
match known secondary elements in the four crystal structures
to those predicted for P45014pm by Bayes statistics.*® (2) To
locate insertions and deletions in P45014pm relative to known
proteins outside predicted o-helical and f-sheet regions. (3)



3D Model of Lanosterol 14a-Demethylase

Journal of Medicinal Chemistry, 2000, Vol. 43, No. 13 2495

Cam ——NLAPLPPHVPEHLV--F-DF--DMYNPSNLSAGYOEAWAVLOES--NVPDLY 54

Terp . TTmEes MDARAT-~1PEHIARTVILPQGYA-—~—= DDEVIYPAFKWLRDEOPLA 41

eryf . mmmms—————eee ATV--P-DL--ESDSF==—==— HVD-WYSTYAELRETAPVT 30

BM3 TIKEMPQPKTFGELKNLPLLN==—=-- Th===—=~ KPVQALMKIADELG---EIF 40

C.A. MAIVETVIDGINYFLSLSVTOQLSILLGYPEVYNLVWOYLYSLRKDRAPLY FYW] PWFGSAAS—==- YGQ-—=~- QPYEFFESCROKYG---DVF 83
T-M A’ A

cam WTRCNG--GHWIATRGOLIREAYEDYRHESSE-=———-- CP-FI-PREAGEAY-—-—-——=—=~= DFIPTSMDPP-~EORQFRALANOVYGMPYVDKL 127

terp MAHTEGYDEMAIATKHADVMOL GKOPGLESNAEG-~--SE-1 LYDONNEAFMRS T SGGCPHVIDSLISMDPP-~THTAYRGLTLNWFOPASTIRKL 129
eryF PVRELG-QDAWLVTGYDEAKAATSDL-RLSSDPKKKYPGVEVEFPAYLGFPEDVRNYF-~~-ATNMGT SDPP~~-THTRLRKLVSQEFTYRRVEAM 117

B8M3 KEEAPG-RVIRYLSSORLIKEACDES~-RFDKN-----— L5-~--QALKFVRDFAG-—-—~~~~ DGLF'{SW-THEKNWKKAHNITLPSFSQQAMKGY 115
CLA. SFMLLGKIMIVYLGPKGHEFVENAKLSDVSAE-———- DAYK---HLTTPVEGKGV - ——-~~~— IYDCPNS-RIMEOKKFAKFALTTDSFKRYVPKL 162
1-1 1-2 B 1-5 B’ Meanderl C [
cam ENRIQELACSLIESLRPQ---GQUNFTEDYARPFPIRIFMLLAG-LPEED-~==~ I PHLKYLTDOMTR-~~PDGSM-——— ===~~~ IFAEAKEALY 199
terp EENIRRIAQASVORLLDE--DGECDFMTDCALYYPLHVVMTALG-VPEDD =~~~ EPIMLKLTQODF  GVHEPDEQAVAAPRQSADEAARRFHETI 216
eryF RPRVEQITAELLDEVGDS---GYVDIVDRFAHPLPIKVICELLG-VDEAA- -~~~ RGAFGRWSSET LWM-——DP————--— ERAEORGOAAREVY 193

BM3 HAMMVD IAVQLVOKWERLNADEHIEVPE-DMTRLTLDTIGLCGFNYRFNSFYRDQPHPFITSMVRALDEAMNKLORANFDDPAYDENKROFQEDI 209
¢.A. REEILNYFVTDESFKLKEKTHGVANVMK=-TOPEITIFTASRSLF-GDEMRRI F---DRSFAQLYSDLDKGFTPINFVFPNLPLPHYWRRDAAQKK 252

D 3-1 E* E F G
camm  DYLIPITRQRROKP——=== GT-DAISIVANGQY--NGRPITSDEAKRMCGLLIVGGLDTVYVNELSEOSMEFLAKSPEHROELIERP————————~~ 278
terp ATFYDYENGFTVDRRSC-P~KDDYMSLLANSKL--DGNYIDDKYINAYYVAIA AGHDTTSSSSGGAIIGLSRNPEOLALAKSDP—————————— 297
eryF NEILDLVERRRTEP----- GD-DLLSALISVODD-DDGRLSADELT ST ALYLILAGFEASVSLT G GTYLLLTHPDCLALVRADP ———===~=~ 271
BM3  KVMNDLVDKIIADRKASGEQSDDLLTHMLNGKDPE TGEPLDDENIRYQIITFLIAGHET TSGLLSFALYFLVKNPHVLOKAAEEAARVLYDPVE=- 303
¢.A. ISATYMKEIKLRRERGDI [PNRDLIDSLLIHSTYKDGVKMIDOEIANLLIGIIMGGOHT SASTSARFLLHLGEKPHLODVIYOEVVELLKEKGGD 347
H 5-1 5=-2 I J
cam ——————=————— ERIPAACERLLRRFSLY=ADGRILTSDYEFHG--YVOLKKGDROI LLPOMLSGLDERENA-CPMHVDESR==QOK========——— 344
terp ——=----—--—- ALIPRLVDEAVRWTARVKSEMRTALADTEVR G-~ ONIKRGDRIMLEYPSANRDEEVFS~NEDEFDI TRF==P=========~= 364
eryl ——=—=——————— SALPNAVEEILRYTIAPPETITREAAEEVE] GG~~VAIPQYSTYLVANGAANRDPSQFP~DPHREFDVTIR=-==D======—-——— 337
BM3 ----SYKOVKOLKYVGMVLNEALRLWPTARAFSLYAKEDIVL G- EY PLEKGDELMVLI POLERDK T TWG I DVEEFRPER FENPSA-—-——~~-~ 384
C.A. LNDLTYEDLOKLPSVNNTIKETLRMHMPLHSIFRKVINPLRI PETNY IVPKGHYVLVSPGYAHTSERYFONPEDFDPTRIDTAARKANSVEENSS 442
J’ K 6-1 1-4 2-1 2-2 1-3 K’ K Meander
cam —-——-—em———e VS=--HTTFGHGSHLCLGQHLARREI TVTLKEWLTRIPDFSIAPGA~-—Q-T1 QHIKS - GIVSGVOALPLVWDPATTKAV- 414
terp ————-------- NR---HLGEGHGAHMCLGOHLAKLEMK] FFEELLPKL- KSVE=L=8---GDPRLY/ATNEVGGPKNVP T RFTKA-===== 428
eryF ——==~—mm————— TR--GHLSFGQGIHFCMGRPLAKLEGEVALRALFGRFPALSLG--IDADD-VVWRRSLLLRGI DHLEYRLDG-————=— 404
BM3  ——==-m-mooo- I PQHAFKPFGNGORACIGOOFALHEATLVLGMMLKHF -DFEDH-TN-Y -~ ELDIKE-TLTLKPEGFVVKAKSKKI PLGG 457

C.A. DEVDYGEGKVSKGVSSPYLPFGGGRHRCIGEOFAYVOLGT ILTTFVYNL-RWITD-GYKYV-PDPDY3S~-MVVLPTEPAEI IWEKRE TCMF~ 528

Cys—-pocket L

3-3 4-1 6-2 4-2 3-2

Figure 1. Sequence alignment between P450 51 from C. albicans, P450BM3, P450terp, and P450eryF. a-Helices and -sheets
are underlined and named using the same convention as that used for P450BM3 and P450terp.2° T—M means the trans-membrane
region. The position number of the amino acid sequence is shown at the far right of each line. The core regions are showned in

bold.

To match structurally and functionally important irregular
SCRs such as the Cys-pocket, Meander, and Meander1l identi-
fied from the crystal structure comparisons. (4) To align key
conserved structural residues, for example, the axial heme
cysteinyl ligand and residues involved in catalysis, ion pairing,
and electron transfer. (5) To match characteristically hydro-
phobic and hydrophilic segments identified by hydropathy plot
analysis with the parameters of Kyte—Doolittle and a window
size of 9.4 The final alignment spanned residues S42—F528
of P45014pm (Figure 1). The first 41 residues were assumed to
comprise the membrane-binding region, and so had no coun-
terparts in the four known proteins.

3D Model Building. The above alignment result identified
15 core regions where P45014pm and P450BM3 aligned, linked
by 16 loops. Main chain coordinates of the core regions were
transferred directly from the corresponding coordinates of
P450BM3. Side chain conformations of the core regions were
determined by the conformations of the equivalent residues
with the highest homologous scores in the four crystal struc-
tures. Coordinates for the remaining residues in the loops were
obtained using a fragment-searching approach.*? If any ho-
mologue of the four known template structures had a loop of
the same length in the corresponding region as the model, this
fragment was selected. If no such compatible segment existed
in the homologues, the loop was extracted from the PDB
database and 10 best candidate structures were provided

according to the minimum rms deviation of the Ca trace
between the residues adjacent to the fragment considered (five
adjacent residues per side). The best loop was then selected
on the basis of the analysis result of the Profile-3D program,*
which measured the compatibility between the protein se-
quence profile and its 3D profile.

The resulting model was subjected to a energy minimization
using the following parameters: a distance-dependent dielec-
tric constant, nonbonded cutoff of 8 A, AMBER force field
(Kollman all atoms parameters), and steepest descent mini-
mization, until an energy gradient tolerance of 1kcal/mol A
was satisfied. Energy minimization was started with the loop
side chains, the least well-defined parts of the structure, and
gradually introduced those parts of the structure that could
be expected to be predicted with greater certainty. That is,
the undetermined core side chains, then the loop main chains,
all the core side chains, and finally the core main chains. Heme
extracted from the X-ray structure of P450BM3 was added to
the P450:4pm model, and residues neighboring heme were
minimized as described above. The parameters for heme and
ferryl oxygen were the same as described by Paulsen and
Ornstein.** Finally, a conjugate gradient of the full proteins
was performed until the rms gradient energy was lower than
0.1 kcal/mol A. During the optimization procedure, the struc-
ture was checked periodically by Profile-3D and Ramachan-
dran plots.
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Docking the Substrate into the Active Site. The intrin-
sic substrate of P450,4pm from C. albicans, 24(28)-methylene-
24,25-dihydrolanosterol was built from the SYBYL fragment
library. Energy minimization was performed using the Tripos
force field, Powell optimization method, and MAXIMIN2
minimizer with a convergence criterion of 0.001 kcal/mol A.
Charges were calculated by the Gasteiger—Huckel method.
Simulated annealing was then performed. The system was
heated at 1000 K for 1.0 ps and then annealed to 250 K for
1.5 ps. The annealing function was exponential; 50 such cycles
of annealing were run and the resulting 50 conformers were
optimized using the methods described above. The lowest
energy conformation was selected. The partial atomic charges
of the resulting molecule were calculated with the AM1 method
of MOPAC 6.0.

The substrate was placed in a reactive binding orientation
with the oxidative site fixed at 4.2—5.5 A from the heme iron.
The C32—H bond aligned with the ferryl oxygen, heme iron
and sulfur of C470. This resulted in a hydrogen-bonding
distance between the ferryl oxygen and the hydrogen atom to
be abstracted from the substrate. The nonbond interaction
energy between the sterol and the protein, both electrostatic
and van der Waals forces, was evaluated with SYBYL/
Interactive docking to find the low-energy binding orientations.
To the optimize enzyme—substrate interaction, the substrate
was fixed in a low-energy binding orientation, and the residues
in contact with the substrate (less than 4 A distance) were
minimized using the steepest descent method until the gradi-
ent was less than 1 kcal/mol A. A molecular dynamics
simulated annealing procedure was applied to the loop, the
substrate binding residues within 4 A from the substrate. The
system was heated at 700 K for 10 ps, and then annealed to
200 K for 10 ps. During the substrate docking and energy
optimization, the structure was checked periodically by Profile-
3D and Ramachandran plots.

Docking of the Inhibitors into the Active Site. The
azole antifungals in Figure 2 were built from X-ray coordinates
when they were available or from the SYBYL fragment library.
All the molecules were drugs or candidates for clinical and
preclinical trials. The global minimum energy conformations
were explored by the same simulated annealing procedure as
that of the substrate described above.

The active analogue approach was employed to search for
the pharmacophoric conformations of Cmp7—Cmpl4. Four
pharmacophores had been identified by the extensive SAR
analyses (Figure 3A): (1) N4(3) of the azole ring,*>6 (2) the
centroid of the phenyl ring,*>4748 (3) the oxygen atom attached
to C2474950 and (4) the methyl group attached to C3.4%5! The
distances between pharmacophores (D1—D4) of those more
rigid molecules were used as a constraint to reduce the number
of conformations for the following molecules by using the
SYBYL systematic search/distance map. Torsional angles 71—
6 were regarded as the rotatable bonds and searched over
0°—359° ranges. All rotatable bonds were varied systematically
in 10° increments. The general van der Waals scaling factors
were 1.00 (general), 0.87 (one-four interaction), and 0.65
(hydrogen bonding). The grid size for distance map constraints
was 0.2 A. After filter, conformers of each molecule were then
subjected to an energy minimization. The first minimized
conformer was stored in a molecular database directly. The
following conformers were compared with the stored conform-
ers sequentially in term of a rms fit of four pharmacophores,
considering conformations with rms deviation below 0.03 as
being identical. In the case of identical conformations, the
conformation with the lowest energy was kept. The distances
between pharmacophores were measured again to exclude
those conformations dissatisfying the distance constraints due
to energy minimization. Then, the resulting conformation with
the lowest energy was chosen as the bioactive conformation.
The conformation spaces of Cmpl—Cmp6 were sampled by a
systematic search method and the distances D1—D3 in Figure
3B were constrained. Lowest energy conformations were also
chosen as the bioactive conformations. The partial atomic
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charges of the bioactive conformation were calculated with the
AM1 method of MOPAC 6.0.

Azole antifungals inhibited the binding of substrate to
P450:4pm by coordination of N4(3) of their azole rings to the
sixth coordination position of the iron atom of the heme. So
the bioactive conformations of azoles were placed into the
active site with N4(3) of the azole ring fixed at 2.043 A from
the heme iron, i.e., the same as the crystal structure of
P450cam complex with the azole inhibitors.? N4(3) was
aligned with the heme iron and the sulfur of C470. The Fe—N
bond was regarded as the rotatable bond and a 5° increment
was used. Then, 72 spatial orientations of azole antifungals
in the active site were evaluated with SYBYL/Interactive
docking to find the one with lowest binding energy. To optimize
enzyme—inhibitor interactions, inhibitor was fixed in a low-
energy binding orientation, and residues in contact with the
inhibitor (within 6 A) were minimized using the steepest
descent method until the gradient was less than 1 kcal/mol
A. The system was then minimized using conjugate gradients
to a maximum gradient of 0.1 kcal/mol A.

Results and Discussion

Modeling of P450:4pm and General Features of
the Model. The model of P45014DM from C. albicans
in complex with its substrate was predicted on the basis
of the sequence alignment and the four crystal struc-
tures, as presented in Figure 4. For comparison with
the template, the 3D model of P45014pm Was superim-
posed onto the X-ray structure of the P450BM3. The rms
deviations were 0.4944 A for the backbone and 0.9145
A for all the atoms. The largest deviations occurred in
the helices A, B', and G; the F—G loop; -sheet 2; and
the N-terminal loop of the model. On the other hand,
as would be expected, regions of the structures such as
helices E, I, J, K, and L; Cys-pocket; Meander; Mean-
derl; and S-sheet 6, which were closely similar in the
crystal structures, were well-defined in our model. There
were two major insertions in the P45014pm model from
residues D347 to L351 (between helices J and J'), and
from residues A434 to K454 (between Meander and the
Cys-pocket). These insertions formed extended turn
structures in the surface of the model. Nine smaller
insertions and three deletions, with one to three resi-
dues each, were located in P450;4pm residues S63, Q66,
K90, S110, D116, K119, T392, K499, and P501 for
insertions and in PA50BM3 residues N163, D168—P170,
and G457 for deletions. Most of the insertions and
deletions exposed on the molecular surface did not cause
large perturbations in the protein backbone folding or
the structural core relative to those in P450BM3. We
had little confidence in modeling M1—Y41 because of
the absence of structural information for these residues.
However, the sequence from Q22 to L40 was predicted
to be a strongly hydrophobic helix. This segment showed
the classical feature of a membrane-spanning region, a
long run of primarily hydrophobic amino acids followed
by several polar or charged residues.

To evaluate the quality of the modeled structure, both
Ramachandran plots and Profile-3D were used for
analysis. After molecular dynamics, 85.0% of the resi-
dues were in the most favored regions, 10.1% were in
additional allowed region, 4.1% were in generously
allowed region, and 0.8% were in disallowed region.
Thus, a total of 95.1% of residues of the modeled
structure after molecular dynamics was in the allowed
region, which indicated that the backbone dihedral
angles ® and W in the model were reasonable. In
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Figure 2. Structures of azole antifungals used in conformation analysis.

Profile-3D, the individual residues were characterized
by their environment as determined from the area of
buried residues, the fraction of side chain area that was
covered by polar atoms, and the local secondary struc-
ture. The 3D profile score S for the compatibility of the
sequence with the P450;4pm model was within the limits
of an acceptable value (S > 0), similar to that found for
P450BM3. The distribution of the hydrophobic and
hydrophilic segments was also similar to that of the

crystal structures, which was typical of a globular
protein. The hydrophilic segments including helix A, f1-
5—N-terminal of helix B’, N-terminus of helix C, N-
terminus and C-terminus of helix D, N-terminus of helix
F, N-terminus and C-terminus of helix G, 85, helix J',
and helix K”"—Meander pointed out into the cytoplasm
environment. Helices E, I, and L were the characteristi-
cally hydrophobic segments. Especially helix I consisted
of 34 amino acid residues with a distortion at the center
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Figure 3. Proposed pharmacophore model, rotated bonds, distance mapping patterns, and results of distance mapping (D1—D5,

A) for azole antifungals.

Figure 4. Ribbon representation of P45014pom model of C.
albicans. The molecule is viewed from the substrate access
(distal) face. Heme and substrate are also shown in the model.

to allow for oxygen and water binding, which resulted
in the hydrophilic center and the hydrophobic N-
terminus and C-terminus of the helix I.

Heme Environment. As in the crystal structures,
the heme in P45014ppm model was bracketed between the
proximal helix L and distal helix 1. C470 provided the
axial thiolate ligand for the heme iron atom (in Figure
5). The side chain of the invariant phenylanine F463
completed the hydrophobic enclosure for the cysteine
in combination with other highly conserved residues
such as 1471 and A476. The Cys-pocket appeared to
serve an important role for establishing the redox
potential of the heme iron, as observed in fluconazole-
resistant mutation isolates G464S52 and R467K.5* Fur-
ther, propionate coordination had been suggested to
have an influence on the redox potential of the heme
iron and was accomplished by three conserved basic
residues in the P45014pm. K147 at the N-terminal end
of the helix C formed a salt bridge to the D-ring
propionate, while R468 in the Cys-pocket formed an
H-bond with D-ring propionate. R381 in 1-4 formed
another salt bridge with A-ring propionate.

Redox-Partner Interaction and Electron Trans-
fer. All the P450s must receive electrons from a reduc-

Figure 5. Stereoview of the conserved residues involved in
heme binding. The hydrogen bonds are indicated with dotted
lines.

tase. In the case of microsomal P450s, the reductase was
NADPH-cytochrome P450 reductase or cytochrome b5.
A considerable amount of experimental evidence sug-
gested that P450s interacted with their electron donor
at the proximal surface of the molecule by forming an
electrostatic complex. The electron donor was expected
to be the acidic partner donating negative charges.
P450s were the positively charged partner. Regions on
the proximal surface of the P450:4ppm model that ap-
peared to be involved in redox-partner binding were
those in helices C, J, J', K, and K", and 1-3, 1-4, 52,
A5, Meander, and Cys-pocket, which formed a concave
depression in the proximal surface. Among them, the
highly conserved basic residues such as K143 and K147
at the N-terminal end of the helix C, K398 between 2-2
and $1-3, and R467 and H468 in the Cys-pocket were
the identical and/or very similar binding sites for
electron donor on various P450s (in Figure 6). The
residues unique to P450;4pm such as K99 and H101 in
helix B, K358 in helix J', and R426, K433, K451, and
K454 in the Meander and Cys-pocket were also the
potential candidates for participating in reductase
recognition. In addition, F463 and H468 probably played
an essential role in the electron transfer.

Substrate Access Channel. The substrate binding
pocket was embelled in the interior of the P450 proteins.
The active site heme was accessible through a long
channel. It was believed from the crystal structures that
the hydrophobic substrate was recognized on the surface
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Figure 6. Proximal faces of the modeled structure. The
residues probably interacted with redox-partner and/or in-
volved in electron transfer were indicated.

Table 1. Active Site Residues of P45014pm of C. albicans
within 8 A from the Substrate

position in
motifs sequence residues
$1-5—B' loop 114-119 AEDAYK
B’ helix 120-130 HLTTPVFGKGV
Meanderl 131-137 1YDCPNS

F helix C-terminus  220—-231 LYSDLDKGFTPI

I helix 295—-317 QEIANLLIGILMGGQHTSASTSA
6-1 sheet 374—-381 MPLHSIFR

6-2 sheet 507-512 SMVVLP

of the protein by a hydrophobic patch of amino acid
residues adjacent to the substrate access channel. In
P45014pm, this would correspond to residues L88, 191,
and M92 in the $1-2, and L238 and L240 at the
N-terminal end of helix G. It acted as the flexible flap
or lid over the substrate access channel. The substrate
then entered the mouth of the access channel and
partitioned down into the active site as a result of
hydrophobic interactions. The hydrophobic and aromatic
residues lining the substrate access channel included
F71 and F72 in helix A; F83, F85, and L87 in f1-1; L224
at the C-terminal of helix F; F228, 1231, F233, V234,
and F235 in the F—G loop; and M508 and V509 in 56—
1.

Active Site of P45014pm and Substrate Binding.
As in other P450s, the active site of P45014pm Was bound
at the bottom by the heme, and on the side by helix I,
Meander1, 6-1/81-4, and 36-2. Further outward from
heme were the C-terminus of helix F and the 31-5—N-
terminus of helix B'. The active site residues defined
as those within 8 A of any atom of substrate 24(28)-
methylene-24,25-dihydrolanosterol are indicated in Table
1. Several amino acid residues, for example G303, H310,
and S314, in helix | had been identified as substrate
contact residues.?>56 Helix I, Meander1, 36-1/41-4, and
p6-2 were SCRs and played an important role in
catalysis reaction and substrate specificity. The C-
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Figure 7. 24(28)-Methylene-24,25-dihydrolanosterol docked
into the active site of lanosterol 14a-demethylase of C. albi-
cans. The residues shown are within 4 A from the substrate.
The hydrogen bonds are indicated with dotted lines.

terminus of helix F and the 1-5—N-terminus of helix
B' were spatially variable regions (SVRs). They com-
posed the dome of the active site pocket and determined
the size of the active site.

Figure 7 is the docking model of substrate into the
active site of P450,4pm from C. albicans, showing the
residues within 4 A from the substrate. The substrate
was stabilized in the active site predominantly by
hydrophobic interaction and hydrogen-bond binding.
The distance from the iron atom to C32 of substrate,
the oxidative site, was 5.066 A. The 17-side chain of the
substrate was deep in a narrow and highly hydrophobic
cleft. The top of the binding cleft was formed by V125,
G129, and Y132 of Meanderl and L301 of helix I,
whereas C134, L300, 1304 formed the bottom of the cleft.
The side of this hydrophobic cleft was composed of
residues P135, L301, G303, and M306. 24(28)-Methyl-
ene groups were in the favorable position of being
parallel with the aromatic side chain of Y132 with a
separation of 4 A. The angular methyl group C18 of
substrate formed close van der Waals interactions with
the hydrophobic residues L121 and VV509. The side chain
methyl groups of V125 and T122 also made good van
der Waals interactions with C19 of the substrate. In
addition, V509 played an important role in the comple-
mentary fit between the valine side chain and the gem
dimethyl groups C44 and C4a. Three hydrogen bonds
were formed between the 3-OH group of substrate and
carbonyl and amino groups of the main chain and
hydroxyl group of the side chain of S378, which was
essential for orienting the substrate to the correct
direction in the active site. All the above analysis was
in good agreement with lines of evidence suggesting that
the 3-hydroxy group,®” the angular methyl of the
B-surface,>® and the 17-side chain®%%° of the substrate
were the essential structures of substrate for interacting
with the fungal P45014pm protein. These findings added
further validity to the model. T311 was the highly
conserved residues participating in the catalysis reac-
tion of the substrate.

Modeling of Azole Antifungals in the Active Site
of P45014pm. Results of conformation sampling by the
constrained systematic search method were indicated
in Table 2. The results of the distance map in Figure 3
showed the acceptable distance range between phar-
macophores. The pharmacophoric conformations of 14
azole antifungals matching the pharmacophore hypoth-
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Table 2. Conformations in the Systematic Search

systematic systematic search after systematic search
no. search distance map filter no. distance constraints

14 2690 2690 539 1 188133
9 11269 2467 1089 3 184
12 30427 10603 10038 4 200
13 48856 18506 16587 5 6323
7 67291 9673 8029 6 6070
11 74792 4620 3036
8 105293 5931 5931
10 108159 8469 8469

Figure 8. Stereorepresentation of 14 azole antifungals su-
perimposed in pharmacophoric conformations.

Table 3. Energy Differences (AE) between the Active
Conformer Energy (Ez) and the Global Minimum Energy (E1)

no. E1 E> AE no. E1 E> AE

1 18.824 22516 3.692 8 26.387 26.400 0.013
2 20.250 20.838 0.588 9 126.255 127.946 1.191
3 26.562 33.660 7.098 10 34.910 37.676 2.766
4  40.760 44.124 3.364 11 18.130 18.324 0.194
5 40.677 41541 0.864 12 15.879 15.879 0

6 45347 47.722 2.365 13 20.167 21901 1.734
7 40.803 40.875 0.072 14 28.009 29.151 1.142

esis were superimposed on the basis of the pharma-
cophores and shown in Figure 8. The good geometrical
fit of the pharmacophores and the values of the energy
difference between the resulting bioactive conformation
and the global minimum energy conformation argued
for a reasonable common conformation framework (in
Table 3).

All 14 azole antifungals were shown to have a similar
docking mode in the active site. The active site residues
interacting with the inhibitors were the same as those
interacting with the substrate, consisting of helix I,
Meanderl, and $6-1, which composed the side of the
active site, and 86-2, C-terminus of helix F, and f1-5—
N-terminus of helix B', which made up of the dome of
the active site. The docking modes of fluconazole and
itraconazole into the active site of P45014DM from C.
albicans were shown in parts A and B of Figure 9,
respectively. The halogenated phenyl group of the
inhibitors was located in the same hydrophobic binding
cleft lined with V125, G129, Y132, C134, P135, L300,
G303, 1304, M306, and G307 as the 17-alkyl chain of

Ji et al.

MET306

LEU376
THR311 GLY307,

Figure 9. Stereoview of active site of lanosterol 14o-dem-
ethylase of C. albicans with bound fluconazole (A) and itra-
conazole (B).

substrate. Since the hydrophobic cleft was narrow, the
space adjacent to positions 2 and 6 of the phenyl group
was limited. The bulky substituents larger than a
chlorine atom would probably produce significant steric
clashes with residues C134 and G307, altering the
docked ligand conformation substantially and lowering
the binding affinity, such as in compounds 1, 2, and 3
in Table 4.54 In contrast, the space adjacent to position
4 of the phenyl group was large enough to accommodate
another phenyl ring, such as in compounds 6, 7 in Table
4.51 The binding energies (Epinding) Of each inhibitor in
Table 4 were calculated according to the formula
Ebinding =E - (Eligand +E

complex receptor)
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Table 4. Chemical Structure, Antifungal Activities, and Binding Energies of Triazole Alcohols Interacting with the Active Site of

P45014pm from C. albicans

Compd IC,(uM)*  E,_.(Kcal/mol)® E,.(Kcal/mol)® E,(Kcal/mol)*
1.
N=\ o N
Neel Al \j 103.45 8.764 -47.548 -38.784
2., .
LNIT*:H—\'HZ-C— z—N\=-|N
* 100.88 1.349 -50.036 -48.687
T
] ’
L@H—Ocul-c—mz- \=-]N
; \Eb 28.50 10.358 -43.474 -33.116
4.
N=—\ o N
LNIN—mz-C—mz—N\JI
¢ 3.25 -14.850 -48.104 -62.954
5 N OH N
|yt \:l
f; 1.97 -16.312 -53.160 -69.328
6. N OH N
I 7’
LNIN—CHZ-C—CHI-NE—JJ
g 7.19 -16.312 -48.650 -64.963
7,
N=\ ' N
LNIN—CHZ—C—CHI—N\-:[
6.94 -16.147 -53.627 -69.774

a

aCsp is the concentration required to reduce the growth of C. albicans to 50% of that in the control. P Egeric is the steric interaction
energy. ¢ Eelec is the electrostatic energy.d Eyal is the total binding energy.

where Ejigand iS the energy of the ligand corresponding
to the overall minimum energy for the conformation
search. Ereceptor IS the energy of the receptor.

The halogenated phenyl ring of the inhibitors bound
in close proximity to the flat aromatic ring of Y132, and
a m—am stacking interaction might exist between them.
Replacement of Y132 has been found in the CYP51
protein of a fluconazole-resistant isolate of C. albicans,

suggesting a critical role for this residue in the flucona-
zole susceptibility of CYP51.62

Although the side chains of itraconazole, ketoconazole,
TAK-187, and D-0870 were very long, while the side
chains of fluconazole, SM8668, and SDZ-89485 were
rather short, all of them showed high antifungal activi-
ties. The reason was that all of them were of the
pharmacophores proposed above and the spatial orien-
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A B1-5—B’' Meanderl I Be-1 fe-2
118 126 129 136 224 231 300 312 375 380 507 511

CYPS51(c.alb.) YKHLTTPVF GVIYDCPN LDKGFTPI LLIGILMGGQHTSA PLHSIF SMVVL
CYPS1(c.tro.) YTHLTTPVF GVIYDCPN LDKGFTPI LLIGVLMGGQHTSA PLHSIF SMVTL
CYP51(s.cer.) YAHLTTPVF GVIYDCPN LDKGFTPI LLIGVLMGGQHTSA PLHSLF SMVTL
CYP51(s.pom.) YSHLTTPVF DVVYDIPN LDQGFSPV MMIALLMAGQHTSA PIHSHM SMVAL
CYP51(p.ita.) YGKLTTPVF DVVYDCPN LDLGFSPI MMITLLMAGQHSSS SIHTLM SLFSR
CYPS51 (human) YSRLTTPVF GVAYDVPN LDGGFSHA MLIGLLLAGQHTSS PIMIMM TMIHT
CYP51 (rat) YGRLTTPVF GVAYDVPN LDGGFSHA MLIGLLLAGQHTSS PIMTMM TMIHT
CYP51(t.aes.) Y-RFNVPTF GVVFDVDY LDNGMLPI LLIAALFAGQHTSS PLIMLL AMVV -

Figure 10. (A) Multiple sequence alignment of CYP51 proteins from C. albicans (c. alb.), Candida tropicalis (c. tro.), S. cerevisiae
(s. cer.), Schizosaccharomyces pombe (s. pom.), Penicillium italicum (p. ita.), rat, human, and Triticum aestivum (t. aes.). Secondary
structure features are labeled. (B) Stereoview of structrually selective residues of the active site of lanosterol 14o-demethylase of

C. albicans relative to mammals in complex with ER-30346.

tations of the pharmacophores were very similar. The
side chains of inhibitors were not the determinants for
activity. They played a role in adjusting the physico-
chemical properties of the whole molecule to avoid some
dissatisfying side effects and/or improve their pharma-
cokinetic and pharmacodynamic behavior. The side
chains of itraconazole, ketoconazole, TAK-187, and
D-0870 were too long to be accommodated in the active
site. From the docking model shown in Figure 9, we
found that the long side chains of the inhibitors sur-
passed the active site and interacted with the residues
in the substrate access channel. Especially for itracona-
zole, the terminal alkyl group of the side chain reached
the entrance of the substrate access channel and
interacted with the hydrophobic residues F71, F85, L87,
L88, and 1231. This docking mode provided additional
support for the general features of the P45014ppm model.

A pharmacophore model of azole antifungals was
proposed recently, including the N1 atom of the azole
ring, the phenyl ring attached to C2, and another
aromatic ring of miconazole, shown in Figure 2.5 The
phenyl ring attached to C2, also identified as a phar-

macophore by us, occupies the hydrophobic cavity in the
active site. It is obvious, however, that the N4(3) atom
of the azole ring is more suitable than the N1 atom as
another pharmacophore, because the N4(3) of the azole
ring is convalently bound to the heme. The compound
would be deprived of activity if N4(3) is replaced by a
carbon atom. It seems that another aromatic ring for
miconazole is not a determinant for antifungal activity,
because neither SDZ-89485 nor SM-8668 have this
aromatic ring. Furthermore, not only the physicochem-
ical properties of the ring but the distances between this
aromatic ring and other pharmacophores are variable
in different azole antifungals, as shown in Figure 2. The
chirality at C2 and C3 is important to antifungal
activity. The compounds in Figure 2 exhibit significantly
higher activities than the other stereoisomers.*%% So a
methyl group attached to C3 was selected as a phar-
macophore. The oxygen atom attached to C2 has been
suggested to be favorable to antifungal activity; for
example, triazole alcohols such as fluconazole, voricona-
zole, SM-8668, and D-0870 are the representatives of
the second-generation triazole antifungals. They con-
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stitute a considerable portion of the most recent promis-
ing leads in antifungal chemotherapy. These agents are
generally more potent, better tolerated, metabolically
more stable than the first-generation products which
have no hydroxy group at the C3 position.61.64 Neverthe-
less, we cannot find any one of the residues directly
interacting with the oxygen atom from the docking
model because the active site is so large that there is
some distance between the oxygen atom and the resi-
dues around it. We think that waters conserved in the
active site might act as the spacer to bridge the oxygen
atom and the residue, probably H310 in the active site.

Figure 10 shows the multiple sequence alignment of
the active site residues within 6 A from any atom of
the inhibitors. To compare with the mammalian en-
zyme, structurally selective residues of the active site
of fungal P45014pm Were distributed in the C-terminus
of helix F, -sheets 6-1 and 6-2, especially K226, P230,
1231, H377, V509, and V510 in P450:14pm from C,
albicans. The physicochemical properties of these resi-
dues should be considered in designing new antifungals
to improve their selectivity to P45014pm Of fungi.

When we were preparing the manuscript, a three-
dimensional molecular model of P45014pm from Saccha-
romyces cerevisiae based on homology with P450BM3
was reported.5®> The sequence alignment was similar to
that of ours, with only a few differences in the N-
terminus of the protein. S378 was also identified to
interact with the 3-hydroxy group of the substrate, and
the 17-alkyl side chain was deep in the same hydropho-
bic cavity. F145 in helix C or Y132 in Meanderl was
proposed to interact with the planar dimethyl alkene
in the 17-alkyl side chain of lanosterol. In our model,
however, only Y132 was able to interact with the planar
unsaturated region in the side chain of the substrate.
The halogenated phenyl ring of ketoconazole was also
proposed to occupy the same hydrophobic cavity as the
17-alkyl side chain in their model. However, their model
invoked a fairly dramatic movement of the residues in
the active site when ketoconazole was docked into the
active site, and F134 formed a w— stacking interaction
with the halogenated phenyl ring. In our model, it was
the aromatic ring of Y132 that formed the 7—x stacking
interaction with the halogenated phenyl ring of keto-
conazole, and residues in the active site did not move
obviously.

Conclusions

A homologous 3D model of lanosterol 14o-demethy-
lase from C. albicans was built on the basis of the crystal
coordinates of four known prokaryotic P450s: P450BM3,
P450cam, P450terp, and P450eryF. The reliability of the
model was assessed by Ramachandran plots, Profile-
3D, hydropathy plot analysis, and by analyzing the
consistency of the model with the experimental data on
the P450:4pm. The overall structure of the resulting
P450;4pm model is similar to those of the known crystal
structures. The model retains the core structure char-
acteristic for cytochrome P450s. Most of the insertions
and deletions expose the molecular surface. The struc-
turally and functionally important residues such as the
heme binding residues, the residues interacting with the
redox-partner protein and/or involved in electron trans-
fer, the residues lining the substrate access channel, and
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the substrate and the inhibitor binding residues were
identified from the model. These analyses provide a
basis for experiments to probe structure—function re-
lationships in the P45014pm. Exposed regions of the
P45014pm have been identified which would be candi-
dates for synthesis as peptides for the generation of
polyclonal or monoclonal antibodies. Such isoenzyme-
specific antibodies can be used to probe the P450
function by either blocking substrate binding or associa-
tion of the enzyme with cytochrome P450 reductase.
Mutagenesis of specific residues should establish whether
they play a role in determining substrate and/or inhibi-
tor specificity. Identification of such residues will allow
the rational design of specific inhibitors and enzymes
with altered substrate specificity.

Although one could not have the same degree of
confidence in the model as in an experimentally deter-
mined structure, the careful building process and the
results obtained from the experiments indicated that
our model is reliable enough to be used for exploring
the structure and function relationship. Preliminary
work has been done on this issue, and promising results
have been obtained, although further investigation is
still needed in order to gain insight into the molecular
mechanism of the interaction between P45014pm and its
substrates and inhibitors. The next step in this line of
research will be the design of lead inhibitors based on
the active site and the extensive investigation of the
structure and activity relationships. Finally, it should
be pointed out that the robust strategy developed could
serve as a guide to model other mammalian P450s and
related system.
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