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X-ray Crystal Structures of Candida albicans Dihydrofolate Reductase: High
Resolution Ternary Complexes in Which the Dihydronicotinamide Moiety of

NADPH Is Displaced by an Inhibitor

Marc Whitlow,"$ Andrew J. Howard,! David Stewart,"© Karl D. Hardman,"# Joseph H. Chan,*
David P. Baccanari,* Robert L. Tansik,* Jean S. Hong,*" and Lee F. Kuyper**

GlaxoSmithKline, Inc., Five Moore Drive, Research Triangle Park, North Carolina 27709

X-ray crystallographic analysis of 5-(4'-substituted phenyl)sulfanyl-2,4-diaminoquinazoline
inhibitors in ternary complex with Candida albicans dihydrofolate reductase (DHFR) and
NADPH revealed two distinct modes of binding. The two compounds with small 4'-substituents
(H and CH3) were found to bind with the phenyl group oriented in the plane of the quinazoline
ring system and positioned adjacent to the C-helix. In contrast, the more selective inhibitors
with larger 4'-substituents (tert-butyl and N-morpholino) were bound to the enzyme with the
phenyl group perpendicular to the quinazoline ring and positioned in the region of the active
site that typically binds the dihydronicotinamide moiety of NADPH. The cofactor appeared
bound to DHFR but with the disordered dihydronicotinamide swung away from the protein
surface and into solution. This unusual inhibitor binding mode may play an important role in
the high DHFR selectivity of these compounds and also may provide new ideas for inhibitor

design.

Introduction

The frequency of invasive fungal infections has in-
creased markedly in recent years.! Life-threatening
disease caused by opportunistic fungal organisms such
as Candida albicans, Cryptococcus neoformans, and
Aspergillus fumigatus is now relatively common among
patients whose immune systems are compromised by
cancer chemotherapy, organ transplantation procedures,
aggressive surgical intervention, or AIDS.2~5 Candida
species are particularly prevalent and have become
nearly as common a cause of hospital-acquired sepsis
as the familiar bacterial pathogens.®

In contrast to the large number of agents available
for fighting bacterial diseases, drugs that are effective
in the treatment of systemic fungal infections are few.”:8
Novel, safe, and effective antifungal agents are clearly
needed. As part of a program focused on developing new
medicines for antifungal therapy, we have investigated
the use of inhibitors of C. albicans dihydrofolate reduc-
tase (DHFR). DHFR is a well-established target for drug
action and serves as the molecular receptor for the
antibacterial agent trimethoprim (1). The clinical utility
of 1 stems from its highly selective inhibition of bacterial
DHFR: the affinity of 1 for Escherichia coli DHFR is
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12,000-fold greater than that for the corresponding
human enzyme. Our intent was to develop compounds
with analogous selectivity for fungal DHFR.

To aid our effort to devise selective inhibitors of fungal
DHFR, we have determined the three-dimensional
molecular structure of C. albicans DHFR using X-ray
crystallography. Our studies of the C. albicans DHFR—
NADPH binary complex and a ternary complex contain-
ing the nonselective inhibitor 2 have been reported.® In
this paper, we report structures of four ternary com-
plexes of the fungal enzyme in which 5-phenylthio-
quinazoline inhibitors,'° compounds 3—6, were bound
to the DHFR/NADPH complex. Two types of binding
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mode were observed. Inhibitors 3 and 4 were found to
bind as expected, with the 5-phenylthio group oriented
against the C-helix. However, compounds 5 and 6 were
found to bind to C. albicans DHFR in a manner
unprecedented in previous studies of DHFR-inhibitor
complexes. The 5-phenylthio groups of these latter two
inhibitors were positioned in the region of the active site
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Table 1. DHFR Inhibition Data for Compounds 2—6
DHFR ICso (M)

selectivity index

compd C. albicans human (human/C. albicans DHFR ICsp)
2 0.00402 0.00662 1.7
3 0.034 0.62 18
4 0.023 0.94 41
5 0.008 2.0 250
6 0.13 70 540

a1Csp value calculated from measured Ki;.

cleft that is typically occupied by the dihydronicotin-
amide unit of NADPH. Although electron density for the
adenosine and diphosphate moieties of cofactor was
observed in the expected region of the protein surface,
density for the dihydronicotinamide portion of NADPH
was not observed, suggesting that it was extended into
solvent and was disordered. Compounds 5 and 6 are the
most selective inhibitors of fungal DHFR reported to
date, implicating the competition with NADPH as a
potentially important factor contributing to the enzyme
selectivity.

Results and Discussion

DHFR Activity and Selectivity of Compounds
3—6. The 5-arylthioquinazolines, represented by com-
pounds 3—6, are potent and selective inhibitors of C.
albicans DHFR.1°® As shown in Table 1, the DHFR
activity and selectivity is significantly influenced by the
para substituents on the phenyl ring. The parent
compound 3 (R = H) is a potent inhibitor of the fungal
enzyme and is 18-fold less active against human DHFR.
The activity of the p-methyl derivative 4 is slightly
higher than that of the parent compound against the
C. albicans enzyme and correspondingly lower against
human DHFR, yielding a selectivity index for compound
4 about 2-fold higher than that of compound 3. The
bulkier substituents of compounds 5 and 6 impart a
significant increase in DHFR selectivity. The tert-butyl
substituted analogue 5 is the most potent inhibitor of
C. albicans DHFR in the series (ICsp = 8 nM) and
exhibits a selectivity index of 250. Although the mor-
pholino derivative (6) is the weakest inhibitor of the set,
it is also the most selective, inhibiting the fungal DHFR
540-fold more effectively than human enzyme.

Common Features of All Four Inhibitor/C. albi-
cans DHFR Crystal Structures. X-ray crystallo-
graphic analysis of C. albicans DHFR has been reported
previously.® As in the previously reported structures,
the structures reported here exhibit an asymmetric unit
composed of two independent complexes. The active
sites of the two complexes are essentially identical,
although complex 1 appears to be distorted by intermo-
lecular crystal contacts in a region distant from the
active site of the protein involving residues 1-5, 45—
47, and 94—105. For the sake of brevity, discussions
here will focus on complex 2, although conclusions
regarding inhibitor—protein interactions can be drawn
similarly from complex 1. The previously reported
structures of the C. albicans enzyme in binary complex
with NADPH and in ternary complex with the nonselec-
tive inhibitor 2 display a protein fold that is character-
istic of DHFR from many other species.® A nine-
stranded fS-sheet forms the core of the protein and is
flanked on either side by o-helices. The same protein
fold was observed for the enzyme complexes with
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Figure 1. Structure of compound 3 bound to C. albicans
DHFR/NADPH. Protein is represented as a red-orange tube,
and ligands are color-coded by atom type as follows: C, white;
N, blue; O, red; S, yellow; P, tan.

compounds 3—6. The active site is located between
helices B and C. Glu-32, which is near the center of the
B-helix, provides a key interaction with the 2,4-diami-
nopyrimidine class of inhibitor.

The 2,4-diaminoquinazoline rings of compounds 3—6
were found to interact with C. albicans DHFR in a
manner similar to that observed for compound 2.° As
found for other related inhibitors of DHFR,11715 the
diaminopyrimidine ring was linked to protein by five
hydrogen bonds. The 4-amino group donated hydrogen
bonds to the backbone carbonyl groups of lle-9 and lle-
112. One hydrogen atom of the 2-amino group was
hydrogen bonded to a conserved water molecule, which
in turn donated hydrogen bonds to the side chain of Thr-
133 and the backbone carbonyl of Leu-131. The other
hydrogen of the 2-amino group, accompanied by the
presumed hydrogen at the protonated N1 atom of the
pyrimidine ring,’®17 interacted with the carboxylate
functionality of Glu-32.

Differences among the four structures were found
primarily in interactions involving the phenylthio moi-
ety and are discussed below.

Crystal Structures of C. albicans DHFR in Com-
plex with Compounds 3 and 4. Compounds 3 and 4
differ in chemical structure by a single methyl group
at the para position of the phenylthio group, and the
corresponding complexes with C. albicans DHFR were
similar. The structure of the DHFR complex with
compound 3 is shown in Figure 1. The phenylthio moiety
of each inhibitor was oriented adjacent to the C-helix
on the left side of the binding cleft near Met-54, Thr-
58, Ser-61, lle-62, Leu-69, and lle-112. The conforma-
tion-defining torsion angles T, (C4a—C5—-S—C1’') and
T, (C5—S—C1'—C2") were 165° and 108° for compound
3 and 161° and 112° for compound 4, respectively. The
phenyl group of compound 3 was within 4 A of the side
chains of Thr-58, Ser-61, and lle-62 and the C5 atom of
the nicotinamide unit of NADPH. Similar contacts were
found for the phenyl group of compound 4, and the
p-methyl group also had close contact with the amide
unit that joins Ser-61 and lle-62.
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NADPH was bound in typical fashion in both com-
plexes. The nicotinamide ring was positioned below the
diaminoquinazoline ring system of the inhibitors and
was linked to the backbone NH and CO groups of Ala-
11 through two hydrogen bonds via its pendant amide
group.

The complex containing compound 4 also contained
a molecule of the buffer 2-(N-morpholino)ethanesulfonate
(MES) with its sulfonate group involved in an ionic bond
to Arg-70, the expected site of interaction for the
a-carboxyl group of substrate dihydrofolate.'® The mor-
pholinoethyl unit was positioned downward into the
active site, and its ether oxygen was in contact with the
arylthio group of the inhibitor. A disordered MES
molecule is presumably present in the complex with
compound 3, but electron density was observed only in
the region of the sulfonate moiety. The effect of MES
on the observed binding mode of compounds 3 and 4 is
not known. A corresponding MES molecule was also
present in the DHFR complexes with compounds 5 and
6, as discussed below.

As discussed by Whitlow et al.,° the C. albicans DHFR
structure exhibits an active site cleft that is significantly
wider than that observed for human DHFR, and the
difference in cleft width might provide a basis for
inhibitor selectivity. The C. albicans versus human
DHFR selectivity and the observed binding of com-
pounds 3 and 4 were consistent with that notion. The
two inhibitors appear to take good advantage of the
relatively wide cleft of the fungal enzyme by snugly
wedging between helices B and C. Compounds 3 and 4
appear to require some widening of the C. albicans
DHFR active site as indicated by the comparison of
active site geometries of those two complexes with that
of the holoenzyme or the complex with the nonselective
compound 2. For example, the cleft of C. albicans DHFR
in complex with compound 4 is 0.7—1.1 A wider than
that of the corresponding complex with compound 2. The
geometry differences for the enzyme in those two
complexes is illustrated by the following a-carbon
distance differences (distance in compound 2 complex
minus distance in compound 4 complex): Glu-32—Leu-
62 (0.7 A), Glu-32—Ser-61 (0.8 A), Met-25—1le-62 (1.0
A), Lys-24—Ser-61 (1.1 A), and Gly-23—Glu-60 (0.8 A).
On the basis of the observed geometry of human
DHFR,!® that enzyme would require even greater
widening to accommodate compounds 3 and 4. The
expected energetic cost of such widening was consistent
with the observed C. albicans vs human DHFR selectiv-
ity of compounds 3 and 4.

Crystal Structures of C. albicans DHFR in Com-
plex with Compounds 5 and 6. The bound conforma-
tions of compounds 5 and 6 were significantly different
than those of 3 and 4. The more selective inhibitors 5
and 6 were found to bind in conformations in which the
S-to-phenyl bond of the phenylthio group was oriented
perpendicularly to the quinazoline ring system, project-
ing the group into the region of the active site that is
normally occupied by the nicotinamide moiety of NAD-
PH, as illustrated for compound 5 in Figure 2. For
compounds 5 and 6, the torsion angle T; was 89° and
92°, respectively, compared to the average value of 163°
for compounds 3 and 4. T, values for compounds 5 and
6 were 160° and 170°, respectively. The conformational

Whitlow et al.

Figure 2. Structure of compound 5 bound to C. albicans
DHFR/NADPH. Protein structure is represented as described
in Figure 1, and ligands are color-coded by atom type as
described in Figure 1.

Figure 3. Comparison of compounds 4 and 6 bound to C.
albicans DHFR/NADPH. Protein structure is from the com-
pound 6 complex and is represented as described in Figure 1.
Ligands are color-coded by atom type as described in Figure 1
with the exception of carbon for the ligands of the complex
with compound 4, which are colored green. The MES molecules
are omitted for clarity.

difference between compounds 4 and 6 is illustrated in
Figure 3.

The binding of compounds 5 and 6 appeared to
displace the dihydronicotinamide moiety of NADPH
from its typical location within the active site and into
solvent. Electron density was observed for the adenosine
and phospho bridge portions of the cofactor, but density
at the dihydronicotinamide end of the molecule was
limited to just a few atoms of the ribose ring, consistent
with disorder for that section of NADPH.

Molecular modeling of compounds 5 and 6 in a
binding conformation analogous to that observed for
compounds 3 and 4 suggested that the tert-butyl and
morpholino substituents of compounds 5 and 6, respec-
tively, would encounter unfavorable steric interactions
with residues at the carboxy-terminus of the C-helix,
such as Ser-61 and lle-62. Presumably the energetic cost
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Figure 4. Binding site for the p-tert-butylphenylthio moiety
of compound 5 in C. albicans DHFR compared to the corre-
sponding region of human DHFR (PDB code: 1boz). Protein
backbone is represented by a tube: C. albicans, cyan; human,
orange. Atoms of selected amino acid residues are shown as
capped sticks. Compound 5 is color-coded by atom type: C,
green; N, blue; S, yellow. Superposition of the two proteins
was based on o-carbon atoms of the central -sheet.

involved in protein conformational changes to alleviate
that steric clash was higher than the alternative dis-
placement of the dihydronicotinamide group of NADPH.

Although inhibitor occupation of the nicotinamide
binding site has not been reported previously, confor-
mational heterogeneity for NADPH and NADP* in
DHFR complexes that is concordant with the structures
presented here has been observed. For example, results
from fluorescence decay measurements for NADPH
bound to Escherichia coli DHFR were attributed to two
conformational states of enzyme-bound cofactor: one in
which the dihydronicotinamide moiety is solvent-
exposed and a second species in which the dihydroni-
cotinamide is sequestered from solvent.?° Similar con-
clusions were drawn for NADP* from NMR studies of
ternary complexes with Lactobacillus casei DHFR and
a series of inhibitors.2! The ternary complexes showed
evidence of two interconverting conformations that dif-
fered in the position of the nicotinamide moiety of the
enzyme-bound cofactor, one within the enzyme active
site and one swung away from the enzyme surface into
solution. Furthermore, crystallographic analysis of an
E. coli DHFR/NADP+ complex showed that the nicotin-
amide group of bound cofactor was disordered and
appeared to extend away from the protein and into
solvent.??

The high level of DHFR selectivity observed for
compounds 5 and 6 may be in part related to the
apparent competition for DHFR binding with the dihy-
dronicotinamide moiety of NADPH. The cofactor shows
about 10-fold higher affinity for human DHFR than the
corresponding fungal enzyme as evidenced by Ky, values
(NADPH Kpn: human DHFR, 0.26 uM;?® C. albicans
DHFR, 3.3 uM?4). If the difference in NADPH affinity
between human and fungal enzyme was due to dif-
ferential interactions involving the dihydronicotinamide
group, then inhibitor competition with that group should
result in greater inhibitor affinity for the enzyme with
the higher NADPH K. The binding site for the dihy-
dronicotinamide, and presumably the arylthio group of
compounds 5 and 6, in human DHFR? was significantly
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Table 2. Summary of Crystallographic Refinement
3 4 5 6

PDB code 11A1 11A2 11A3 11A4

space group P2, P2, P2, P2,

unit cell dimensions a=176.91 a=7691 a=76.91 a=77.05
b=67.28 b=67.28 b=67.28 b=67.09
c=238.49 ¢=38.49 c=238.49 c=3854
f=093.07 f=93.07 =093.07 f=93.43

resolution (A) 1.70 1.82 1.78 1.85
no. reflections

measured 34713 35760 36058 34740

used (F > 2s) 31488 31067 32308 26626
R factor? 0.156 0.160 0.160 0.159
distances (A)

bonds(1-2) 0.021 0.021 0.021 0.021

angles (1-3) 0.034 0.032 0.034 0.035

intraplanar (1—-4) 0.040 0.038 0.040 0.041
planar groups (A) 0.021 0.020 0.021 0.020
chiral centers (A3) 0.276 0.247 0.243 0.258
nonbonding contacts (A)

single torsion 0.166 0.166 0.167 0.170

multiple torsion 0.154 0.148 0.148 0.150

possible H-bonds 0.127 0.133 0.136 0.150
torsion angles (deg)

planar (w) 4.0 3.6 3.8 3.9

staggered 16.1 14.6 14.9 14.9

orthonormal 314 30.6 32.6 29.9

aR factor = ¥|Fo — Fel/S Fo.

different than that of the fungal enzyme (see Figure 4).
In particular, the difference in position of the C-helix
in the two DHFR species led to dissimilar environments
in that part of the active site. As shown in Figure 4,
the positions of side chains from Thr-56, Ser-59, and
Pro-61 in the human protein relative to those of C.
albicans DHFR create a smaller cavity for binding
dihydronicotinamide or inihibitor.

Conclusions

Compounds 5 and 6 were found to bind to C. albicans
DHFR in an unusual mode, displacing the dihydroni-
cotinamide portion of NADPH from its normal position
within the enzyme active site. Inhibitor binding in the
dihydronicotinamide binding site of DHFR has not been
reported previously. The observation that highly selec-
tive inhibitors of fungal DHFR utilize the dihydronico-
tinamide site suggests a potential role for the site in
achieving therapeutically useful DHFR selectivity and
offers a new approach to the design of DHFR inhibitors.

Experimental Section

The cloning, expression, purification, and crystallization of
C. albicans DHFR employed procedures that have been
described previously.® The preparation and biological activities
of compounds 3—6 have been reported by Chan et al.1°

X-ray diffraction data were collected using a Siemens
(formerly Xentronics) electronic area detector mounted on a
Supper oscillation camera on an Elliot GX-21 rotating Cu
anode, operating at 70 mA and 40 kV with a 0.3 x 3.0 mm
focal spot and a 0.3 mm collimator. Monochromatization was
provided by a Huber graphite monochromator. All data col-
lection was performed at well-controlled room temperature
(16—20 °C). During data collection, the area detector chamber
was mounted 10 cm from the crystal. The carriage angle (the
angle between the normal to the detector face and the direct
beam) was varied from 0° to 30°, enabling the detector to
intercept data from 8 to 1.70 A, depending upon its position.
Diffraction data collected by the area detector are recorded as
a series of discrete frames or electronic images, each compris-
ing a 0.20° or 0.25° oscillation counted for between 30 and 110
s, depending upon the carriage angle. Usually 400 to 480 data
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frames, corresponding to 100° of crystal rotation about a
vertical axis, were collected. The crystals were very stable in
the X-ray beam allowing collection of an extensively replicated
data set to 1.70 A from a single crystal. During the course of
data collection, several crystal orientations were recorded. The
crystals were repositioned in the X-ray beam by adjustment
of a goniostat ¢ motor set 45° from vertical. The XENGEN
software package was used for data reduction.?®

The refinement of each ternary structure was started from
the highest resolution structure available at the time. The
binary structure described in the previous paper® was used
for the ternary complex with compound 2; all the others used
the 1.6 A structure ternary inhibited complex® as starting
coordinates. Each structure was refined using the program
PROFFT, which employs a least squares procedures?” modified
by Finzel?® to incorporate the fast Fourier algorithms of Ten
Eyck and Agarwal.?*% Refinement was performed interspersed
with model-building sessions on the graphics equipment.
Temperature factors were not restrained in the final cycles of
refinement. The refinement results are summarized in Table
2. Atomic coordinates of the four ternary DHFR complexes
containing compounds 3—6 have been deposited with the
Protein Data Bank, PDB entries 11A1, 11A2, 11A3, and 11A4,
respectively.
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