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SUMMARY
Both hospital- and community-acquired Staphylococcus aureus infections have become major health
concerns in terms of morbidity, suffering and cost. Trimethoprim-sulfamethoxazole (TMP-SMZ) is
an alternative treatment for methicillin-resistant S. aureus (MRSA) infections. However, TMP-
resistant strains have arisen with point mutations in dihydrofolate reductase (DHFR), the target for
TMP. A single point mutation, F98Y, has been shown biochemically to confer the majority of this
resistance to TMP. Using a structure-based approach, we have designed a series of novel propargyl-
linked DHFR inhibitors that are active against several trimethoprim-resistant enzymes. We screened
this series against wild-type and mutant (F98Y) S. aureus DHFR and found that several are active
against both enzymes and specifically that the meta-biphenyl class of these inhibitors is the most
potent. In order to understand the structural basis of this potency, we determined eight high-resolution
crystal structures: four each of the wild-type and mutant DHFR enzymes bound to various propargyl-
linked DHFR inhibitors. In addition to explaining the structure-activity relationships, several of the
structures reveal a novel conformation for the cofactor, NADPH. In this new conformation that is
predominantly associated with the mutant enzyme, the nicotinamide ring is displaced from its
conserved location and three water molecules complete a network of hydrogen bonds between the
nicotinamide ring and the protein. In this new position, NADPH has reduced interactions with the
inhibitor. An equilibrium between the two conformations of NADPH, implied by their occupancies
in the eight crystal structures, is influenced both by the ligand and the F98Y mutation. The mutation
induced equilibrium between two NADPH binding conformations may contribute to decrease TMP
binding and thus may be responsible for TMP resistance.
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INTRODUCTION
Staphylococcus aureus is a major cause of hospital-acquired infections. The increasing
frequency of infections caused by methicillin-resistant S. aureus (MRSA) is of particular
concern, especially in the United States where the prevalence is more than 55% in the intensive
care unit1. MRSA has also become an established community-acquired infection among
patients without established risk factors2; 3. Vancomycin is the preferred treatment for MRSA
infections. However, vancomycin-intermediate S. aureus isolates (VISA) demonstrating a
decreased sensitivity to the drug and vancomycin-resistant S. aureus (VRSA) strains have been
reported in the US4;5. However, many strains of S. aureus, including new strains of community-
acquired MRSA, show sensitivity to trimethoprim-sulfamethoxazole (TMP-SMZ). TMP is an
antifolate that inhibits the essential enzyme, dihydrofolate reductase (DHFR) and SMZ inhibits
dihydropteroate synthase.

Surveys from a collection of strains show that 28 % of MRSA isolates are TMP-resistant6.
Examination of clinical isolates of TMP-resistant S. aureus reveals that intermediate resistance
to TMP (MIC values ≤ 256 mg/L) is the most prevalent and is caused by three chromosomal
mutations (H30N, F98Y and H149R) that occur in combinations as H30N/F98Y and F98Y/
H149R. High-level TMP resistance (MIC values ≥ 512 mg/L) is conferred by a plasmid-
encoded DHFR, called S1 DHFR7 that contains three mutations (V31I, G43A, F98Y) relative
to the sequence of DHFR from S. epidermis. Biochemical studies show that the single F98Y
mutation in S. aureus DHFR (SaDHFR) and S1 DHFR is responsible for the most significant
loss in TMP affinity6;7. The similarity of the kcat/KM values for the wild-type and Sa(F98Y)
enzymes (3.12 vs. 2.36, respectively) suggests that the mutant enzyme capably catalyzes the
reduction of folate, as expected.

Analysis of the crystal structures of the wild type and F98Y mutant SaDHFR bound to
trimethoprim and folate, respectively6 suggested that Tyr 98 forms a hydrogen bond with the
backbone of Leu 5, thus preventing Leu 5 from forming a hydrogen bond with the 4-amino
group on the pyrimidine ring of TMP. Unfortunately, the analysis is complicated by the fact
that the mutant SaDHFR enzyme was crystallized with folate, which has a hydrogen bond
acceptor at this position and not with a compound containing a hydrogen bond donor.

Iclaprim is a recently developed dihydrofolate reductase inhibitor that was designed to
compensate for a loss of interactions between the mutant enzyme and TMP and form additional
hydrophobic interactions with the active site pocket8. One of the suggestions of the inventors
is that Iclaprim should be active against TMP-resistant MRSA, based on its additional
interactions with the mutant enzyme. However, enzyme inhibition data from the Iclaprim patent
(US patent 5,773,446) show that the compound still loses significant activity against the mutant
enzyme (IC50 = 0.005 μM for the wild type and IC50 = 0.52 μM for the mutant). Furthermore,
Iclaprim is only 4-fold more potent (IC50 = 0.52 μM) against the resistant enzyme than TMP
(IC50 = 2.2 μM).

Using a structure-based approach, we previously developed a novel series of DHFR inhibitors
with a propargyl-linked scaffold that is active against a number of trimethoprim-resistant
enzymes9; 10; 11. In order to find a new class of antifolates effective against both the wild-type
and trimethoprim-resistant forms of SaDHFR, we screened this group of compounds against
both enzymes. We found that compounds falling into the meta-biphenyl subclass are potent
inhibitors of both the wild-type and Sa(F98Y) mutant enzymes. High resolution crystal
structures of the wild-type and Sa(F98Y)DHFR mutants bound to four propargyl-linked
compounds reveal the basis of the increased potency of the meta-biphenyl class. In addition,
with these structures we have discovered a new conformation of NADPH that predominantly
exists in the mutant enzyme. The occupancy of this alternative conformation and the reduced
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number of interactions it has with the inhibitors suggests that it may be an important contributor
to the resistance mechanism of the F98Y mutation.

RESULTS
Resistance mutations have lowered the utility of trimethoprim as a clinically relevant
therapeutic for MRSA infections. In previous work, we have described a class of novel DHFR
inhibitors that is intended to inhibit DHFR enzymes that are natively trimethoprim-resistant
such as Bacillus anthracis9, Candida glabrata11 and Cryptosporidium hominis10. This class
of novel DHFR inhibitors is based on the trimethoprim scaffold but includes an extended
propargyl linker between the 2,4-diaminopyrimidine and substituted phenyl rings (compounds
1–9 shown in Table 1). The purpose of the extended linker is to force the substituted phenyl
ring deeper into a hydrophobic pocket in the active site, thereby increasing hydrophobic
interactions. In addition to the propargyl linker, a distinguishing feature of some of the
compounds in the class is a biphenyl ring system, which is installed either meta (compounds
10–14) or para (compounds 15–17) relative to the propargylic linker on the proximal phenyl
ring. The biphenyl ring system was designed to take advantage of a second hydrophobic pocket
near the proximal phenyl ring. These biphenyl compounds have proven to be very potent
against DHFR from several different species including C. hominis10 and C. glabrata11.

Since there is evidence that the F98Y mutation reduces the interactions between the protein
and ligand6, we investigated whether the propargyl-based DHFR inhibitors, with an increased
number of interactions, could function as potent inhibitors of both the wild-type and resistant
enzymes. We tested an initial series of these compounds in enzyme assays with wild-type
SaDHFR, a mutant (F98Y) trimethoprim-resistant SaDHFR and human DHFR to gauge
selectivity (Table 1).

Our results confirm that while trimethoprim is an effective inhibitor for wild-type SaDHFR,
its potency against the F98Y mutant decreases by 74-fold. In general, while the propargyl-
based compounds are somewhat less potent against the wild-type enzyme than trimethoprim,
several exhibit IC50 values in the low nanomolar range (specifically 5 and 8 – 13). Importantly
for all of these compounds, the fold-loss in potency between mutant and wild-type SaDHFR
is significantly lower than the fold-loss of trimethoprim in the Sa(F98Y) mutant. Specifically,
compounds 10–14, the meta-biphenyl series, are potent compounds that lose less than 5-fold
potency in the resistant mutant. While selectivity against the human enzyme has not yet been
optimized, the meta-biphenyl compounds already show the greatest degrees of selectivity at
the enzyme level.

Structures of the wild-type and mutant enzymes bound to DHFR inhibitors
In order to begin to optimize potency and selectivity for these compounds against both the
wild-type and resistant mutant, we obtained four pairs of crystal structures: Sa and Sa(F98Y)
DHFR bound to cofactor NADPH and ligands 5, 8, 10, and 15 (one from each class in Table
1). Seven of the eight crystals share the same unit cell dimensions and P6122 space group as
the Sa(F98Y)-folate structure, therefore these structures were solved using difference Fourier
methods using the Sa(F98Y)-folate structure as a model6 (Table 2). The crystals for the
SaDHFR:NADPH:5 complex belong to space group P61; this structure was determined by
molecular replacement with two molecules in the asymmetric unit. With the high-resolution
data that were collected for the majority of the ternary complexes, electron density for each
complex was well resolved throughout the structure (see Fig. 2 for an example), allowing the
positions of the ligand, cofactor and amino acids to be refined to have excellent agreement with
the diffraction data (Table 2).
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The overall structures have the characteristic “DHFR fold,” featuring an eight-stranded β sheet
and four alpha helices connected by flexible loops. The conformations of the Sa(F98Y)-folate
structure6 and the Sa(F98Y)-ligand complexes reported here are similar with root-mean square
deviations between 157 Cα atoms of 0.3 Å. –

The resolution of the structures allowed a thorough examination of interactions between the
ligands and the active site residues (Fig. 1a–d). In all structures, the conserved acidic residue
Asp 27 forms two hydrogen bonds with the protonated N1 atom and the 2-amino group of the
diaminopyrimidine ring. The 4-amino group forms two additional hydrogen bonds with the
backbone carbonyl oxygen atoms of residues Leu 5 and Phe 92. The C6 methyl or ethyl groups
form van der Waals interactions with residues Leu 20 and Leu 28. Phe 92 is within 3.8 Å of
the propargyl linker, suggesting a possible π- π stacking interaction.

The structural analysis clarifies the basis of the increased potency of the meta-biphenyl
compounds. While the proximal substituted phenyl rings (relative to the pyrimidine ring) form
roughly equivalent interactions with residues Ile 50 and Phe 92, the distal meta-biphenyl ring
extends deeper into the pocket and increases contacts with these hydrophobic residues as well
as with Leu 54 and Leu 28. We hypothesize that substitutions on the distal phenyl ring would
further increase interactions. For example, hydrophobic interactions may be formed between
the 2,6-dimethyl groups on compound 12 and residues Val 31 and Leu 54. Structures of the
para-biphenyl compounds (for example, compound 15) reflect that the biphenyl group is
projected out of the active site pocket in both conformations, decreasing binding and resulting
in higher IC50 values.

The crystal structure of the complex of the wild-type enzyme with 10 revealed two distinct
ligand conformations for this compound (Fig. 1c). Compound 10 adopts a similar conformation
as observed in the Sa(F98Y) structure with 80 % occupancy. The second conformation has 20
% occupancy and varies in the positioning of the biphenyl.

The conformations of NADPH and the effect of the F98Y mutation
Earlier work with SaDHFR and Sa(F98Y)DHFR suggested that the mechanism of resistance
to trimethoprim is mediated by the loss of a key hydrogen bond between the 4-amino group
on the pyrimidine and the carbonyl oxygen of Leu 56;8. The authors propose that Tyr 98 forms
a new hydrogen bond with the carbonyl oxygen of Leu 5, thus preventing the formation of the
aforementioned hydrogen bond. Chemical shifts of 15N-labeled trimethoprim in the presence
of the wild-type and mutant enzymes reflect the absence of the hydrogen bond between the 4-
amino group on trimethoprim and the mutant enzyme. However, the structures reported here
and the published structure of iclaprim bound to Sa(F98Y)DHFR8, reveal that both the 4-amino
group and the Tyr 98 hydroxyl are capable of forming hydrogen bonds with the carbonyl
oxygen of Leu 5. The strength of the hydrogen bonds in this bifurcated acceptor system (O-
H•••O•••H-N) is undetermined relative to the single hydrogen bond (O•••H-N) found in the
wild-type system. However, in studies using a model depsipeptide, the bifurcated system was
shown to be enthalpically slightly favorable (1 kcal/mol) and entropically slightly unfavorable
(3 eu), relative to the combination of the individual hydrogen bonds12. In a highly organized
active site, it would be assumed that additional entropic penalties would be minimal. It also
seems unlikely that the pyrimidine ring of trimethoprim would exhibit very different hydrogen
bonding patterns than iclaprim or the ligands reported here. Given the fact that the stability of
this hydrogen bonding network may range from slightly stabilizing to weakly destabilizing, it
is unclear that this change is solely responsible for the observed drop in affinity for
trimethoprim. Therefore, we sought a structural explanation for the loss of affinity observed
with the propargyl-linked ligands and Sa(F98Y)DHFR.
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During refinement of the structures reported here, we discovered a unique conformation of
NADPH that may also contribute to an antifolate resistance mechanism. This alternative
conformation is most prevalent in the structures of Sa(F98Y) bound to ligands 5 (Figures 1a
and 3e) and 8 (Figures 1b and 3f). In the new conformation, the pyro-phosphate of NADPH is
rotated and the ribose and nicotinamide ring are closer than in the standard extended
conformation. For example, the distance between the 3′ ribose hydroxyl and the nicotinamide
carbon is 2.77 Å and 3.62 Å in the alternative and standard extended conformations,
respectively.

Minimizing the energy of the new NADPH conformation using Sybyl prevented steric
interactions between the ribose hydroxyl and the proton associated with the neighboring carbon
of the nicotinamide ring. The minimized conformation was then used in all further cycles of
refinement. The clear density in the omit Fo-Fc map (Fig. 2) confirms the validity of the new
alternative conformation. Reinforcing the validity of the new conformation, temperature
factors for the ligands and cofactors are either at or below the average value for the entire
complex.

Tyr 98 appears to influence an equilibrium between the bound conformations of the ligand,
NADPH, and conserved residues involved in diaminopyrimidine binding. Since the
conformation of NADPH fully switches from the standard extended form in the structure with
SaDHFR:NADPH:5 to the alternative form in the Sa(F98Y):NADPH:5, this structural pair
best demonstrates the effect of the Tyr 98 mutation. The Tyr 98 mutation introduces a repulsive
interaction between the Tyr hydroxyl group and the nicotinamide ring carbonyl. To overcome
the repulsion, NADPH adopts the alternative conformation, allowing three water molecules to
be coordinated between the Tyr 98 hydroxyl and the nicotinamide carbonyl (Figures 2, 3a and
3e). Electron density for these three water molecules is strongly evident in the Fo-Fc difference
map at 3.5 sigma (Figure 2). As a result of the new conformation, NADPH does not form as
many hydrophobic interactions with the ligand near the propargyl linker and Phe 92, an
important factor that may contribute to the fold-loss exhibited in IC50 values between the wild-
type and mutant proteins.

In the other structural pairs, there is varying occupancy of the standard and alternative
conformations of NADPH (Table 3). In the Sa(F98Y) structure with compound 8, both the
extended and alternative conformations of NADPH are present with occupancies of 70 % and
30 %, respectively (Fig. 3b, 3f). When the alternative conformation of NADPH is present, it
forms the same interactions as described above in the complex with SaDHFR(F98Y):NADPH:
5. In complexes of both the wild-type and mutant SaDHFR with NADPH and compound 10,
the standard conformation of NADPH is present at 100 % occupancy and the water molecules
associated with the alternative conformation are not present (Fig. 3c, 3g). Finally, both
conformations of NADPH are present in the structures of SaDHFR and Sa(F98Y)DHFR bound
to compound 15 (Fig. 3d, 3h). The wild-type SaDHFR structure presents a unique situation in
which the alternative NADPH conformation exists at 70 % occupancy without the presence of
the Tyr 98 hydroxyl. In this structure, a water molecule near Phe 98 in the wild-type structure
forms a hydrogen bond to the carbonyl oxygen atoms of Phe 92 and the nicotinamide ring of
both NADPH conformations. Interestingly, Phe 92 undergoes a conformational change,
relative to other wild-type SaDHFR structures, in order to form this bond. Compound 15 is
also present in two conformations that may stabilize the multiple conformations of NADPH.
Perhaps correspondingly, the potency of 15 for the wild-type enzyme is also lower, with an
IC50 value of 0.17 μM.

Like its corresponding wild-type structure, Sa(F98Y) DHFR bound to 15 has the alternative
conformation of NADPH present at 70 % occupancy. Compound 15 is also present in multiple
conformations, and similar to the wild-type structure, may stabilize the multiple conformations
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of NADPH. The presence of the mutation affects the binding equilibrium, where another
network of hydrogen bonds is formed between Tyr 98, Leu 5, a coordinated water molecule,
and the nicotinamide ring of the new NADPH conformation. The presence of the alternative
NADPH conformation in both Sa and Sa(F98Y) structures with 15 suggests that the chemical
structure of the ligand can affect the overall equilibrium between the bound states within the
ternary complex.

Overall, the eight structures suggest that there is a ligand-influenced equilibrium between the
bound states of the protein, associated water molecules, NADPH and ligand. The chemical
structures of the ligands may lend some insight into the interpretation of the NADPH
conformations. Compound 5 has a gem-dimethyl substitution at the propargyl linker that may
form hydrophobic interactions stabilizing the new NADPH conformation. On the other hand,
structures with compound 8, with an unsubstituted propargyl linker, show only 70 % occupancy
of the alternative conformation. The meta-biphenyl of compound 10 increases the interactions
with the hydrophobic pocket and uses these interactions to force the propargyl methyl group
closer to the nicotinamide, thus stabilizing the extended conformation of NADPH in Sa(F98Y)
DHFR. The para-biphenyl in compound 15 is found in two distinct conformations that can
stabilize interactions with both conformations of NADPH.

Comparison with structures of human DHFR
Comparing the structures reported here with human DHFR, we see several opportunities to
improve the selectivity of the lead compounds. Structural evidence and assay data agree that
the meta-biphenyl series form several strong interactions and retain the greatest degree of
selectivity over the human enzyme. Selectivity for these compounds can most likely be
attributed to specific structural differences located on the helix closest to the
diaminopyrimidine. In the human enzyme, this helix contains Phe 31 and Phe 34, while the
SaDHFR enzymes have Leu 28 and Val 31 respectively, in these positions (Fig. 4). These
bulkier residues in the human enzyme might sterically interfere with the meta-biphenyl ligands
and reduce the overall potency. A bulkier substitution at the C6 position of the pyrimidine ring
can also be explored to decrease potency and gain selectivity for the human enzyme. We
speculate that the potency of compound 9 results from the n-propyl substitution at this C6
position. Another critical difference between the bacterial and human DHFR structures is the
presence of a loop at the active site in human DHFR (Pro 61- Asn 64) that is absent in SaDHFR
(Fig. 4). The meta-biphenyl series of compounds may introduce sterically demanding bulk near
this loop in human DHFR that lowers affinity between the compounds and the enzyme.

DISCUSSION
The prevalence and impact of infections caused by S. aureus and specifically, MRSA, is
increasing worldwide at an alarming rate. Especially concerning is the fact that the organism
appears to be particularly adept at acquiring new mechanisms of resistance to accepted
therapeutic strategies. The successful use of trimethoprim in combination with
sulfamethoxazole, has validated the use of antifolates in combating this disease. However,
TMP-resistant MRSA strains have now appeared in the US and strategies to develop new
antifolates capable of inhibiting both wild-type and TMP-resistant strains are necessary.

We present, in this work, a group of novel antifolates that are characterized by a propargyl-
linked pyrimidine and substituted biphenyl system. The best of these compounds inhibit the
wild-type enzyme with IC50 values in the nanomolar range and lose only 2-4-fold potency
when evaluated with the TMP-resistant F98Y enzyme. Crystal structures of the wild-type and
Sa(F98Y) enzymes bound to four of these inhibitors reveal the structural basis of the potency
measured in enzyme inhibition assays. The increased number of interactions with the
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hydrophobic pocket comprised of Thr 46, Ile 50 and Leu 54, relative to trimethoprim, may
partially explain the low loss of affinity observed with the mutant enzyme.

The crystal structures and enzyme inhibition data suggest designs for a second generation of
compounds that have increased potency and selectivity. Specifically, the SAR study shows
that an ethyl or n-propyl substitution at C6 yields increased potency and fits in the hydrophobic
pocket near Leu 20, Leu 28 and Val 31. Since the initial series of biphenyl compounds contain
only a methyl at this position, meta-biphenyl compounds with longer alkyl chains at C6 are
planned for synthesis and evaluation. Likewise, the ethyl and gem-dimethyl substitutions at
the propargylic position led to an increase in potency, possibly by forming contacts with Phe
92; these substitutions will be evaluated in the context of the meta-biphenyl class. Finally, the
hydrophobic pocket that binds the distal aryl ring appears to be large enough to accommodate
additional bulk, thus potentially leading to increased interactions. Interestingly, the alternate
conformations of compound 10 in the crystal structure with Sa(F98Y)DHFR yield evidence
of the volume of this pocket and the ability of the inhibitors to accumulate additional
interactions. Since the structure of the human DHFR enzyme has specific residue substitutions
and insertions relative to the SaDHFR structure, it is likely that longer alkyl chains at the C6
position and increased bulk in the distal biphenyl ring will yield increases in selectivity as well.

Not only is it possible to evaluate protein:ligand interactions with these eight structures, we
observe a novel conformation of NADPH in several of the structures. The alternative
conformation is primarily associated with the mutant enzyme since the introduction of the Tyr
98 hydroxyl promotes a hydrogen bonding network with three water molecules and the new
conformation of the nicotinamide ring. The alternative conformation of NADPH exhibits
drastically reduced hydrophobic interactions with the ligands, a factor that could easily explain
some of the loss of affinity between these ligands and the Sa(F98Y)DHFR enzyme.
Importantly, the structure of Sa(F98Y) DHFR with NADPH and folate retains the standard
conformation of NADPH6, explaining the catalytic competency of the mutant enzyme.

The ligand-dependent NADPH conformations observed in these structures suggest that
trimethoprim, also, may affect the equilibrium of the bound states of the protein and NADPH
in the ternary complex of the F98Y mutant. Earlier literature has suggested a cooperative
binding relationship between trimethoprim and NADPH 13;14; 15. If, in fact, potency is lost
with the alternative NADPH conformation because of reduced interactions between the
nicotinamide ring and the linker between the pyrimidine and phenyl rings, then the amplified
fold-loss (74-fold for trimethoprim) may be explained by the shorter linker and the smaller
group in the hydrophobic pocket.

The meta-biphenyl class of inhibitors is clearly the best lead for future efforts to develop a
potent inhibitor of both the wild-type and mutant enzymes. Not only are these compounds the
most potent and selective, they maintain interactions with the nicotinamide ring of NADPH
by not inducing the altered conformation of the cofactor, even in the environment of the F98Y
mutation. The standard extended conformation of NADPH, observed at full occupancy in the
structure of the mutant enzyme, along with the additional interactions of the biphenyl, most
likely contribute to the overall binding affinity and minimal fold-loss in potency for compound
10.

MATERIALS AND METHODS
Cloning, Expression, and Purification

Genomic DNA for wild-type S. aureus was purchased from ATCC (#700699) and used as a
template for PCR. Primers were designed to amplify the region encoding the DHFR gene. The
insert was ligated into vector pET41 that contains an 8X-histidine tag for purification. A site-
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directed mutagenesis experiment was used to change Phe 98 in the wild-type DHFR to Tyr 98.
Final clones for SaDHFR and Sa(F98Y) DHFR were verified and analyzed by sequencing. We
maintained the significant literature precedent for beginning the residue numbering of SaDHFR
with Met 0.

Recombinant Sa and Sa(F98Y) DHFR were over expressed in E. coli BL21(DE3) cells and
grown for an additional 6 hours at 30°C after induction with 1 mM IPTG. 1L cell pellets were
lysed with 1X Bugbuster (Novagen) and DNase. Lysate was centrifuged for 20 minutes at
18,000 RPM and the soluble protein was extracted. DHFR enzyme was purified using nickel
affinity chromatography. Both proteins were desalted into 20 mM Tris, 20 % glycerol, 0.1 mM
EDTA, and 2 mM DTT (pH 8.0) using a PD-10 column (GE Healthcare). Protein was
concentrated to ~5 mg/mL, aliquoted into 500 μL samples, and flash frozen with liquid
nitrogen. All samples were stored at −80 °C.

Enzyme Inhibition Assays
Enzyme inhibition assays were performed by monitoring the rate of NADPH oxidation by the
DHFR enzyme at an absorbance of 340 nm. Assays were performed in the presence of
saturating concentrations of NADPH and initiated with dihydrofolate. All assays were
completed at 25 °C in a buffer containing 20 mM TES pH 7.0, 50 mM KCl, 10 mM 2-
mercaptoethanol, 0.5 mM EDTA and 1 mg/mL BSA. Inhibition was measured at least three
times with inhibitor concentrations near the IC50 value and the average IC50 value is reported
with a standard deviation 9;10; 11.

Crystallization
Sa and Sa(F98Y) DHFR were co-crystallized with 5, 8, and 10 and 15 using the hanging drop
vaporization method. Protein (12 mg/mL) was incubated with ligand (1 mM) and NADPH (2
mM) for two hours on ice. An equal volume of the protein:ligand:NADPH complex was mixed
with an optimized crystallization solution consisting of 15 % PEG 10,000, 150 mM sodium
acetate, 100 mM MES pH 6.5, and 5 % butyrlactone (Sigma Aldrich). All crystal growth
followed the same procedures and typically yielded crystals within 5–7 days. Crystals were
incubated in a cryo-protectant buffer containing 15 % glycerol then flash-cooled with liquid
nitrogen. High resolution data sets were collected at Brookhaven NSLS on beamline X29.

Structure Determination
Data were indexed and scaled used HKL200016. Crystal structures for all complexes were
solved using a model of Sa(F98Y) DHFR bound to folate 6. The earlier model shares the same
hexagonal space group (P6122) and unit cell dimensions as seven of the currently described
crystals, therefore difference Fourier methods were used to solve the phase problem for these
data. The crystals of SaDHFR:NADPH:5 belong to space group P61 and there are two
molecules in the asymmetric unit. Therefore, this structure was determined by molecular
replacement using Phaser17. The programs COOT 18 and Refmac5 19 were used to build and
refine the structure until an acceptable Rcryst and Rfree were achieved. Structure geometry was
evaluated using Procheck 20 and Ramachandran plots.

Inhibitors
The synthesis and complete characterization of compounds 1–17 have been described
previously 9;10; 11; 21; 22.
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Abbreviations
MRSA  

methicillin-resistant S. aureus

VISA  
vancomycin-intermediate S. aureus

VRSA  
vancomycin-resistant S. aureus

TMP  
trimethoprim

SMZ  
sulfamethoxazole

MSSA  
methicillin-sensitive S. aureus

DHFR  
dihydrofolate reductase

MIC  
minimum inhibition concentration

Sa DHFR  
dihydrofolate reductase from S. aureus

SaDHFR (F98Y) 
dihydrofolate reductase from S. aureus with the F98Y mutation

IC50  
inhibition concentration 50%

WT  
wild-type

NADPH  
nicotinamide adenine dinucleotide phosphate, reduced form
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Figure 1.
Stereoview images of the wild-type (teal) and Sa(F98Y) mutant (gold) enzymes bound to a)
compound 5 (wild-type light green, F98Y cyan), b) compound 8 (wild-type orange, F98Y
lavender), c) compound 10 (wild-type purple, F98Y dark green) and d) compound 15 (wild-
type yellow, F98Y gray). The standard conformation of NADPH is shown in magenta and the
alternative conformation is shown in blue. Water molecules (shown in Figure 3) are omitted
here for clarity.
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Figure 2.
Electron density at the active site for SaDHFR(F98Y):NADPH:5. Protein is shown with 2Fo-
Fc density (1.5 σ, blue) and ligands are shown with omit Fo-Fc density (3.0 σ, grey). A full
view of the density for the alternative conformation is shown on the right.
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Figure 3.
Active site comparisons of a) SaDHFR:NADPH:5, b) SaDHFR:NADPH:8, c)
SaDHFR:NADPH:10, d) SaDHFR:NADPH:15, e) Sa(F98Y)DHFR:NADPH:5, f) Sa(F98Y)
DHFR:NADPH:8, g) Sa(F98Y)DHFR:NADPH:10, h) Sa(F98Y)DHFR:NADPH:15. The
same coloring scheme is used as in Figure 1. Key water molecules are shown (red spheres), as
are hydrogen bonds with distances labeled. Bond lengths are shown in black for full occupancy
and red for less than full occupancy. In d, f, and h, two of the water molecules that are present
for the alternative conformation are located at the same positions as the nicotinamide carbonyl
and amino group and are not shown for clarity.
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Figure 4.
a) Sequence alignment of SaDHFR and human DHFR and b) comparison of the structures of
SaDHFR (purple) bound to compound 5 (cyan) and human DHFR (salmon) at the active site.
Key residue differences are labeled.
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