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Abstract Lanosterol 14x-demethylase (CYP51) is an
essential enzyme in the fungal life cycle and also an
important target for the antifungal drug development. Based
on the multiple sequence alignments of CYP51 family, an
evolutionary tree of the CYP51 family was constructed by
the evolutionary trace (ET) method. The identified trace
residues could provide a reliable and rational guide to the
design of CYP51 mutations and give more information
about the detailed mechanism of substrate (drug) recogni-
tion and binding. The reliability of ET analysis to identify
residues of functional importance was validated by the
reported site-directed mutagenesis studies of CYP51s.
Several residues in the active site were also validated by
our mutagenesis studies. Mapping the identified trace
residues onto the active site of the modeled structure of

Electronic supplementary material The online version of this article
(doi:10.1007/s00894-009-0527-9) contains supplementary material,
which is available to authorized users.

C. Sheng * G. Dong * X. Che + W. Wang - Z. Miao (<) - J. Yao -
J. Lii - W. Guo + W. Zhang (D<)

School of Pharmacy, Military Key Laboratory of Medicinal
Chemistry, Second Military Medical University,

325 Guohe Road,

Shanghai 200433, People’s Republic of China

e-mail: miaozhenyuan@hotmail.com

e-mail: zhangwnk@hotmail.com

S. Chen

Naval Medical Research Institute,

880 Xiangying Road,

Shanghai 200433, People’s Republic of China

H. Ji

Department of Chemistry, Department of Biochemistry,
Molecular Biology, and Cell Biology, and Center for Drug
Discovery and Chemical Biology, Northwestern University,
Evanston, IL 60208-3113, USA

Candida albicans CYP51 (CACYP51) may provide useful
information for the design of novel antifungal agents.

Keywords Antifungal drug design - CYP51 family -
Evolutionary trace - Mutation design

Introduction

Lanosterol 14a-demethylase (CYP51) is a member of the
cytochrome P450 superfamily, which catalyzes the oxida-
tive removal of the 14o-methyl group (C-32) of lanosterol
to give a 4'*'"’.desaturated intermediates in ergosterol
biosynthesis [1]. As an essential enzyme in the fungal life
cycle, CYPS51 has been a primary target for azole antifungal
agents, such as fluconazole and itraconazole, which are
well-established drugs for the treatment of topical and
systemic mycoses [2]. The crystal structures of CYP51
from Mycobacterium tuberculosis (MTCYP51) for free
state and ligand-bound forms have been solved [3-6].
However, the crystal structure of CYP51 from fungi has not
been solved until now, because they are large membrane
proteins and very difficult to be crystallized under the
current conditions. In our previous studies, we have
constructed the three-dimensional (3D) model of CYP51
from Candida albicans (CACYP51) by homology model-
ing and the binding modes of the natural substrate and the
antifungal azoles were investigated [7—9]. Based on the 3D
model, novel CACYP51 inhibitors have been designed and
synthesized [8, 10]. In the present study, the evolutionary
trace (ET) method [11] was used to identify important
functional residues responsible for catalytic activity and
find specific residues of fungal CYP51, which is valuable
to design selective inhibitors targeting fungal CYP51s.
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Computational methods
Protein sequences and structures

A total of 49 CYP51 members from different species were
used in the ET analysis. Their amino acid sequences were
taken from SWISS-PROTEIN and NCBI Data Banks.
Among the reported crystal structures of MTCYP51, the
MTCYP51-fluconazole complex was used in the present
study, because it is very important in antifungal drug
design. The crystallographic coordinates of MTCYP51 in
complex with fluconazole (0.22 A resolution, Reryst=0.204)
were obtained from the RCSB Protein Data Bank as entry
1EAT1 [4]. The 3D structure of CACYP51 and the docking
model of fluconazole were taken from our previously
modeled structures [9]. All calculations were performed
with the commercially available InsightIl 2000 software
package [12].

Sequence alignments of CYP51 family and evolutionary
trace analysis

Multiple sequence alignments were performed using the
Align 123 module of InsightIl 2000 [12] software
package. The Blosum-62 matrix [13] was used with a
gap penalty of 10 and a gap extension penalty of 1. The
alignment was then manually optimized by the
knowledge-based method [7]. The aims of the optimiza-
tion are: (1) to match known secondary elements in the
crystal structure of MTCYP51; (2) to locate insertions and
deletions in CYP51 outside the predicted oc-helical and f3-
sheet regions of known P450 proteins; (3) to match
irregular spatially conserved regions (SCRs) which are
essential for protein structure and function, such as the
Cys-pocket and substrate access channel identified from
the crystal structure of MTCYP51.

This alignment was then used to generate an evolution-
ary tree using the EvolutionaryTrace program of the
binding site module of Insightll 2000 software package.
Based on the alignment, conserved trace residues and class-
specific trace residues were identified at different percent-
age sequence identity cutoffs (PICs). By default, they are
identified at PIC=30%, 40%, 50%, 60%, 70%, 80%, and
90%. Spatial clusters of the evolutionary trace residues
were generated using a hierarchical clustering method
based on the distances between the side chain atoms of
the identified trace residues. Because exposed functional
residues are more likely to be responsible for binding or
enzymatic activity, they are less likely to mutate than
residues on protein surfaces during evolution [11]. On the
other hand, the buried residues are more important for
maintaining the structural integrity. Therefore, the solvent
accessible surface of CACYP51 was precalculated using
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Access_Surf command from ProStat module and only those
trace residues with larger than 15% percent solvent
accessible surface were mapped onto the 3D structure of
CACYPS51 for further analysis.

Results and discussion

Multiple sequence alignment and analysis of evolutionary
tree

The sequences of 49 members of CYP51 family were
aligned (see Supplementary Material) and the insertions or
deletions were avoided where conserved secondary struc-
ture motifs were present. The 49 sequences in the CYP51
family vary in length from 414 to 561 residues and belong
to two major kingdoms of life: bacteria (7 organisms) and
eukarya (42 organisms) including fungi, plants, protozoan
and animals. The sequence identities between various
CYP51 proteins range from 29% to 93%. After the
multiple sequence alignment, an evolutionary tree was
constructed on the basis of percentage sequence identity
cutoffs (PICs). The evolutionary tree shows that the
CYP51 family has three major branches (Fig. 1). One of
these is composed of bacteria and plant CYP51s and the
fungal CYP51s form another large subgroup with se-
quence identities larger than 45%. The remaining sub-
group is composed of animal CYP51s with sequence
identities larger than 65%. It is worth noting that
mammalian CYP51s (especially human CYP51) share a
close relationship to fungal CYP51s with sequence
identities around 45%. It was reported that the therapeutic
side effects of azole antifungal agents were partly due to
the interactions of azoles with human CYPS51 [7]. Thus,
the identification of class-specific residues in the active
site of fungal subgroup might be of great value to design
novel compounds with high specificity and separate their
antifungal activity from toxicity.

Trace residues in substrate access channel

Trace residues are grouped into conserved residues and
class-specific residues. Conserved residues are essential for
maintaining protein structure and functions. Residues
conserved within subgroups and different from the other
subgroups are identified as class-specific residues. With the
increase of the PIC level, the sequences of the protein
family can be partitioned into different specific classes
using hierarchical clustering method, and the identified
class-specific trace residues share higher specificity.
Figure 2 shows the distribution of the identified conserved
trace residues on the 3D structure of CACYPS51. The
substrate (ligand) binding pocket was embedded in the



J Mol Model (2010) 16:279-284

281

a MTCYPS1

& MBCYPS1

- —

« TCCYPS1
« SECYPS1

T T T T
a2 3985 472 54.75 623 6085
Percentage Sequence Identity

Fig. 1 Sequence identity dendrogram of 49 sequences of CYP51 family
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through a long channel. The crystal structure of MTCYPS51  the F-helix and N-terminus of the G-helix, the FG loop) is
[4] and our modeled structure of CACYP51 [9] show two  perpendicular to the heme. The identified trace residues in
putative substrate access channels. Channel 1 (B’ helix / BC  the substrate access channels are listed in Table 1. To assess

Fig. 2 The identified conserved
residues (Cx atoms) mapped
onto the three-dimensional
structure of CACYP51. The
conserved residues were
depicted as a purple ball-and-
stick model and CACYP51 as a
blue ribbon model
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Table 1 The identified trace residues in the channel 1, channel 2 and active site of CACYP51*

Conserved residues in
the Channel 2

PIC Conserved residues in the
Channel 1

Conserved residues in the active site

Class-specific residues in the active
site

30%  Tyrl18 (Tyr76), Prol2
(Pro81), Phel26 (Phe83),
Gly127 (Gly84), Vall30
(Val87), Asp133 (Asp90)

Leu224 (Leul72),
Gly227 (Gly175)

Tyr118 (Tyr76), Phe83 (Phel26),
Leu204 (Leul52), 11e302 (Ile251),
Gly308 (Gly257), His310 (His259),
Ser312 (Ser261), Arg381(Arg326)

Leul21 (Phe78), Alal14 (GIn72)

40%° - GlInl142(Gap), Leu305(Met254) Thr122 (Met79), Thr123 (Thr80),
Val125 (Ile82), Lys143 (Gap), Lys144
(Met99), Phe233 (Tyr181), Met306
(Phe255), His377 (11e322), Ser378
(11e333)
50% - GIn309(His258) Gly307(Ala256), Thr311(Thr260)
60% - - - Leul39(Arg96), Gly303(Ser252)
70% - Leu220 (Leul68), - -
Arg246 (Argl94),
Asp247 (Aspl95),
Ala249 (Alal97),
Arg264 (Arg212)
80% - - Asp225(Glu73) -
90% - - Pro375(Pro320), Pro406(Pro349) -

%The important functional residues that are confirmed by site-directed mutagenesis are underlined. The residues in the brackets mean

corresponding residues in MTCYP51

® For the PIC values 40% to 90%, only newly identified trace residues are shown. The symbol “-” means no new trace residue is identified at this

PIC level

the functional importance of these trace residues, we
reviewed the published records of their mutations. The
available mutagenesis data of MTCYP51 have shown
that there are four important functional residues (Tyr76,
Phe83, Gly84 and Asp90) [14] lining channel 1 and four
important functional residues (Leul72, Glyl75, Argl94
and Asp195) [14] lining channel 2. Among those residues,
Phe83, Asp90, Leul72 and Argl94 may form direct
contacts with the substrate [14]. Tyr76 and Asp195 might
maintain proper conformation of heme and Argl94,
respectively [14]. The two glycines (Gly84 and Gly175)
could control conformational flexibility of the secondary
structural elements upon formation of the enzyme/
substrate complex [14]. At PIC level of 30%, Tyr76,
Phe83, Gly84, Asp90, Leul72 and Gly175 were success-
fully identified as conserved trace residues. Argl94 and
Asp195 were also identified as conserved trace residues at
the PIC level of 70%. These interesting results demon-
strate the powerfulness of the ET method in identifying
the important functional residues of protein. After map-
ping the conserved trace residues onto the structure of
MTCYP51 and CACYP51, we can find that Try76, Phe83,
Asp90, Leul72 and Argl94 of MTCYP51 (corresponding
to Tryll8, Phel26, Aspl33, Leu224 and Arg246 in
CACYP51) also become a portion of ceiling of the active
site and they might form a direct interaction with the
substrate or inhibitor.
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Trace residues in cysteine pocket

In the crystal structure of MTCYP51, the cysteine pocket
lies on the opposite side of the heme and cannot participate
directly in inhibitor binding. Cys394 of MTCYP51
(corresponding to Cys470 in CACYP51) provides the axial
thiolate ligand for the heme iron atom. At the PIC level of
30%, Gly464, Gly466, Argd67, His468 and Cys470 in the
cysteine pocket of CACYP51 were identified as conserved
trace residues. The site-directed mutagenesis of CACYP51
revealed that the substitutions G464S [15] and R467K [16]
were associated with the resistance of fluconazole to
Candida albicans. Although these functional residues could
not form direct interaction with the substrate or azole
inhibitors, they might be involved in interdomain confor-
mational changes upon the inhibitor or substrate binding
and alter the heme environment.

Trace residues in the active site

On the basis of the docking result of fluconazole with
CACYP51 [8], the active site was defined as all the
residues within the 8 A around fluconazole. The identified
trace residues in the active site of CACYPS51 at different
PIC levels were listed in Table 1. Although mutants that
confer resistance to fluconazole in Candida albicans, such
as F105L, E266D, K287R, G450E, and V488I, have been
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Fig. 3 Chemical structure of 1

fluconazole, ravuconazole and "L‘\N
our synthesized azoles N
Fluconazole

reported [17], none of them is located in the active site and
could not form direct interaction with the substrate or
inhibitor. In the active site, only mutations of Phel45 [18]
and Thr315 [19] were reported to reduce the affinity of
fluconazole with CACYP51. However, Phel45 and
Thr315 are located at the edge of the active site and they
cannot form direct interaction with fluconazole. It was
proposed that Phel45 and Thr315 could maintain the
proper conformation of the heme environment [18, 19].
Thr315 was identified as a class-specific residue at the
PIC level of 80% in the present ET analysis. The identified
trace residues in the active site can provide useful
information to design CYP51 mutations and explore the
substrate or drug binding.

Validation of the model by site-directed mutagenesis

In order to validate the present ET model, Tyrll8,
His310 and Ser378 were chosen for site-directed muta-
genesis study because they were postulated to interact
with the azole inhibitors in our previous docking studies
[8, 10]. Tyr118 and His310 are identified as conserved
trace residues. From the 3D model of CACYPS51, they
might not be involved directly in the catalytic reaction of
CYP51, but they are important for the maintenance of the
architecture of the active site. On the other hand, Ser378 is
a specific trace residue of fungal CYP51 and is less
important for the structure and function of CACYP51. It is
often used as a hydrogen-bonding site in inhibitor design.
Wild type and mutants of Tyrl18, His310 and Ser378
from CACYP51 were constructed and heterologously
expressed in Saccharomyces cerevisiae with deletion of
the CYP51 gene [20]. The catalytic activities of wild type
and its mutants were assayed by determining the ability of
the enzymes to convert lanosterol to its C-14x demethy-
lated product, 4,4-dimethyl-5x-cholesta-8,14,24-trien
-3p3-ol. The catalytic activity of wild type CACYP51 is
11.6 nmol/min/mg. Introduction of Y118A, Y118F, and
Y 118T substitution into CACYP51 considerably reduced
the catalytic activity to 6.25, 6.54, and 5.82 nmol/min/
mg protein, respectively. For His310 mutants, the
catalytic activity of H310A and H310R is also reduced
to 6.74 and 6.20 nmol/min/mg protein, respectively. As
compared to conserved trace residues Tyrll8 and
His310, the influence of class-specific residue mutants
S378A and S378T on the catalytic activity is not so

N\ OH CH TN, 0 —p
CN k\NIN N ! :N*C N\ /
FooeZ ]
Tyr118
F

Azoles interacting with Tyr118 of CACYP51

Ravuconazole

obvious. The catalytic activity of H310A and H310R is
8.22 and 8.05 nmol/min/mg protein, respectively. These
results are consistent with the predictions from the ET
model. Moreover, the mutation changes also decreased
azole susceptibility. For example, the catalytic activity of
Tyrl118 mutants was no more than one-half of that of the
wild type [20]. Moreover, Tyr118 mutants show different
affinities with different azoles. The ICs, values of
Fluconazole to Tyrl18 mutations are about 0.17uM to
0.20 uM, while the ICs, values of our azole derivatives to
mutation type enzymes were increased to 2.4 uM~3.4 uM.
Comparing the ICs, values of our azole derivatives [8] and
fluconazole to mutation enzyme, our azole derivatives
exhibited negative inhibitory activity with a 15-20 fold
decrease. These results further supported our modeling
results [8] that conserved trace residue Tyr118 could form
a 7t-7t interaction with the phenyl group of our synthesized
compounds (Fig. 3), while Tyrl18 forms no direct
interaction with fluconazole.

Ser507

N
,d;od
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Glnﬁﬂg\\:rﬁ 310
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Fig. 4 Binding mode of fluconazole in the active site of CACYP51.
Conserved residues (blue) and class-specific residues (purple) within
8A in the active site of CACYPS51 are displayed
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Conclusions

In summary, multiple sequence alignments were per-
formed on the CYP51 family and an evolutionary tree
of CYP51 family was constructed. The ability of ET
analysis to identify residues of functional importance is
validated by published site-directed mutagenesis results
of CYP51 members. Thus, this study may provide
useful information to the design of CYP51 mutations,
especially those in the active site of fungal CYP51s. In
order to validate the trace residues interacting with the
azole inhibitors, Tyrl18, His310, and Ser378 were
chosen for site-directed mutagenesis and reduced cata-
lytic activity of these mutants were observed. On the
other hand, the identified trace residues in the active
site of CACYP51 should be especially useful for the
design of novel antifungal agents. Mapping the identi-
fied trace residues onto the active site of CACYP5I
reveals three potential binding sites for the inhibitor
design (Fig. 4). First, a hydrophobic pocket defined by
Phel26, Leu204, Leu305, 11e302, Leul39, and Met306
could form strong hydrophobic interactions with the
inhibitors. Second, GIn309, His310, Ser312, and Thr311
form a hydrophilic hydrogen-bonding pocket for the
inhibitor design. Third, most of the class-specific residues
form a pocket, which was found to be important for the
high selectivity and affinity of azole antifungal agents. In
this pocket, the only conserved residue Tyr118 may be a
potential site for the 7-7t interaction with the inhibitor.
Class-specific residues, such as Phe233, Phe380 and
Met508, could form hydrophobic and van der Waals
interactions with the inhibitors. The above observation
may provide useful information for the design of highly
potent inhibitors.
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