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ABSTRACT: The pursuit of antimicrobial drugs that target Sefectivity for S aureus DHFR
dihydrofolate reductase (DHFR) exploits differences in sequence cP10
and dynamics between the pathogenic and human enzymes. Here, we
present five crystal structures of human DHFR bound to a new class
of antimicrobial agents, the propargyl-linked antifolates (PLAs), with a
range of potency (IC, values of 0.045—1.07 uM) for human DHFR.
These structures reveal that interactions between the ligands and Asn
64, Phe 31, and Phe 34 are important for increased affinity for human
DHFR and that loop residues $58—64 undergo ligand-induced
conformational changes. The utility of these structural studies was
demonstrated through the design of three new ligands that reduce the
number of contacts with Asn 64, Phe 31, and Phe 34. Synthesis and
evaluation show that one of the designed inhibitors exhibits the lowest
affinity for human DHFR of any of the PLAs (2.64 uM). Comparisons
of structures of human and Staphylococcus aureus DHFR bound to the same PLA reveal a conformational change in the ligand
that enhances interactions with residues Phe 92 (Val 115 in huDHFR) and Ile S0 (Ile 60 in huDHFR) in S. aureus DHFR,
yielding selectivity. Likewise, comparisons of human and Candida glabrata DHFR bound to the same ligand show that
hydrophobic interactions with residues Ile 121 and Phe 66 (Val 115 and Asn 64 in human DHFR) yield selective inhibitors. The
identification of residue substitutions that are important for selectivity and the observation of active site flexibility will help guide
antimicrobial antifolate development for the inhibition of pathogenic species.

D ihydrofolate reductase (DHFR) is an essential metabolic DHFR bound to ligands with new scaffolds that explore

enzyme that plays a critical role in one-carbon transfer conformational changes and probe sequence differences would
reactions, including the biosynthetic pathways for deoxythymi- support a more complete understanding of the factors that
dine monophosphate (dTMP), purines, and several amino drive antifolate potency and selectivity.
acids. As such, DHFR has been successfully targeted for both We have been developing propargyl-linked antifolates
anticancer (e.g., methotrexate) and antimicrobial (e.g., (PLAs) to target several therapeutic indications, including
trimethoprim and pyrimethamine) drug development. Because bacterial infections caused by methicillin-resistant Staph-
of its essential role in both human and pathogenic cells, the ylococcus aureus (MRSA) and Bacillus anthracis as well as
successful development of antimicrobial DHFR inhibitors fungal infections caused by Candida glabrata and Candida
requires that the compounds are selective for the pathogenic albicans."~*® Toward this goal, we have used structure—activity

species.

While the function of DHFR is highly conserved throughout
evolution, the amino acid sequence of the protein differs
between species, allowing the design of inhibitors that are
specific for pathogenic enzymes. High-resolution structures of
human DHEFR that provide the spatial and dynamic information
necessary for exploiting sequence differences are critical in the
design of antimicrobial antifolates. For example, the design of
selective antifolates effective a%ainst opportunistic infections
caused by Preumocystis jirovecii' ~ and Toxoplasma gondii® as
well as the parasite that causes malaria, Plasmodium falciparum,’
was permitted by structures of human DHFR. The available

relationships and modeling studies with human DHFR to
design compounds selective for the pathogenic enzyme. For
example, a PLA with a substituted biphenyl moiety shows 2350-
fold greater potency for DHFR from C. glabrata [50%
inhibition concentration (ICs,) of 0.6 nM] over human
DHEFR (ICy, = 1.4 uM).'® Recently, we probed the role of
critical loop residues at the active site (residues $S8—64 in
human DHFR) believed to influence selectivity using crystal
structures of C. glabrata and C. albicans DHFR combined with
molecular dynamics simulations of these enzymes and human

ternary structures of human DHFR are important guides in the Received: July 1, 2013
design of selective antifolates against these and other Revised:  August 22, 2013
pathogenic species. However, additional structures of human Published: September 20, 2013
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DHEFR. These studies show that the loop residues are flexible
and assume a ligand-dependent conformation that is
independent of species.'’

Here, we present five crystal structures of human DHFR
bound to PLAs with a >20-fold range of potency. As these
ligands differ by positional substitutions and also represent a
new chemotype bound to human DHEFR, they are important
for probing key interactions that drive potent interactions with
human DHFR. Specifically, a comparison of these crystal
structures with each other shows that hydrophobic interactions
with Phe 31 and Phe 34 and hydrogen bonding with Asn 64 are
important for increased potency for human DHFR. On the
basis of these observations, we synthesized three compounds
designed to reduce the number of these contacts. Excitingly,
compound UCP1075 loses 16-fold affinity for human DHFR
while maintaining potent antibacterial activity. As we have
previously determined crystal structures of C. glabrata'® and .
aureus DHFR*® bound to one of these compounds, a
comparison across three species bound to the same ligand
reveals the influence of the propargylic substitution and the
hydrophobicity of the pyridyl ring toward selectivity.
Comparisons of these structures with previously reported
structures of human DHFR reinforce that the loop residues
(58—64) undergo ligand-induced conformational changes. The
structures and analysis reported here will not only aid the
discovery of increasingly selective PLAs but also be valuable for
understanding the dynamics of the active site of human DHFR
and elucidating the factors that drive potency and selectivity for
a broad range of ligands.

B MATERIALS AND METHODS

Cloning, Expression, and Purification. The gene for
human DHFR (huDHFR) was amplified from human genomic
DNA, cloned into the pET-41a(+) vector (EMD Millipore),
and used to transform competent BL21(DE3) Escherichia coli
cells. Expression of the protein was induced using IPTG at 30
°C for 6 h and terminated by harvesting cells via centrifugation.
Cells were lysed with B-Per Protein Extraction Reagent
(Thermo Scientific), DNase I (New England Biosciences),
and 1 mM phenylmethanesulfonyl fluoride (PMSF) (Sigma-
Aldrich) at room temperature for 30 min. Soluble Iysate,
isolated by centrifuging the crude lysate, was exposed to 60%
saturated ammonium sulfate overnight at 4 °C. Contaminant
proteins were removed from the crude protein sample by
centrifugation. The prepared supernatant was applied to a
methotrexate-agarose column (Sigma-Aldrich), washed, and
eluted with dihydrofolate (Sigma-Aldrich). Fractions containing
huDHFR were collected, concentrated, and separated using an
S-200 column. Resulting pure huDHFR was concentrated to 8
mg/mL, flash-frozen, and stored at —80 °C until it was needed.

The synthesis and characterization of compounds UCP1006,
UCP1015, UCP1017, UCP1019, UCP1025, and UCP1040
have been previously reported.”~>' Compounds UCP1075—
1077 were synthesized with routes analogous to those
previously published.'” ™!

Enzyme Inhibition Assays. Enzyme inhibition assays were
performed by measuring the rate of NADPH oxidation by the
enzyme at 340 nm over time. Assays were completed at room
temperature in buffer containing 20 mM TES, 50 mM
potassium chloride, 0.5 mM EDTA, 10 mM p-mercaptoetha-
nol, and 1 mg/mL bovine serum albumin. Limiting
concentrations of enzyme and an excess of NADPH (100
uM) were added to the buffer, followed by DHF (100 uM),
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initiating DHFR activity. The ligand was incubated with the
protein and NADPH prior to the addition of DHF. Values for
racemic mixtures of UCP1006, UCP1019, UCP1040,
UCP1075—1077 were measured. All measurements were
repeated at least three times; averaged ICs, values and standard
deviations are reported.

Crystallization. Pure human DHFR (8 mg/mL) was
incubated for 2.5 h on ice with 1 mM NADPH and 1 mM
ligand (racemic mixtures for UCP1006 and UCP1019). The
protein sample was concentrated to 11—15 mg/mL and added
in a 1:1 ratio to the crystallization tray reservoir solution. The
reservoir solutions contained 0.1 M Tris (pH 7.5), 0.2 or 0.3 M
lithium sulfate, 23—33% (w/v) PEG 4000, and 6—8% (v/v)
ethanol or 1% (v/v) trifluoroethanol. Nonvolatile additives
were also used in most cases, except in the case of the ternary
structure with UCP1017. These included strontium(II)
chloride, calcium chloride, and magnesium chloride, which
were added to the 1:1 protein sample:reservoir solution for final
concentrations of 11 mM. Crystals were grown using the
hanging-drop vapor diffusion method at 4 °C. Crystals were
flash-frozen with liquid nitrogen using 15% (v/v) ethylene
glycol as a cryoprotectant. Diffraction data for the huDHFR/
NADPH/UCP1006 crystal were obtained at the University of
Connecticut X-ray Crystallography Facility with an R-Axis IV+
+ instrument and processed using Rigaku Structure Studio
Process. Data for the four remaining crystals were obtained at
Brookhaven National Laboratory using beamline X4A. Data
were processed with HKL2000.

Structure Determination. The initial evaluation of data
quality and the estimated Matthews coeflicient were
determined using the Matthews coef, CCP4i 6.20 package
and/or Xtriage in Phenix-1.8—1069.”> All structures were
determined with molecular replacement using Phaser, part of
the CCP4i 620 package,”® with human DHFR structures
[Protein Data Bank (PDB) entry 2C2S>* or 2W3A*] in the
case of the huDHFR/NADPH/UCP101S complex. Prodrg was
used to produce cif and pdb files of the ligands.26 The model
was built using Refmac*” and Coot.”® Refinement continued in
Phenix-1.8—1069.”> The electron density for the huDHFR/
NADPH/UCP1017 and huDHFR/NADPH/UCP1019 com-
plexes showed one molecule of huDHFR bound to NADPH
and the propargyl-linked ligand and one molecule of huDHFR
bound to NADPH and dihydrofolate per asymmetric unit.

Bl RESULTS
Propargyl-Linked Antifolates. In pursuit of high-

resolution crystal structures to guide the designs of more
selective antifolates, we crystallized human DHFR with five
PLAs [UCP1006, UCP1015, UCP1017, UCP1019, and
UCP1025 (Table 1)]. The antifolates include a 2,4-diamino-
6-ethylpyrimidine ring (ring A) and a biaryl ring system (rings
B and C) united by a propargyl linker. The antifolates for this
study were specifically chosen as they have varying affinities for
human DHFR'®?® and could be used to probe the basis of
potency for human DHFR. For example, 50% inhibition
concentration (ICs,) values for these ligands in enzyme
inhibition assays range from 0.045 to 1.07 uM (Table 1).
The ligands differ in the substitution pattern at the propargylic
linker (hydrogen or methyl) and the biaryl ring system (3,5-
pyrimidine, 4-pyridine, or isoquinoline). Crystal structures of
human DHFR with these related pairs of ligands probe the
roles of specific residues in determining potency; comparisons
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Table 1. Propargyl-Linked Antifolates Inhibit Human DHFR

Compound 1Cs,  Human
DHFR (nM)
1300
UCP1006
Nﬁ? ~ OMe
HzN)l\N/ P 61
“)  UCP1015
60
45
T
v o ) 330
NN UCP1025
164
UCP1040
2641
UCP1075
329
UCP1076
243
UCP1077

with structures from pathogenic enzymes reveal the features
that determine selectivity.

Ternary Structures of Human DHFR. Diffraction data
were collected from flash-frozen crystals of ternary complexes
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of human DHFR (huDHFR) bound to the cofactor, NADPH,
and ligand. All five ternary crystals belong to space group C222,
and contain two protein molecules within the asymmetric unit.
Structures with UCP1006, UCP1025, UCP1017, and UCP1019
were determined using molecular replacement with the
structure of human DHFR from PDB entry 2C2S** as a
probe molecule; the structure with UCP1015 was determined
with probe PDB entry 2W3A.*® Data collection and refinement
statistics are summarized in Table 2, and representative electron
density is shown in Figure S1 of the Supporting Information.
The models superimpose with minimal root-mean-square
deviations (rmsds). Using the huDHFR/NADPH/UCP1006
complex as a reference, the rmsd measurements with models
bound to ligands UCP1015, UCP1017, UCP1019, and
UCP102S are 0.234, 0.146, 0.116, and 0.132 A, respectively.

The interactions of the 2,4-diaminopyrimidine ring are
conserved throughout the structures and anchor the ligand in
the active site (Figure 1). The 4-amino moiety forms a
hydrogen bond with the backbone carbonyl oxygen of Ile 7
along with a weak hydrogen bond with the backbone carbonyl
oxygen of Val 115 (3.47 A). Atom N1 and the 2-amino group
form hydrogen bonds with Glu 30. Additionally, residues Phe
34 and Ile 7 form hydrophobic interactions with the pyrimidine
ring.

Here, we compare two structures of human DHFR bound to
ligands with methyl substituents at the propargylic position
(UCP1006 and UCP1019) and three bound to ligands with
hydrogen at this position (UCP1025, UCP1017, and
UCP1015). The structures of huDHFR bound to UCP1006
(Figure 1a) and UCP1019 (Figure 1c) show that the ligands
adopt similar conformations and the same configuration at the
stereogenic center. Specifically, the dihedral angle defined by
CS of the diaminopyrimidine, the propargylic carbon, and C1’
and C2’ of the B-ring varies by only 10.68° between UCP1006
(—96.55°) and UCP1019 (—107.23°). However, hydrogen at
the propargylic position affords the ligand greater flexibility.
The same dihedral angle defined as above is —106.5°, —118.2°,
and 80.4° for UCP101S (Figure 1b), UCP1017 (Figure 1d),
and UCP1025 (Figure le), respectively (a superposition of
ligands showing the variation between dihedral angles is shown
in Figure S2 of the Supporting Information). Altering the
dihedral angle allows the ligands to maximize interactions,
contributing to the observed changes in potency. For example,
a comparison of structures bound to UCP1006 (ICy, = 1.3
uM) or UCP1015 (ICsy= 61 nM) (Figure 2a) shows that the
pyridyl ring of UCP101S forms an increased number of van der
Waals interactions with Leu 67 (3.5 A as opposed to 3.7 A) and
Phe 34 (3.7 A compared to 4.64 A).

Compound UCP1017, with hydrogen at the propargylic
position, differs from compound UCP1019 only in the
substitution of a methyl at this position. While the dihedral
angle across the propargyl linker, as defined above, varies by
only 11° between the two ligands, the flexibility of UCP1017
aids in the formation of hydrophobic interactions with Phe 31
and Phe 34 (Figure 2b), both of which are weaker with
UCP1019. Both UCP1017 and UCP1019 are unique among
the ligands presented here in that they form hydrogen bonds
with Asn 64: UCP1017 forms one hydrogen bond (3.2 A), and
UCP1019 forms two hydrogen bonds (2.9 and 3.1 A). This
increased number of hydrogen bonds in the structure with
UCP1019 overcomes the weaker hydrophobic interactions with
Phe 31 and Phe 34, resulting in comparable ICy, values (0.045
uM for UCP1019 and 0.060 uM for UCP1017).
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Table 2. Data Collection and Refinement Statistics

huDHFR/NADPH/ huDHFR/NADPH/
UCP1006 UCP1025
PDB entry 4KAK 4KD7
space group C222, C222,
no. of monomers in the 2 2

asymmetric unit
unit cell [a, b, ¢ (A)]
resolution (A)
completeness (%) (last shell)

no. of unique reflections

88.08, 93.63, 96.04
1.8

99.78 (99.97)
37016 (3661)

1.84

87.67, 93.78, 95.99

99.53 (99.88)
34461 (3390)

redundancy 3.95 42
Ry, (last shell) 0.061 (0.492) 0.071 (0.317)
(I/o) (last shell) 12.51 (2.50) 6.86 (2.53)
Refactor/Re, 0.2243/0.2666 02232/0.2716
no. of atoms (protein, ligands, 3694 3762
solvent)
rmsd for bond lengths (A), angles 0.006 0.013
(deg)
average B factor for protein (A?) 16.5 34.7
average B factor for ligand (A?) 21.7 33.8
average B factor for solvent 29.5 42.7
molecules (A?%)
Rresidues in most favored regions 91.8 91.8
(%)
residues in additional allowed 8.2 8.2
regions (%)
residues in generously allowed 0 0
regions (%)
residues in disallowed regions (%) 0 0

huDHFR/NADPH/  huDHFR/NADPH/  huDHFR/NADPH/
UCP1017 UCP1019 UCP1015

4KF] 4KEB 4KBN

C222, 222, C222,

2 2 2

87.81, 94.08, 96.29
1.76

98.68 (98.98)
39301 (3880)

87.71, 93.66, 96.16
145

99.37 (99.90)
69737 (6951)

105.26, 105.25, 144.68
272

99.59 (97.67)

21954 (2098)

8.1 8 8.1

0.060 (0.154) 0.052 (0.589) 0.076 (0.385)
51.44 (20.28) 32.38 (5.03) 30.89 (8.17)
0.1980/0.2451 0.1681/0.2054 0.1704/0.2184
3697 3803 3385

0.014 0.016 0.013

18.5 25.6 33.8

26.9 35.28 32.07

26.5 39.7 36.1

90.3 93.1 94

9.7 6.9 6.0

0 0 0

0 0 0

Compound UCP102S varies from UCP101S in that it
possesses a pyrimidyl C-ring as opposed to a pyridyl C-ring and
a phenyl as opposed to a methoxyphenyl in the B-ring. As
noted previously, the dihedral angle of UCP1025 is 80.41°,
which is opposite in sign from the angles of the other ligands
(Figure 2c and Figure S2 of the Supporting Information). This
alternate angle forces the B-ring of UCP102S “backward”
toward Phe 34 and Leu 67 relative to its position in the other
ligands where it is positioned to interact strongly with Ile 60.
The alternate orientation of UCP102S appears to be driven by
a combination of the hydrophobic interactions with Pro 61 and
the presumed interaction between the basic nitrogen and bulk
solvent. The minimal interactions observed for compound
UCP102S, including weak hydrophobic interactions with Leu
67 (3.50 A) and Pro 61 (3.86 A), rationalize its lower ICs,
value (0.33 M) compared to that of UCP1015 (0.061 uM).

Design, Synthesis, and Evaluation of New Ligands. As
interactions between the inhibitor and residues Phe 31, Phe 34,
and Asn 64 appear to drive potency for human DHFR, three
new ligands were designed to limit contacts with these residues.
The scaffold for these new ligands was derived from lead
compound UCP1040 (Table 1) that exhibits metabolic stability
superior to that of UCP1006.*' UCP1040, with a propargylic
methyl and 2’-methoxy substitutions, inhibits human DHFR
with an ICy, value of 0.164 M. Inhibitor UCP107S places a
methyl group ortho to the biaryl linkage, thus destabilizing the
coplanar conformation observed in many of these inhibitors.
The more perpendicular arrangement of these two rings is
intended to effectively force the C-ring into the crowded space
between Phe 31 and Pro 64 and create negative steric
interactions with Phe 31 (see Figure la for reference). As an
alternative design, compounds UCP1076 and UPC1077, with
3,5-dimethyl and 3-methoxy substituents, respectively, were
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intended to probe the effect of placing hydrophobic
substitutions at the meta positions of the C-ring to reduce
any favorable contacts with Asn 64. All three compounds were
synthesized through previously published routes' ™' using
commercially available boronic acids. Excitingly, the simple
methyl substitution on UCP1075 lowers its affinity for human
DHER to 2.64 uM, a reduction of 16-fold relative to that of the
parent UCP1040. Ligands UCP1076 and UCP1077 also
weaken binding to human DHFR by approximately 2-fold.
Importantly, all three compounds maintain antibacterial activity
against the pathogenic organism MRSA at levels similar to
those of other potent compounds in this series (minimum
inhibition concentration of <0.5 ug/mL).*°

Docking UCP1075 to the structure of human DHFR
confirmed the hypothesis that the methyl group forces a
perpendicular arrangement of the ring system that creates
significant steric interference with the active site residues. Two
clusters of poses were obtained, both of which show atoms
from the C-ring within only 3 A of Leu 67 and Phe 31/34
(Figure 3).

Comparison of Structures of Human and Pathogenic
Species of DHFR. Previously, we reported crystal structures of
DHER from C. glabrata"® and S. aureus’® bound to NADPH
and UCP1006. As we now describe a structure of human
DHEFR bound to these same ligands, we are in a position to
capitalize on a direct comparison between the human and
pathogenic enzymes to elucidate factors that drive selectivity
without confounding differences in ligand-induced conforma-
tional changes.

The structures of huDHFR/NADPH/UCP1006 and
CgDHFR/NADPH/UCP1006 complexes show minimal over-
all differences (rmsd of 1.14 A) and the selection of the same
enantiomer of the ligand (Figure 2d). The marked difference in

dx.doi.org/10.1021/bi400852h | Biochemistry 2013, 52, 7318—7326
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Figure 1. Propargyl-linked antifolates bound to human DHFR in (a) the active site of the uDHFR/NADPH/UCP1006 complex, (b) the active site
of the huDHFR/NADPH/UCP1015 complex, (c) the active site of the huDHFR/NADPH/UCP1019 complex, (d) the active site of the huDHFR/
NADPH/UCP1017 complex, and (e) the active site of the huDHFR/NADPH/UCP1025 complex.

potency for UCP1006 between human DHFR (ICy, = 1.07
uM) and C. glabrata DHFR (ICy, = 89 nM) relates to
interactions with species-specific residues (see Figure S2 of the
Supporting Information for sequence alignment). A primary
site of differential interactions lies in the contacts of the
propargylic methyl group with residues in the active sites. In the
structure of C. glabrata DHFR bound to UCP1006, the methyl
group forms a hydrophobic interaction with Ile 121 (3.67 A),
while in human DHFR, there is little or no interaction with the
corresponding Val 115 (4.37 A). A second noteworthy
difference between these species centers on the formation of
hydrophobic interactions between Phe 66 of C. glabrata DHFR
and the pyridine ring. In contrast, the pyridine ring is unable to
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form either hydrophobic interactions with the alkyl portion of
the corresponding residue, Asn 64 in human DHFR, or a
hydrogen bond with Asn 64. In human DHEFR, the pyridine
ring forms hydrophobic interactions with Phe 31, while the
corresponding residue, Met 33 in C. glabrata DHFR, is more
distant (0.5 A) and forms only weak interactions. The
hydrophobic interactions with Phe 31 in human DHFR do
not overcome the loss of interactions at the Asn 64 and Val 115
positions, rationalizing the lower potency of this compound for
human DHFR.

Superimposing the ternary structures of S. aureus and human
DHFR bound to NADPH and UCP1006 reveals differences
(Figure 2e), some of which explain the selectivity of UCP1006

dx.doi.org/10.1021/bi400852h | Biochemistry 2013, 52, 7318—-7326
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a)

L28:F31

Figure 2. Superpositions of structures reveal features driving selectivity and conformational changes in (a) huDHFR/NADPH/UCP1006 (orange,
yellow) and huDHFR/NADPH/UCP101S (pink) complexes, (b) huDHFR/NADPH/UCP1017 (green) and huDHFR/NADPH/UCP1019
(purple) complexes, (c) huDHFR/NADPH/UCP1015 (pink) and huDHFR/NADPH/UCP1025 (cyan, purple) complexes, (d) huDHFR/
NADPH/UCP1006 (orange, yellow) and CgDHFR/NADPH/UCP1006 (red) complexes, (e) huDHFR/NADPH/UCP1006 (orange, yellow) and
SaDHFR/NADPH/UCP1006 (cyan) complexes, and (f) huDHFR/NADPH/UCP1006 (orange, yellow) and huDHFR/NADPH/SRI-9662 (blue)

complexes.

toward S. aureus DHFR (ICy, = 19 nM). Overall, the two
structures have an rmsd of 1.15 A. The first notable difference is
that the diaminopyrimidine ring of S. aureus DHFR maintains
the conserved interactions but shifts 0.7—0.8 A toward Phe 92
to enhance van der Waals interactions with the phenyl side
chain. Second, the torsional angle previously defined across the
propargyl linker is 126.79° in UCP1006 when it is bound to S.
aureus DHFR and —96.55° when it is bound to human DHFR.
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The angle adopted by UCP1006 when it is bound to S. aureus
DHEFR allows the ligand to optimize hydrophobic interactions
with Phe 92, Ile 50, and Leu 54. While Ile 50 and Leu 54 are
conserved in human DHEFR, the hydrophobic interactions
between the ligand and these residues are much stronger in S.
aureus DHFR. The interactions between the propargyl linker
and Phe 92, which is Val 115 in human DHFR, are unique to S.
aureus DHFR. It is these stronger hydrophobic interactions

dx.doi.org/10.1021/bi400852h | Biochemistry 2013, 52, 7318—7326
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Figure 3. Docked complex of UCP1075 with human DHFR. Two
representative poses (white and cyan) are shown, both of which show
steric interference with Leu 67 and Phe 31. The active site is shown as
a lipophilic surface.

with Phe 92, Ile 50, and Leu 54 that explain the greater potency
of UCP1006 for S. aureus DHFR over human DHFR.

Conformational Changes and Interpretation of Dy-
namics. Previously, we reported that molecular dynamics
simulations of human DHEFR revealed that loop residues 58—64
undergo ligand-induced conformational changes.'” While the
overall rmsds between these structures of human DHFR are
minimal, there are several indications that the protein is flexible.
For example, the structures with UCP1006 and UCP1017 show
two different rotamers for Phe 31 with 62 and 38% occupancy,
respectively. Interestingly, the structure of human DHFR
bound to piritrexim (PDB entry 1DLR*®) selects one of
these rotamers, while the structure with SRI-9662 (PDB entry
1IKMV®) selects the other. A superposition of the structures
bound to the PLAs shows that the loop residues (58—64)
undergo ligand-induced conformational changes, confirming
the results obtained previously by simulation. Ca atoms of the
residues in the loop are shifted 0.7 A between the complexes
with UCP1006 and UCP1025, with the residues in the latter
complex forming tighter interactions with the ligand. Flexibility
has been more widely observed for these loop residues; a
superposition of eight structures of human DHFR bound to a
variety of ligands shows notable variation (Figure 4; distances
between Ca atoms reported in the Supporting Information).
Strikingly, superposition of the structures of the huDHFR/
NADPH/UCP1006 with huDHFR/NADPH/SRI-9662 (PDB
entry 1KMV) complexes shows that the loop residues are
displaced by up to 2 A between the two structures (Figures 2f
and 4). These interpretations of active site dynamics are
important for amassing a complete picture of the factors that
drive selectivity against the human enzyme.

B DISCUSSION

The development of antimicrobial antifolates demands that the
compounds be optimally selective for the pathogenic species.
We and others have actively pursued the development of
antimicrobial DHFR inhibitors and have worked to fully
elucidate the factors that drive selectivity against the human
DHER enzyme. Specifically, over the past several years, we have
been developing the PLAs as efficacious antibacterial and
antifungal agents. Herein, we describe work to elucidate the
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Figure 4. Superpositions of the loop region (residues 60—64) in a
survey of crystal structures of human DHFR bound to a variety of
ligands (4KAK in orange, IKMYV in periwinkle, 1S3W in green, 3NZD
in magenta, 2C2S in light blue, 2W3A in raspberry, 10H]J in dark blue,
and 4DDR in light gray).

critical interactions that drive potency and selectivity against
human DHEFR using five crystal structures of this enzyme
bound to NADPH and the PLAs. The five ligands in these
experiments possess different substitutions that can be used to
probe the roles of active site residues in DHFR.

Previously reported efforts to develop selective antimicrobial
antifolates targeting other pathogens have also described
structures of human DHFR bound to antifolates of interest.
For example, efforts to develop a novel antimalarial antifolate,
P218,° compared structures of P218 with P, falciparum and
human DHFR to reveal that the inhibitor adopts a very
different conformation in human DHFR. In P. falciparum
DHFR-TS, the inhibitor interacts with Phe 116 (equivalent to
Phe 66 of CgDHFR) to drive the new conformation and form
hydrogen bonds with Arg 122 (Pf). In human DHFR, the
inhibitor forms interactions with Phe 31 that directs it away
from potential hydrogen bonds with Arg 70 (equivalent to Arg
122 of PfDHFR). Development of a selective antifungal
antifolate to target Pneumocystis jirovecii (PY957) relied on
structures of Pneumocystis carinii and human DHFR coupled
with site-specific mutagenesis to reveal the basis of selectivity.””
In this case, it was observed that interactions with the
pathogen-specific residues at Gln 35 (Lys in P. carinii DHFR)
and Asn 64 (Phe in P. carinii DHFR) were critical for
selectivity.

Analysis of the crystal structures reported here reveals
features of the PLAs that are critical for aflinity for human
DHFR; avoidance of these interactions should guide selectivity
for the pathogenic species. Specifically, ligands should be
designed to avoid groups that may form hydrogen bonds with
Asn 64 as the structures reported here with compounds
possessing isoquinoline C-rings show the affinity gained by
these bonds. Furthermore, strong hydrophobic interactions
with Phe 31 and Phe 34 are instrumental in driving increased
affinity for human DHFR and should be avoided. In this work,
these observations were validated by the design and synthesis of
three new ligands, one of which shows a 16-fold reduction in
affinity for human DHFR.

These studies add important evidence to drive the design of
compounds with enhanced selectivity against S. aureus and C.
glabrata DHFR. For example, the propargylic methyl
substitution in C. glabrata DHFR forms a hydrophobic
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interaction with Ile 121 that it is unable to form with the human
Val 115 residue. Additionally, a hydrophobic ring system at the
C-ring position is critical for C. glabrata inhibition, as it
interacts with Phe 66 but does not interact with polar residue
Asn 64 in human DHFR. Finally, ligands that form hydro-
phobic interactions with residues Phe 92 and Ile 60 maximize
selectivity for S. aureus DHFR. While the interactions with the
pathogen-specific residue corresponding to Asn 64 have been
known to be important for selectivity, the value of interactions
with pathogen-specific residues at Val 115 is emphasized here.
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