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Cytochrome P450 14a-sterol demethylases (CYP51) are essential
enzymes in sterol biosynthesis in eukaryotes. CYP51 removes the
14a-methyl group from sterol precursors such as lanosterol, ob-
tusifoliol, dihydrolanosterol, and 24(28)-methylene-24,25-dihydro-
lanosterol. Inhibitors of CYP51 include triazole antifungal agents
fluconazole and itraconazole, drugs used in treatment of topical
and systemic mycoses. The 2.1- and 2.2-A crystal structures re-
ported here for 4-phenylimidazole- and fluconazole-bound CYP51
from Mycobacterium tuberculosis (MTCYP51) are the first struc-
tures of an authentic P450 drug target. MTCYP51 exhibits the P450
fold with the exception of two striking differences—a bent I helix
and an open conformation of BC loop—that define an active
site-access channel running along the heme plane perpendicular to
the direction observed for the substrate entry in PA50BM3. Al-
though a channel analogous to that in PA50BM3 is evident also in
MTCYP51, it is not open at the surface. The presence of two
different channels, with one being open to the surface, suggests
the possibility of conformationally regulated substrate-in/prod-
uct-out openings in CYP51. Mapping mutations identified in Can-
dida albicans azole-resistant isolates indicates that azole resistance
in fungi develops in protein regions involved in orchestrating
passage of CYP51 through different conformational stages along
the catalytic cycle rather than in residues directly contacting
fluconazole. These new structures provide a basis for rational
design of new, more efficacious antifungal agents as well as
insight into the molecular mechanism of P450 catalysis.

ytochrome P450 14a-sterol demethylases (CYP51s) catalyze

the oxidative removal of the 14a-methyl group of lanosterol
and 24-methylene-24,25-dihydrolanosterol in yeast and fungi,
obtusifoliol in plants, and 24,25-dihydrolanosterol in mammals
to give Al%15-desaturated intermediates in ergosterol (fungi),
phytosterol (plants), and cholesterol (animals) biosynthesis.
During the catalytic cycle, a substrate undergoes three successive
monooxygenation reactions resulting in formation of 14-
hydroxymethyl, 14-carboxaldehyde, and 14-formyl derivatives
followed by elimination of formic acid with introduction of a
14,15 double bond (1, 2).

Being a key enzyme of sterol biosynthesis, CYP51 has been a
target for antifungal (3) and cholesterol-lowering (4) drug
design. The first generation of antifungal inhibitors of CYP51,
fluconazole (FLU) and itraconazole, have revolutionized treat-
ment of some serious fungal infections. However, the treatment
of others is still far from satisfactory, and there is a need for new
broad- and narrow-spectrum antifungal agents (3). Further-
more, fungal resistance caused by acquisition of intrinsically
resistant species, e.g., Aspergillus fumigatus, or by mutation of
initially susceptible strains, e.g., Candida albicans, is an increas-
ing clinical problem (5, 6) forcing the development of new
triazole antifungals. Azole antifungals selectively inhibit yeast
and fungal CYP51 over their plant and human counterparts (7),
but crossover inhibition of CYP51 in two different species can
cause undesirable side effects and is another reason for the
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continuing search for better agents (3, 8). The problem of
specificity is being addressed empirically by exploring inhibitors
of different structures and by efforts to develop three-
dimensional molecular models of CYP51-active sites based on
primary sequence analyses and available structures for bacterial
P450s. These models initially were based on the structure of
P450cam (9, 10) and more recently on the structure of P450BM3
(11-14) because of its higher sequence similarity.

The available P450 structures show that the overall P450
structural fold is preserved during evolution from bacteria
through mammals (15-22). At the same time, there are variable
regions that appear to be associated with recognition and
binding of structurally diverse substrates and redox partners
(23). Experimental structural information on the active sites of
the fungal, plant, and mammalian CYP51 would greatly facilitate
developing more efficacious antifungal drugs. However, until
recently all known forms of CYP51 were membrane-bound
microsomal enzymes, which complicated structural studies of
this protein by x-ray crystallography. A soluble CYP51 ortholog
discovered recently in Mycobacterium tuberculosis (24) exhibits
35-38% sequence identity to plant, 33-35% to animal, and
26-29% to fungal enzymes. Although MTCYP51 can oxidize
lanosterol and 24,25-dihydrolanosterol in vitro, the plant sub-
strate obtusifoliol is preferred (25). We have crystallized Esch-
erichia coli-expressed MTCYP51 in the presence of two different
azole inhibitors, 4-phenylimidazole (4-PI) and FLU, and report
here their structures at 2.1 and 2.2 A, respectively.

Materials and Methods

MTCYP51 was expressed and purified as described (25). Protein
of approximately 98% purity as judged by SDS gel was concen-
trated up to 0.2 mM in buffer containing 20 mM Tris-HCI, pH =
7.5/250 mM NaCl/0.5 mM EDTA and 4-PI at saturating con-
centration and subjected to crystallization. Crystals were ob-
tained by vapor-diffusion method in a hanging drop at 22°C from
20% polyethylene glycol 4000/10% isopropanol/0.1 M Hepes,
pH = 7.5 and 4-PI in saturating concentration. Crystals belong
in space group P2,2,2;, with unit cell dimensions a = 46.14 A,
b = 8386 A, ¢ =10956 A, a = = B = vy = 90° There is one
molecule per asymmetric unit. FLU was incorporated into the
binding site by replacement of 4-PI in the already-formed crystal
by soaking the latter in well solution containing approximately
0.5 mM FLU. Binding of FLU resulted in a small change of unit
cell dimensions: a = 46.19 A, b = 84.26 A, ¢ = 109.75 A, and « =
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Table 1. Crystallographic data

Data collection Native Hg Au FLU
Data set 4-Phenylimidazole EMTS* KAuU(CN)> Fluconazole
Resolution, A 2.1 2.1 22 2.2
Observed reflections 173,919 163,256 193,495 109,615
Unique reflections 25,107 21,756 42,188 37,242
Completeness, % 99.1 (91.3)* 91.5 (56.0) 99.4 (97.1) 95.0 (84.9)
Redundancy 6.9 (4.5) 7.5 (4.8) 4.6 (3.6) 2.9(2.2)
(/o) 9.8 (3.7) 7.1 (3.5) 7.1 (2.5) 9.7 (2.0)
Reym, %* 11.1 (48.9) 11.6 (43.3) 12.1 (47.0) 10.3 (46.5)
Phasing statistics
Resolution range 40.0-2.8 40.0-2.8
Sites 2 2
Phasing power$ 2.03/1.90 1.85/1.67
Reutiis? 0.46/0.62 0.46/0.66
Quality of model
Protein atoms 3,539 3,510
Heme atoms 43 43
Ligand atoms 1 22
Water molecules 242 175
Rcrys (Rfree): %! 18.5 (230) 20.0 (249)
rms deviations
Bonds, A 0.005 0.007
Angles, ° 1.2 1.3
Ramachandran** 89.5% 88.9%

*Ethylmercurithiosalicylic acid.
"Values in parentheses are for the highest resolution shell.
*Reym = = | I = (I |/= (1), in which (1) is the mean intensity of reflection.

SPhasing power = (Fi)/E, in which (Fy) is the root mean square heavy atom structure factor and E is the residual lack of closure.
TReuttis = 2 || Fon + Fo | = Fhc |/3 | Fon + Fp |, where Fy is the calculated heavy atom structure factor.
IReryst = = || Fo| — | Fc||/= | Fo |, calculated with the working reflection set. Rfree is the same as Reryst but calculated with the reserved reflection set.

**Program PROCHECK (36).

B = vy =90°. All data were collected at the laboratory source on
R-AXIS IV mounted on an RU-200 x-ray generator (Rigaku,
Tokyo) at cryo temperatures. Data were processed with DENZO
and scaled by using SCALEPACK (26). Data statistics are given in
Table 1.

Two heavy atom derivatives were obtained by soaking 4-PI
containing crystals in 1 mM solution of ethylmercurithiosalicylic
acid or gold (I)) potassium cyanide over several hours. Two heavy
atom sites for both derivatives were localized, and the positions
and occupancies were refined by using CNS (27). The molecule
was traced and the model built in 0 (28). Native 4-PI data were
used in refinement. Maximume-likelihood refinement, individual
B-factors, and bulk solvent corrections were applied as imple-
mented in CNS. The refined model was used as a search model
to find molecular replacement solution for FLU-bound MT-
CYP51. Phasing and model quality statistics are given in Table 1.

Results and Discussion

Substrate Access Channel. MTCYP51 exhibits the P450 fold but
contains striking differences that define the active site-access
channel. Unlike other P450s, the longest helix in the molecule (I
helix, Fig. 1) is disrupted such that the N-terminal portion bends
away from the structural core making a 145° angle with the
C-terminal part. Three water molecules provide H bonds to
peptide groups that help compensate for missing helical H
bonds. Additional stability is provided by H bonds between the
side chains of T260 and Y169 and backbone peptide groups.
Although comparisons of known P450 structures show nearly
identical C-terminal portions of the I helix, the N-terminal halves
deviate significantly from one P450 to another (Fig. 2.4 and B).
The MTCYP51 I helix has the most prominent N-terminal
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displacement, which results in bending of the I helix away from
the heme that releases BC loop from closed conformation and
enlarges the space available for substrate or inhibitor binding.
Bending occurs at positions 253-255 in the 4-PI structure and
shifts to positions 256-258 after FLU binding. The middle
portion of the I helix in which the different structures start to
deviate significantly from each other is well conserved among
P450s, including residues A256 and G257, which tend to deviate
from a-helical conformation in all known P450 structures except
for P4502C5. This tendency might indicate a potential ability of
the P450 I helix to bend in response to certain stimuli such as
substrate or redox partner binding to release the BC loop from
close contacts in the binding site. As a consequence of the large
repositioning of the I helix, adjacent regions, namely the H and
G helices and loops in between, also exhibit significant topolog-
ical variations among P450s.

Another obvious difference is the open position of the BC
loop in MTCYP51 that adopts a closed conformation in other
P450 structures (Fig. 3B). Both the bent I helix and the open BC
loop define a large opening of approximately 20 by 10 A (Fig. 34)
leading from the surface of the protein to the heme. This channel
(channel 1, Fig. 1) runs roughly parallel to the heme in contrast
to P450BM3 and P450cam, the substrate access channel of which
runs perpendicular to the heme (channel 2, Fig. 1). Channel 1
converges as an asymmetrical funnel from the surface of the
protein along the heme plane. The funnel narrows to a chamber
lined by residues from the B" and I helices, B-strands B1-4 and
B 4-1,2, and the loop connecting the K helix and B-strand p1-4.
The chamber configuration was predicted nicely by probing of
Saccharomyces cerevisiae-CYP51 active site with phenyldiazene
(29). The dome of this active-site chamber is 10-11 A above the
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Fig. 1. Ribbon representation of the MTCYP51 structures with the inhibitors
bound. Front (4) and top (B) views of the of 4-PI- (yellow) and FLU- (blue)
bound MTCYP51 superimposed with an rms deviation of 0.45 A. Superimpo-
sitions for all figures were done by using two-step fitting as implemented in
swiss-PDB VIEWER (33). The first step was performed by using entire structures; for
the second step, an rms-deviation cutoff of 1.8 A was used to select the most
structurally homologous regions for subsequent fitting. The second round
results in better fitting of the most homologous regions and further diver-
gence of less homologous regions. Heme, red; 4-Pl, orange; FLU, light-blue.
The I helix is shown also in red. A large cavity of 2,600 A3, shown in blue, leads
from the active site to the molecular surface along the protein domain
interface (channel 2). Structural elements significantly deviating among P450
structures are labeled in black, and B-sheets that are part of the putative
substrate-binding site are labeled in red. All figures, if not otherwise indi-
cated, are generated by using swiss-PDB VIEWER (33).

plane of the porphyrin ring. It is most open above the heme iron
and pyrrole ring C with ceiling residues F78, M79, F83, and F255
(Fig. 54). Access to pyrrole rings A, B, and D is limited by
residues T260, A256, and L321, respectively. These side chains
approach within 4 A to the porphyrin plane.

In P450BM3, an open substrate access channel between the
B-sheet and helical domains (channel 2, Fig. 1) is oriented
approximately 90° relative to CYP51 channel 1 (ref. 30; Fig. 1).
Although channel 2 is also apparent in the MTCYP51 structure,
its entrance is closed from the surface by interaction between the
A’ helix and FG loop (Fig. 1B). However, rotation of the F and
G helices could enable an open/close motion of the FG loop as
observed in P450BM3 (17, 30, 31). The movement of these two
helices in P4A50BM3 extends through the G and H helices all of
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Fig. 2. Superimposition and alignment of the | helix in known P450 struc-

tures. Front (A) and top (B) views of the | helix from superimposed P450
structures assigned in sequence-alignment shown in C. Each structure was
superimposed pairwise with MTCYP51 so that rms deviation for the most
structurally homologous regions did not exceed 1.2 A. (C) Alignment of the |
helix sequences performed by using Bcm seArcH LAUNCHER (34). Residues identical
or homologous in at least half of the compared sequences are shaded in dark
or light, respectively. The position of conserved glycine is marked according to
MTCYP51 sequence (P77901).

the way to the N-terminal part of the I helix (31). In MTCYP51,
the loop between the H and G helices is a region with very high
thermal factors (average per residue main-chain B-factor = 84.2
A2; Fig. 4) that enables it to accommodate a twist between these
two helices. In addition, the BC loop (channel 1) followed by the
C helix exhibit large main-chain thermal factors (average per
residue main-chain B-factor = 58.7 A2, Thus, if channel 2 opens
up in MTCYP51 as in P450BM3, the required structural changes
would necessitate closing of channel 1. Those regions involved,
the F, G, and H helices and loops in between, are known to
undergo significant motion in P4A50BM3 when substrate binds
(30, 31). This scenario provides a dynamic and synchronized
picture of catalysis in which channel 1 is open, whereas channel
2 remains closed. This synchronization might provide a means
for substrate to enter one channel and product to depart the
other. Given the multiple oxidation steps required of CYP51,
such motion may be necessary to position key residues in place
for various steps along the catalytic path.

We define the BC loop as a site for “in-crystal” FLU entry on
the basis of its open conformation and favorable packing mode
of protein molecules in the crystal that allows sufficient open
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Fig. 3. (A) Surface representation of MTCYP51 structure. Heme, shown in
red, is accessible from the surface through the open mouth of the substrate
entry-channel 1. Surface was generated with Grasp (35). (B) View of substrate-
binding site from the direction of the substrate entry along channel 1. Gray
ribbon represents the PA50BM3 (31), and yellow represents MTCYP51. Both
structures were superimposed so that rms deviation for the most structurally
homologous regions is 1.15 A. For MTCYP51, regions of highest structural
homology based on swiss-ppbe viEwer superimposition algorithm include G41-
R64, M110-C151, A256-L289, Q306-Y370, and W382-R448, which correspond
to regions F40-D63, M112-C156, A264-L297, Y313-F379, and H388-K451 in
P450BM3. MTCYP51 BCloop is open and lies above the N terminus of the bent
I helix, which is pulled away from the structural core.

space for FLU to enter protein interior without damaging the
crystal. The same site has been assumed to be for substrate entry
in P4502C5 on the basis of increased values of thermal factors in
the BCloop (21). Structural data obtained for MTCYP51 are not
sufficient to determine unambiguously the direction of substrate
passage in vivo; however, they strongly indicate the possibility
that such passage might take place and would be accompanied
by significant changes in protein conformation.

Inhibitor Binding. 4-PI or FLU is bound in the active site such that
the imidazole ring (4-PI) or triazole ring (FLU) is positioned
perpendicular to the porphyrin plane with a ring nitrogen atom
coordinated to the heme iron (Fig. 5 B and C). The 4-PI phenyl
group makes several nonbonded contacts with surrounding side
chains, whereas the imidazole N3 H-bonds with H259. The larger
size of FLU extends the number of contacts in the binding site
in comparison with 4-PI. H259 is pulled away slightly from the
binding site and does not form a hydrogen bond with FLU,
whereas F83 and F255 provide additional nonbonded contacts.
Conformational changes, which occur after binding of the larger

Podust et al.

\

\
100 | B-factor, GH_loop
go{ A3 ol
1 BC loop
60 =
40
20
0 ! I ! I ! I ! I ! I ! I ! I ! I !
0 50 100 150 200 250 300 350 400 450
Residue number
Fig. 4. Regions adjacent to the N terminus of the | helix, the H, G, and F

helices, and loops in between exhibit the largest structural deviations be-
tween MTCYP51 and P450BM3 as follows from superimposition of structures
described in Fig. 3. Temperature factors in MTCYP51 indicate GH and BC loops
and the C helix as the most dynamic regions within the protein that could
enable conformational changes required for the synchronized opening and
closing of channels 1 and 2.

ligand bring additional residues in close proximity to FLU. The
main FLU-induced conformational changes involve a helix-coil
transition of the C helix and displacement of the residues in the
I helix. Region 96-100 within the disordered C helix is displaced
toward the substrate-binding site (Fig. 5C), however the posi-
tions of side chains cannot be defined because of poor electron
density for region 90-106 reflected in high values of thermal
factor. The BC loop remains in an open conformation as
observed in the 4-PI structure and does not close access to the
substrate-binding site. However, this result cannot be considered
conclusive, because 4-PI was substituted by FLU in the already-
formed crystal when the motion of secondary structure elements
might be restricted significantly by crystal packing interactions.
Although residues H101, S252, 1323, and V434 do not contact
either 4-PI or FLU, they line the binding site and are likely to
contribute in interaction with substrate. Active-site residues can
be divided into two groups based on their conservation in
different kingdoms, such as bacteria, fungi, and higher plants and
animals (Table 2). Variable residues including F78, M79, K97,
M99, H101, F255, S252, 1323, and V434 reveal substantial
differences from kingdom to kingdom, suggesting that these
residues contribute to substrate specificity of CYP51 from
different species.

PNAS | March 13,2001 | vol.98 | no.6 | 3071

BIOCHEMISTRY



Hioop 1321

Fig. 5. (A) MTCYP51 active-site chamber. Structural elements and residues
constituting the dome of the active site are indicated. (B and C) Interaction of
4-Pl and FLU in the binding site of MTCYP51. Residues located within 4.1 A of
each ligand are shown. Region 96-100 in C is displaced toward the substrate-
binding site as a result of conformational changes in the C helix after FLU
binding. Fragments of simulated annealing omit 2F, — F. map contoured at
1.5 o are shown.
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Table 2. MTCYP51 active-site residues

MTCYP51 Plant Mammals Fungi

Y76 Y Y Y

F78 F R H(7), V(3), K(1), N(1)
M79 N L L

F83 F F F

F89 F Y Y

K97 Q K Q(11), H(1)

M99 R M(2), 1(2) K

H101 F — M(4), V(3), A@B3), 1(2)
5252 A G A(6), G(5), T(1)
F255 F L M

H259 H H H

T260 T T T(7), S(5)

L321 L | L(6), 1(6)

1323 M T@3), I(1) S(1), T(1)

M433 M M M(7), L(4)

V434 \% I V(6), F(5)

Altogether, three plant, four animal, and 12 fungi CYP51 sequences were
analyzed. Alignment was performed using BCM SEARCH LAUNCHER (34). Bold
letters indicate residues that display significant conservation through evolu-
tion. Parentheses shows the numbers of species with indicated substitution.

Mapping of Resistant Variants. Naturally occurring CYP51 muta-
tions identified in C. albicans azole-resistant isolates and clus-
tered in three hotspots in the primary sequence (32) can be
divided into four hotspots on the basis of their association with
different structural regions observed in the MTCYP51 structure
(Fig. 6). The first hotspot, substitutions G464S, G465S, and
R467K, associates with the N-terminal part of the cysteine
pocket, residues G388, A389, and G390 in MTCYP51. Positions
388 and 390 are highly conserved in P450s. These residues lie on
the opposite side of the heme from where substrates bind and
cannot participate directly in inhibitor binding. However, these
residues provide contacts between the B-sheet and «-helical
domains and may be involved in interdomain conformational
changes upon inhibitor or substrate binding. Changing Gly to

Fig. 6. Mapping of C. albicans mutations in azole-resistant isolates onto
MTCYP51 structure. 4-Pl-bound MTCYP51 is colored according to B-factor
values from blue (low) to red (high). Red and yellow colors correspond to the
most dynamic regions of MTCYP51. Four mutation hotspots are indicated by
different colors: magenta, mutations associated with the “cysteine pocket,”
the region of contacts between pB-sheet and helical domains; rose, mutations
associated with C terminus of the G helix and the H helix; yellow, mutations
that associate with interdomain interface; and white, mutations that associate
with the substrate entry loop. Substitutions, which have been demonstrated
experimentally to be important for azole affinity, are underlined. Numbering
of residues in the figure is according to C. albicans.
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other residues would be expected to decrease flexibility required
for such changes. Several other C. albicans mutations that we
attribute to the same hotspot, including V4371, G448E, F449L,
G450E, and V452A, are clustered just N-terminal to the cysteine
pocket around the two glycine residues. They lack analogs in
MTCYP51 structure because of the large insert occurring at this
region in the fungal ortholog.

A second hotspot is mapped to the C terminus of the G helix
and H helix, a region too distal to be involved in interaction with
the substrate or inhibitor. Mutations here, E266D, R267H,
D278E, and S279F (A214,N215, D227, and V228 in MTCYP51),
flank the most dynamic residues of MTCYP51. A third hotspot,
substitutions F72L, F105L, S405F, and T229A (M30, F63, S348,
and D177 in MTCYP51), associates with the domain interface.
Although in FLU-bound MTCYP51 these residues do not
interfere with inhibitor bound in the active site, such an inter-
action might occur during a passage of FLU along channel 2, if
such a passage exists in MTCYP51.

The fourth and final hotspot associates with the region
between B’ and C helices that exhibit high thermal motion and
which we have postulated is involved in inhibitor- or substrate-
induced structural changes. This hotspot includes mutations
D116E, F126L, K128T, G129A, Y132H, K143R, F145L, K147R,
A149V, and D153E, which correspond to MTCYP51 positions
K74, F83, E85, G86, F89, L100, N102, A103, A104, and E108.
Being localized in the region of the mouth of channel 1, these
residues could interfere with the entry of the inhibitor or its
binding in the active site. Again, mutations flank the most
dynamic residues rather than overlap them. The open confor-
mation of the BC loop observed in MTCYP51 positions some of
these residues, including F89 (Y132 in C. albicans), distant to the
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inhibitor. If after binding of substrate the BC loop adapts a
closed conformation, these residues could come into close
proximity with the active site. In P450BM3, the Phe in the
corresponding position was shown to block the substrate from
approaching close to the heme (31). Thus, none of the mutations
identified in C. albicans azole-resistant isolates are involved in
direct interaction with FLU when the protein is in the confor-
mation observed in MTCYP51 crystals. Some residues from
hotspots three and four, however, might encounter the inhibitor
upon its passage through channel 2 or if the BC loop can adapt
a closed conformation while FLU is bound in the active site.
Residues in hotspots one and two lack an opportunity to
interfere with FLU directly. At the same time, the regions these
residues are located in are likely to be involved in conformational
changes that accompany substrate binding and product release.
We conclude that azole resistance in fungi develops in protein
regions involved in orchestrating passage of CYP51 through the
different conformational stages along the catalytic cycle. More
structural and biochemical data are required to establish the
proposed features of P450 catalysis and substrate and/or inhib-
itor binding as well as to identify a trigger to initiate protein
conformational changes, although substrate binding in the active
site seems a reasonable candidate.
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