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Two three-dimensional (3D) models of human cytochrome P450 26A1 (CYP26A1) were constructed using the programs
Modeller and Sybyl-GeneFold, respectively. After refinement by molecular mechanics and molecular dynamics (MD)
simulations, the two models were validated by structure analysis-validation online server. Subsequently, a flexible
docking study was performed on the model constructed by GeneFold with the potent and specific inhibitor R115866 to
examine the enzyme—inhibitor interactions. From the docking results, we can see R115866 interacts with amino acid
residues at the active site by multiple hydrophobic interactions including the side chains of His111, Trp112, Serl15,
Vall16, Leul25, Serl126, Leu221, Phe222, Glu296, Phe299, Gly300, Glu303, Thr304, Pro371 and the cofactor heme.
Trpl112 and Thr304 form hydrogen bonds with R115866 and play important roles in stabilising the complex. This
constructed CYP26A1 model may provide an opportunity to understand the action mode of the enzyme and could be
useful in designing novel retinoic acid metabolism blocking agents (RAMBAsS).
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1. Introduction

Retinoids (vitamin A, its natural metabolites, and
synthetic analogues) have a remarkably wide range of
biological activities of regulating cell growth, differen-
tiation, and morphogenesis [1]. All-trans-retinoic acid
(ATRA), the most active metabolite of vitamin A, play
important roles in cellular differentiation and prolifer-
ation of epithelial tissue and has been used for the
treatment of acute promyelocytic leukaemia (APL) [2,3].
ATRA induces terminal differentiation of the malignant
promyelocytes of APL patients with complete remission
reported in 85-90% of the cases [4]. ATRA is
metabolised into 4-hydroxyl-ATRA rapidly in vivo by
cytochrome P450 enzymes and eventually into more polar
metabolites [S]. The high ATRA metabolism has been
thought to be a reason of ATRA resistance and disease
relapse of APL. To inhibit the ATRA metabolism would
be a feasible strategy to improve the therapeutic effect of
ATRA and extend its use in the treatment of cancer.
Several CYP isozymes have been shown to be capable of
metabolising ATRA [6—8], but CYP26 appears to be the
most dedicated ATRA 4-hydroxylase. CYP26 recognises
only retinoic acid (RA) as its substrate and its expression
is induced by ATRA both in vitro and in vivo at
pharmacological concentrations [9]. Three subtypes of
human CYP26 have been identified: CYP26A1 [10,11],

CYP26B1 [12] and CYP26C1 [13]. CYP26A1 and
CYP26B1 are responsible for the metabolism of ATRA
both in the embryo and adults. CYP26C1 is a more recent
discovered subtype that may play a specific role in the
metabolism of both ATRA and 9-cis-retinoic acid.
CYP26A1 was shown to be highly specific in the
hydroxylation of ATRA and did not recognise the 9-cis
and 13-cis retinoic acids [10]. Since CYP26A1 is induced
in ATRA responsive leukemia and cancer cells and ATRA
is clinically used for the treatment of cancer, it could used
as a target to develop agents for inhibition of ATRA
metabolism.

The human CYP26AI1 consists of 497 amino acids
[14], with a molecular weight of 56 163 Daltons. Cys442
connects to the cofactor heme directly through the sulfur
atom and serves as the fifth ligand for it. However, a
detailed analysis of the metabolic mechanism of ATRA
at the molecular level has been hampered by the lack of a
crystal structure for CYP26A1. Therefore it is necessary
to determine the 3D structure which would pinpoint
specific substrate contact residues and provide an
opportunity to understand the interactions between the
enzyme and the inhibitors. Such knowledge will also be
helpful in designing novel blocking agents for ATRA
metabolism. Gomaa et al. [15] reported a human CYP26
model constructed by homology modelling method
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based on CYP3A4 as template. We construct the model
using homology modelling and fold recognition methods
with improved stereochemical results.

2. Methods
2.1 Structure prediction

There are three methods for protein structure prediction
including homology modelling, fold recognition and
ab initio approach. Ab initio method is used for the
prediction of small peptide structures, but not proteins
such as CYP26A1 because the calculations required
would be too expensive computationally. Therefore, we
have attempted the other two methods in the current work.

Homology modelling is based on the assumption that
the tertiary structures of two proteins may be similar if
their sequences are related, and is an often used method
when a clear homology template can be found. The amino
acid sequence of human CYP26A1 obtained from the
Swiss-Prot TrEMBL database (accession number
043174) was used to search for the templates using the
program BLAST' [16] in the homology modelling
method.  Mycobacterium  tuberculosis CYP51
(MT-CYP51, PDB code: 1EA1 [17]) displayed the
highest sequence identity to CYP26A1 (25%) in the
Protein Data Bank [18] (PDB). Human CYP3A4 (HU-
CYP3A4, PDB code 1TQN [19]) showed the highest
sequence identity in mammalian to CYP26A1 (23%).
Therefore, both MT-CYP51 and CYP3A4 were selected
as the templates. The template sequences were extracted
from the template PDB files. Using this two templates
and target sequences, multiple sequence alignment was
derived using CLUSTAL W 1.83 [20] package with some
manual adjustment and default parameters, and a
homology modelling procedure was performed by
Modeller. Heme group in the two templates and
fuconazole in 1EA1 were considered in our research,
by adding parameter (set HETATM_IO = on) in the top
file, using dots that represent the heme and fluconazole in
the ali file, and numbering these groups after the last
natural amino acid in the template pdb file.

In practice, the sequence alignment is very unstable
when the sequence similarity is less than 30% of identical
residues, and the quality abruptly drops [21]. Consider-
ing the relatively low sequence identity between
CYP26A1 and all known protein structures in the PDB
database, we also constructed a model using the fold
recognition approach with GeneFold [22] program in the
SYBYL6.9% molecular modelling package. GeneFold
uses the probe sequence, target structure and a scoring
function which measures the affinity of the probe
sequence for the target structure to construct a model.
With a representative library of protein folds, GeneFold
finds the most appropriate fold for a given probe
sequence. In this procedure, the numbers of top matches

and sequence alignments between target and templates to
be displayed were both set upto 20, and the crystal
structure of Bacillus megaterium P450BM-3 (BM-
CYP102, PDB code: 1BU7 [23]) showed high scores in
the three scoring methods of GeneFold and was chosen
as the template. Dai et al. [24] reported that P4AS0BM-3 is
the best choice when using a single P450 as a template,
because it exhibits 20% sequence similarity with
mammalian microsomal P450s and it is the only one
interacting with NADPH cytochrome P450 reductase
during the catalytic cycle as a class I P450. P450BM-3
has been used as a sole template for modelling of several
P450s: 1A2 [25,26], 2B6 [27], 2D6 [25], 3A4 [25], etc.
These also made us convinced of this template in fold
recognition method. In our approach, the backbone of the
structurally conserved regions (SCR) was constructed
according to the template and the remaining parts of the
backbone were constructed with Loop Search command
in SYBYL. Side-chains were then added and the
coordinates of heme were generated by superimposing
the model to the template and extracting it from the
counterpart of the template.

After model construction, energy minimisation and
molecular dynamics (MD) simulations were performed
in order to remove bad van der Waals contacts and to
obtain stable conformations for all the constructed
models of human CYP26A1. All hydrogen atoms were
added and Amber7 charges were assigned to the two
models. Then, energy minimisations were performed in
SYBYL using steepest descent (SD) calculations with
embedded Amber7 force field [28] for 5,000 iterations. In
this procedure, heavy atoms were tethered to relieve
possible steric clashes and overlaps of the hydrogen
atoms. Conjugated gradient (CG) minimisations were
then carried out until the systems converged to less than
0.05 kcal mol ' A" for the gradient. Other miscella-
neous parameters were assigned to their default values in
SYBYL. In the CG minimisation procedure, heavy atoms
and backbone were tethered successively, and then the
whole structure was set to free. MD refinements were
performed next using GROMACS [29] software. In this
procedure, the simulations were carried out at 300 K
using periodic boundary conditions as to avoid surface
artifacts at the box edges. The two models were
immersed in a cubic box (0.65 X 0.65 X 0.65nm?%) of
extended SPC216 water molecules. The solvated system
was neutralised by adding chloride ions whose positions
were randomly chosen in the simulation. For the two
constructed models, standard GROMACS amino acid
residue topology and parameters based on the Gromacs
Forcefield were used. Electrostatic energy was calculated
using the particle mesh Ewald method [30]. Cutoff
distances for the calculation of Coulomb and van der
Waals interaction were 0.9 and 1.4nm, respectively.
After energy minimisation using a steepest decent
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method, the system was subjected to equilibration at
300K and normal pressure for 100ps under the
conditions of position restraints for heavy atoms. After
that, 100-ps MD simulations with the protein main-chain
and C, atoms restrained were performed step by step.
Finally, the two systems were subjected to free
simulations under the same conditions for 3 ns. During
the course of the simulation, the actual frame was stored
every 4 ps. An average structure was refined further by a
steepest decent and conjugate gradient energy
minimisation.

The final refined models were evaluated by several
programs: Procheck [31], Verify_3D [32,33], and Errat
[34], which belong to the structure analysis-validation
(SAV)? online server sponsored by the UCLA-DOE
Institute for Genomics and Proteomics. Procheck was
used to assess the ‘quality’ of the conformation of the
polypeptide backbone and sidechains. Verify_3D and
Errat were applied to evaluate the compatibility between
the amino acid sequence and the environment of the
amino acid sidechains in the model. The two approaches
are complementary. Verify_3D assesses the environment
of the sidechains based on the solvent accessibility of the
sidechains and the fraction of the sidechains covered by
polar atoms. Errat assesses the distribution of different
types of atoms with respect to one another in the protein
models [35].

2.2  Molecular docking study

Molecular docking involves fitting a protein and ligand
together in a favourable conformation to form a complex.
Structural information from such a complex may help to
clarify the catalytic mechanism of the enzyme. The
SiteID program in SYBYL was used to identify protein
binding sites and functional residues. In this procedure,
the FindPockets program was used to search the binding
site by locating cavities in the protein structure.
Combining the search results and the substrate
recognition sites (SRS) [36] of other CYPs reported,
the binding site of CYP26A1 can be predicted definitely.
In order to understand the interactions between inhibitors
and the enzyme, R115866 [37] (Figure 1), was docked
into the model generated by GeneFold. The 3D structure
of the R115866 was built with the SYBYL-Sketch
module and the geometry was optimised. Computer-
based automated docking of R115866 into the active site
of CYP26A1 was performed using a grid based docking
program, AUTODOCK 3.0.5 [38], with the Lamarckian
genetic algorithm. A 52 X 52 X 52-point grid with a
spacing of 0.375 A centred at 47.703, 67.762, 38.717 A
was used for the protein model. Lennard-Jones
parameters 12—10 and 12—-6 were used for modelling
H-bonds and van der Waals interactions, respectively.
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Figure 1.  Structure of R115866.

The maximum numbers of energy evaluation and
generation were set to 250,000 and 27,000, respectively.
A total of 50 separate docking runs were performed with
the initial population of 50 individuals, and the lowest
energy structure from each run was retained. Final
docked conformations were clustered by using a
tolerance of 1.0 A root mean square deviation (RMSD).
The ligand with the best receptor-ligand binding mode
was selected.

3. Results and discussion
3.1 Template selection and sequence alignment

The BLAST searching results were shown in Table 1.
In homology modelling approach, the crystal structure of
IEA1 showed the best sequence identity (25%) with
CYP26A1. Furthermore, the co-crystallised ligand in
1EA1 was fluconazole which belongs to the early
retinoic acid metabolism blocking agents (RAMBAS)
[39]. Since substrate-induced conformational changes
may occur, the constructed conformation of the active
site with this template may be more approaching to the
real binding mode of CYP26A1 with RAMBAs.
Therefore, 1EA1 was chosen as template in the
homology modelling method. Human CYP3A4 shows
the highest sequence identity in mammalian to CYP26A1
(23%) and was also selected as a template in this method.
The relatively low sequence identity between target and
template proteins renders the CYP26A1 modelling a
challenging task. However, it has been revealed that
CYPs both in eukaryote and prokaryote share similar
structural foldings [35].

The secondary structures of the temples were labelled
as defined by Williams et al. [40] in Figure 2. From the
alignment we observe that there is no insertion other than
helix G in secondary structure elements. The conserved
regions, such as heme binding domain PFEGGGLRSCVG
the heme binding domain), PERF domain (PDRF
position 416—419) which forms an ERR triad [41],
using Glu and Arg from the K-helix domain and Arg
from the PERF domain, and ETLR conserved domain 50
amino acids upstream the PERF domain were matched
correctly among our model and the templates.
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Table 1. The P450 structures recovered by a BLAST search using the sequence of HU-CYP26A1.

Protein PDB code BLAST bit score Sequence identity % Sequence identity Chain length
MT-CYP51 1EA1-A 101.252 112/443 25 455
BM-CYP102 1BU7-B 95.9237 93/363 25 455
HU-CYP3A4 1TQN-A 94.0232 103/434 23 486
HU-CYP2RI1 20ID-A 78.6192 96/437 21 479
RA*CYP2B4 1PO5-A 75.5184 112/474 23 476
PSP-CYP108 1CPT 72.4176 62/224 27 412
HU-CYP2A6 1Z10-A 70.5171 108/480 22 476
HU-CYP2C9 1R90-A 68.2165 105/473 22 477
HU-CYP2A13 2P85-A 67.0162 108/477 22 476
HU-CYP2D6 2F9Q-A 65.5158 48/206 23 479
EC°-CYP107 2BVIJ-A 63.9154 62/235 26 436
RA-CYP2C5 1DT6-A 63.9154 104/477 21 473
HU-CYP2C8 1PQ2-A 63.5153 112/477 23 476

2Rabbit. ® Pseudomonas. € Escherichia coli.

3.2 Model construction and final model
determination

In homology modelling method, ten CYP26A1 con-
former models were generated by the Modeller program.
The N-terminus (form Metl to Val33) was discarded,
because the coordinates of the corresponding region were
not resolved in HU-CYP3A4 by X-ray diffraction and
did not exist in MT-CYP51. This region is thought to be a
membrane anchor in mammalian P450s, but it is not
present in the soluble bacterial P450s [42]. The structural
uncertainty of this region is not critical since it is not
involved in substrate recognition which is the primary
focus of our modelling study. Among the ten models
produced by Modeller, CYP26A1.B99990005.pdb was
selected due to its lower value of Modeller objective
function and better performance in SAV validations
(Table 2).

In the GeneFold method, all of the three scoring
methods indicated that chain B of 1BU7 was the best
template. The alignment of target sequence and template
sequence was accomplished automatically with the
BLAST procedure embedded in GeneFold. And the
sequence alignment of 1BU7 with CYP26A1 in
GeneFold was integrated in Figure 2. Using this
template, a 3D model containing the residues from
Arg36 to Ala488 was constructed. The N- and C-termini
were not constructed because their counterparts were
lacking in the template. However, these missing residues
are far from the active site and are expected to have
minimal effects on the results.

After energy minimisation, MD simulations were
performed on the two models constructed by Modeller
and GeneFold. The dynamic behaviours and the
structural changes of the models during the course of
the simulation period were analysed. The RMSD from
the starting structure is an important criterion for the
convergence of the protein system. The RMSD values of
all C, atoms of the GeneFold and Modeller models

showed that the two systems reached convergence after
2ns equilibrations in Figure 3. The average protein
structures (Figure 4) between 2 and 3 ns were calculated
as the final results for the two methods.

Protein backbone and sidechain conformations of the
refined two models were evaluated by Procheck which
includes a Ramachandran plot parameter for the
assessment of protein quality based on the ¢/i-angle
distribution. The Ramachandran plots indicated that more
than 98% of the residues in each model were located in
favoured and allowed regions. Cys256 (Figure 5(a)) in the
Modeller model and Phe77, His129 and Phe430 (Figure
5(b)) in the GeneFold model were found in the disallowed
regions, but all these residues occurred on the surface of
the protein were far away from the active site and seemed
not to affect the most important part of the structure.
The Verify_3D and Errat results of the two models are
listed in Table 3. From the results of the SAV validation,
we conclude that the two models have satisfactory
stereochemistry and good amino acid sidechain environ-
ment properties. It seems that the model constructed by
GeneFold is slightly reasonable by its better performance
in Verify_3D and Errat.

The helices F and G in the structure made by
Modeller (Figure 4(a)) are shorter comparing with those
regions in other P450s. The helices F and G have been
thought to comprise part of the substrate pocket or the
substrate access channel in bacterial and mammalian
P450s [40,44,45] and F—G loop might be the membrane
anchor point for mammalian P450s. In 2001, Haines et al.
[46] reported that helix F, helix G and F-G loop
composed a ‘lid domain’ as a substrate access channel in
studying of PA50BM-3 and N-palmitoylglycine complex.
The composed channel is involved in a clam shell-like
movement to trap substrate and exhibits a rocking motion
with helix I as a fulcrum. A number of structural studies
have suggested that the C-terminal portion of helix F may
be important in forming the ceiling of the substrate
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CLUSTAL W (1.83) multiple sequence alignment

1TQN_A|PDBID|CHAIN | SEQUENCE
1EA1_A|PDBID|CHAIN | SEQUENCE
1BU7_B | PDBID | CHAIN | SEQUENCE
sp| 043174 | CP26A_HUMAN

1TQN_A|PDBID|CHAIN | SEQUENCE
1EA1_A|PDBID|CHAIN|SEQUENCE
1BU7_B | PDBID|CHAIN | SEQUENCE
sp|043174 | CP26A_HUMAN

1TQN_A|PDBID|CHAIN | SEQUENCE
1EA1_A|PDBID|CHAIN |SEQUENCE
1BU7_B|PDBID|CHAIN | SEQUENCE
sp|043174 | CP26A_HUMAN

1TQN_A| PDBID | CHAIN | SEQUENCE
1EAL_A|PDBID|CHAIN |SEQUENCE
1BU7_B | PDBID | CHAIN | SEQUENCE
sp|043174 | CP26A_HUMAN

1TQN_A | PDBID|CHAIN | SEQUENCE
1EAL1_A|PDBID|CHAIN|SEQUENCE
1BU7_B | PDBID | CHAIN | SEQUENCE
sp| 043174 | CP26A_HUMAN

1TQN_A | PDBID | CHAIN | SEQUENCE
1EAL_A|PDBID|CHAIN | SEQUENCE
1BU7_B | PDBID | CHAIN | SEQUENCE
sp| 043174 | CP26A_HUMAN

H-A s1-1 s 1-2 H-B
————————————————————————————————— HSHGLFKKLGIP-GPT-PLPFLGNILSYHKGFEMFDMECHKKYEKVWGFYDGQQPVLALTD-PDMIKT
- S MSAVALPRVSG- GHDEHGHLEEFRTDF"DVGI’FQLAGKQWLLS“

----------------------------------- TIKEMPQPKTFGELKNLPLLNTDKPV----JQALMKI=ADELGE I FKFEAPGR-VTRYLS-SQRETK
MGLPALLASALCTFVLPLLLFLAATIKLWDLYCVSGRDRSCALPLPPGTM-GFPFFGETLQMVLQRRKFLQMKRRKYGFIYKTHLFGRPTVRVMG-ADNVRR
H-C H-D S 3-1 H-E

VEVKECYSVFTNRRPF--GPVGFMKSAISI-AEDEEWKRLERSLLSPT FTSG=KLKEMVPITAQYGDVLVRNLRREAE TGKPVTLK=DVFGAYSMDVITS TS
[FRAGDDDLDQAKAY PF==MTPIFGEG- - -V-VFDASPERRKEMLHNAAL RGEQUKGHAATIEDQVRRMEADWGEAGE 1D LEDFFASELTIVTSSACL 1GRK
EACOESRFDKNL SGALKEVRDFAGDGL FTSWTHEKNWKKAHNILLES FSQ-QAMKGYHAMMVDTAVQLVAKWER LNADEHI EVPEDMTRLTLEDTIG==LCG
ILLGDDRLVSVHWPAS——VRTILGSGCLSN LHDSSHKQRKKVIMRAFSR- EALEC‘NPVITEEVGSSLEQWLSCGERGLLVYPE VKRLMFRIAMRILLG
H-F' H-G’

FGVNIDS- LNNPQ_(LLRFDFL-D_VFF_NICVFP_ESRLEDTQKHRV_S—-——SH
[FRDQLDG- - - -RFAKLYHELERGTDPLAY -VDPYL PIESFRRRDEARNGLVALVADIMNG========RTANPPTDKSDR---DMEDVLIAVK-AETGTP-
FNYRFNSFYRDQPHPEITSMVRALDEAMNKLQRANPDDPAYDENKRQFQEDIKVMNDLYD======~-KITADRKASGEQ- SDDLLTHMLNGKDPETGE -~
CEPQLAG-DGDSEQQLVEAFEEMTRNLFS-LPIDVPFSGLYRGMKARNLIHARIEQNIRA--====-~ KICGLRASEAGQGCKDALQLLIEHS-WERGE——

H-T H-] s 1-4 s 2-1
KALSDLELVAQSIIFIFAGYETTSSVLSFIMYELATHPDVQQKLQEEIDAV----- LPNKAPP_QME“F’IAMRLERVCKKDVEI
-RFSADEITGMFISMMFAGHHTSSGTASWTLIEL MRHRDAYAAVIDELDEL - -~~~ YGDGRSVSFHALRQTPQLENVLKETLRLHPPLITLMRVAKGEFEY

-PLODENTRYQITTFLTAGHETTSGLLSFALYFIVKNAHVEQRAAEEAA - - - - - - RVLVDPVPSYKQUKOLKYVGMVLNEALREWP TAPAFSLYAKEDTVL
-RLDMQALKQSSTELLFGGHETTASAATSLlTYLGLYPHVLQKVREELKSKGLLCKSNQDNKLDMEILEQLKYIGCVIKETLRLNPPVPGGFRVALKTFEL

s 2-2 s 1-3 Cys-pocket - S 3-3 S 4-1
NG MFIPKGVWMIPS_HRDPKYW!‘EP EKFLP-FSK—KNKDNIDPYIYT‘PFGSGPRNCIG“JNFSFKPCKE—TQIPLKLSLG
QG-HRIHEGDLVAASPAESNRIPEDFPDP-HDFVFARYEQPRQEDEENRWTWIPFGAGRHRCVGAAFATMOTKATFSVLLRE Y E FEMAQP-PESYRNDHSK
GGEYPLEKGDELMVL IPQEHRDKTIWGDDVEE FRPEREENP - -SATP-QHAFKPFGNGQRACTEQQFALHEATLEVEGMMEKHFDFEDHTNYELDIKETLTL
NG-YQIPKGWNVIYSICDTHDVAEIFTNK-EEFNPDRFMLPHPEDAS-RFSFIPFGGGLRSCVGKEFAKILLKIFTVELARHCDWQLLNG-PPTMKTSPTV

S 4-2  s3-2
GL------=- LQPEKPVVLKVESRDGT*
L VQLAQPACVRYRRRT--*
KPEGFVVKAKSKKIPL---—--=-=-- *
YP-ommm oo VDNLPARFTHFHGEI-~*

Figure 2. Multiple sequence alignment of human CYP26A1 to MT-CYP51 and HU-CYP3A4. Identical residues in the three CYPs are depicted by red letters. Magenta, yellow and
blue boxes on templates represent a-helix, B-strand and Cys-pocket, respectively.

[bS  uouvnuilg Anjnd2]0W
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Table 2. The value of objective function and results of the Ramachandran checks, Verify_3D, Errat for the ten CYP26A1 conformer models produced by Modeller.

Ramachandran plot® (%)

Verify_3DP (%) Errat® (%)

Additional Generously Disallowed

Most favoured

Objective function

Conformer model

44.298
46.930
42.325
36.889
41.009
38.377
41.667
51.974
45.175
49.561

1.0 77.42
0.8

2.5

13.0

83.5

49674.0508

CYP26A1.B99990001.pdb

62.37

2.5

14.2

82.5

34271.0273

CYP26A1.B99990002.pdb

67.74

1.0
0.5

3.0
1.5
1.5
3.0
32

2.8

12.8

83.2

34918.0313

CYP26A1.B99990003.pdb
CYP26A1.B99990004.pdb
CYP26A1.B99990005.pdb
CYP26A1.B99990006.pdb

73.55

15.8

82.2

47381.6797

72.90
67.10

1.5
1.2
1.0

0.5

12.8

84.2

38891.5195

14.0

81.8

38144.8867

72.26
67.74

64.73

15.0

80.8

46660.1797

CYP26A1.B99990007.pdb
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Figure 3. RMSD values for the GeneFold model (gray) and
Modeller model (black).

binding pocket in P450s [47]. However, helix F in the
model constructed by Modeller was so short that the
C-terminal potion was far from the active site and could
not exert this function. These regions may be improper
for their anomalistic structure which is significantly
different from other P450s reported so far.

Considering the structure information mentioned
above and the SAV validation, we chose the GeneFold
model for further studies.

The final structure of human CYP26A1 constructed by
GeneFold is shown in Figure 4(b). The overall fold can be
divided into two domains: a helix-rich domain containing
the cofactor heme and a [3-sheet domain which mostly
consists of antiparallel B-strands. The heme of P450 is
sandwiched between helix L on the side of the heme
proximal to the surface of the protein and helix I in the
interior of the protein. Hydrogen bond interactions
between heme and amino acids near the active site
including the propionic acid sidechain of heme with
Arg440 in the 3 bulge before helix L and the porphyrin
nitro atoms with Thr304 in helix I contribute to the
stability of the active site. The spatial organisation of the
heme binding sites both in the soluble microbial P450s
and in mammalian enzymes are highly conserved even
though the proteins exhibit very low sequence identities
[48]. The axial ligand at the fifth coordination site of the
heme iron is provided by the sulfide of Cys442 in
CYP26A1. The entrance to the substrate access channel
between the F—G loop and the N-terminal {3 sheet system
is located in this membrane attachment surface.

And comparing with the model constructed by
Gomaa et al. (MOE-Homology), our model (GeneFold)
has relatively better stereochemical quality and amino
acid environment (Table 4).
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Figure 4. 3D model of CYP26A1 generated by Modeller (a) and by GeneFold (b) after MD simulations and displayed by SPDBV

software [43].

3.3 Interactions between the constructed model
and inhibitor

SiteID program gave us a possible binding pocket in the
CYP26A1 model in an area corresponding to the
substrate binding pocket of other CYP crystal structures,
which was above the heme group and located in the core
of the protein. Amino acids in this predicted binding area
included Hisll1, Trpll12, Alall4, Serll5, Valll6,
Leul25, Serl126, Thr218, Leu221, Phe222, Glu296,

Phe299, Gly300, Glu303, Thr304, Pro371, Phe374 and
heme. The key residues involved in the ligand binding in
this model are mainly consistent with the results reported
by Gomaa et al. However, it is not straightforward to
interpret whether an amino acid is directly involved in
ligand binding or structurally important for maintaining
the conformation of the binding pocket. Therefore, a
molecular docking study was performed to confirm the
binding residues with typical substrates. R115866, the
most potent and selective CYP26A1 inhibitor reported

(a) Ramachandran Plot (b) Ramachandran Plot
apdb apdb
—; »
a b b
~IASN 410 * N _
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] 3
g g
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. -90 —
-1354 -135-
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Figure 5. Ramachandran plots of the &, W distribution of Modeller (a) and GeneGold (b) models.
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Table 3. The results of the Ramachandran checks, Verify_3D and Errat performed on the models generated by Modeller and

GeneFold methods and the templates.

Ramachandran plot (%)

Most favoured Additional Generously Disallowed Verity_3D (%) Errat (%)

The templates

1EAL1 88.9 10.3 0.5 0.3 99.33 94.050

ITQN 84.7 12.6 2.0 0.7 95.74 93.696

1BU7 93.1 6.7 0.2 0.0 99.34 93.960
Model after MM

Modeller 84.2 12.8 1.5 1.5 67.10 75.000

GeneFold 81.6 15.3 1.0 2.0 81.94 46.742
Model after MD

Modeller 80.0 18.8 1.0 0.2 81.29 82.018

GeneFold 83.9 14.3 1.0 0.8 87.89 93.679

to date, was selected for this study. Fifty conformations
of R115866 produced by AutoDock3.0 have been
analysed visually. Considering the significance of the
azole group of many drugs to inhibit P450 enzyme [49]
and the fluconazole binding model in the MT-CYP51
template, the triazole in R115866 which was in a
perpendicular position with respect to the heme iron in
the enzyme pocket was selected as the best binding
mode. It was detected with an estimated binding free
energy of — 11.92 kcal mol ™' and an estimated inhibition
constant Ki of 1.84nmol 1™ '. The magnitude order of Ki
is approximately consist with its experimental activity
(ICso = 4 nmol 1~ 1) [50] which could be considered as an
indirect proof of the rationality of the model established.
From the docking results, it was observed that R115866
interacted with amino acid residues at the active site by
multiple hydrophobic interactions, including the side
chains of Hisl11, Trpl112, Serll5, Valll6, Leul25,
Ser126, Leu221, Phe222, Glu296, Phe299, Gly300,
Glu303, Thr304, Pro371 and heme (Figure 6). Additional
factors involved in the binding of the substrate including
hydrogen bonding and w— stacking interactions were
shown in Figure 7. Trpl112 formed hydrogen bonding
interactions with the nitrogens both in benzothiazole and
aniline of R115866, and Thr304 formed same interaction
with the nitrogen in triazole. The complementary

Table 4. Validation results comparison between Gomaa’s
model and our GeneFold model.

Ramachandran Plot Errat
Method (%) most favoured ~ Verify_3D* (%)
MOE-Homology 81.4 121 84.5
GeneFold 83.9 170 93.7

“Total Verify_3D score summed over all the residues.

aromatic residues in the active site of CYP26A1, such
as the indole ring of Trpl12 and the phenyl ring of
Phe222 formed 7 —1r interactions with the benzothiazole
ring of R115866. This is similar to Gomaa’s research
which shown Phe84, Trpl112, Phe222, Phe299, Pro371

Phe 222
Pro 371

:t% P T
% = Hem 500
Glu 303
Ser 126
yu%

Thr 304 His 111
Glu 296

| 209
Phe 299 Leu 125

Figure 6. Hydrophobic interactions between CYP26A1 and
R115866.
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Figure 7. Hydrogen bonding and w— stacking interactions
between CYP26A1 and R115866.

and Phe374 had hydrophobic interactions with R115866.
However, they showed that Serl115 but not Trpl112 and
Thr304 formed hydrogen bonded interactions with
R115866 in their model.

4. Conclusion

The three-dimensional models of human CYP26A1 were
constructed with homology modelling and fold recog-
nition methods respectively. From the SAV validation
results, it seems that the model generated by fold
recognition method is a bit more reasonable. Moreover,
the structure of helices F and G in Modeller model was
improper for their short length. Therefore the model
constructed by GeneFold was selected as the final human
CYP26A1 structure. And this model performs better in
terms of mainchain stereochemistry and amino acid
environment with the previous reported model.
The inhibitor R115866 docked into the active site of
this confirmed model and revealed the essential residues
involved in hydrogen bonds and hydrophobic inter-
actions with CYP26A1. This comparative model of
human CYP26A1 is useful in the absence of experimen-
tally determined structure to provide an opportunity to
understand the action mode of the enzyme and to present
the possibility of using structure-based design to develop
inhibitors that are effective against the metabolism
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of CYP26A1. Further work in this area is currently
in progress to discover novel RAMBAs by virtual
screening.
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