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ABSTRACT: Although classical, negatively charged antifolates
such as methotrexate possess high affinity for the dihydrofolate
reductase (DHFR) enzyme, they are unable to penetrate the
bacterial cell wall, rendering them poor antibacterial agents. Herein,
we report a new class of charged propargyl-linked antifolates that
capture some of the key contacts common to the classical
antifolates while maintaining the ability to passively diffuse across
the bacterial cell wall. Eight synthesized compounds exhibit
extraordinary potency against Gram-positive S. aureus with limited
toxicity against mammalian cells and good metabolic profile. High
resolution crystal structures of two of the compounds reveal extensive interactions between the carboxylate and active site
residues through a highly organized water network.

KEYWORDS: Dihydrofolate reductase, antifolate, MRSA, Staphylococcus aureus, Escherichia coli, trimethoprim, methotrexate

UCP1175 (3d) COOH

he essential metabolic enzyme dihydrofolate reductase Accordingly, the MIC value of the potent enzyme inhibitor
(DHFR) has been a successfully and widely targeted MTX against wild-type Gram-negative E. coli is over 1 mM.
protein for both oncology1 and infectious disease” indications, Even when efflux pumps are genetically deleted, the MIC value
delivering efficacious drugs such as methotrexate (MTX), is 64—256 uM,” demonstrating that the compound has limited
pemetrexed (PMX), and trimethoprim (TMP). Its natural permeability and is subject to efflux. Similarly, against the
substrates, folic acid or dihydrofolate, possess a weakly basic Gram-positive methicillin-resistant S. aureus (MRSA), metho-

pterin ring and a negatively charged glutamate extension that trexate has a MICy, of 20 ug/mL or MICy, of 100 pg/mL.” In
are critical for binding of the enzyme. Several crystal structures contrast, the weakly basic, nonclassical antifolate trimethoprim
with different species of DHFR reveal that classical antifolates (Figure 1) with attenuated DHFR inhibition (ICs, values of 23
such as MTX (Figure 1) and PMX mimic these motifs of the and 20 nM) is a potent antibacterial against both MRSA and E.

substrate V\'Ilth a baflc' nltr(_)gen(?us headgrouP that forms strong coli (MIC values of 0.3125 ig/mL) and is a first-line agent with
contacts with an acidic residue in the active site and a glutamate . .
. A ; : ' ) sulfamethoxazole against both Gram-negative and Gram-
tail that forms extensive ionic interactions with a basic amino . . 10-13
positive infections.

. . 3-5 ..
acid (e.g, Arg 57 in S. aureus DHFR)."" As substrate mimics, The inclusion of two acidic functional groups in MTX results

classical antifolates often possess very high affinity for DHFR. . . . . L.
For example, MTX inhibits human, Escherichia coli and na highly negatively charged p °p ulation at p hy51ol?g1cal pH
with a net —2 charge. However, it has been appreciated that

Staphylococcus aureus DHFR with K values of 3.4 pM, 1 pM,
and 1 nM,*” respectively.

However, as these classical antifolates carry high negative
charge at physiological pH, passive diffusion is limited and

zwitterionic compounds possessing only a single acidic
functional group, such as fluoroquinolones (Figure 1) or
tetracyclines, show utility against both Gram-positive and

requires active transport through human cell membranes to Gram-negative bacteria. For example, ciprofloxacin exists
obtain physiologically relevant concentrations. Currently, all almost exclusively as the neutral charge-balanced form. The
approved anticancer DHFR inhibitors are categorized as zwitterionic character contributes to a lower clogD,, value
classical antifolates. As bacteria rely on the de novo synthesis

of folate cofactors, they do not possess folic acid transporters. Received: March 17, 2016

Therefore, classical antifolates must enter bacteria by passive Accepted: May S, 2016

diffusion through the membrane to achieve antibacterial effects. Published: May S, 2016
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Figure 1. Antibacterial agents effective against Gram-positive or Gram-
negative bacteria with relevant physiological properties. A previous
PLA (UCP1021%) is compared to a PLA-COOH.

(—1.35 for ciprofloxacin), which has been shown to correlate
with activity in Gram-negative bacteria.'*

We have been developing the class of propargyl-linked
antifolates (PLAs) as inhibitors of DHFR for both Gram-
positive and Gram-negative bacteria. The PLAs, like trimetho-
prim, are characterized as weakly basic nonclassical antifolates
that passively diffuse through membranes and potently inhibit
the DHFR enzyme,”'>'® often inhibiting the growth of
bacterial cells with submicromolar MIC values. We have
achieved very potent MIC values against MRSA and
Streptococcus pyogenes”'” and good inhibition of Klebsiella
pneumoniae'® with compounds similar to UCP1021 (Figure 1).

We considered a hybrid design that would allow us to
capture contacts typically made by the negatively charged
glutamate tail in folate, while increasing bacterial cell
permeability. This design would center on replacing the pyridyl
function of UCP1021 with a carboxylic acid. Replacing pyridine
should also reduce a key metabolic liability (pyridyl N-oxide
formation'®) and cytochrome P450 inhibition. Using Marvin
(ChemAxon, http://www.chemaxon.com), we calculated
charges for the molecules in Figure 1 as well as designed
PLAs. At neutral pH, the PLAs partition into two primary
species: both are deprotonated at the carboxylate group. The
pyrimidine ring is protonated in 35% of the species, forming a
zwitterionic inhibitor species; the remainder possess a neutral
pyrimidine ring, yielding a negatively charged molecule (—1).
The C-ring carboxylic acid functionality (see Figure 1 for ring
labels) is designed to form hydrogen bonds with a conserved
basic residue (Arg 57 in SaDHFR or EcDHFR) in the active
site, respectively. We synthesized eight PLA-COOHs with a C-
ethyl diaminopyrimidine ring, either unsubstituted or methyl-
substituted at the propargylic position, and a biphenyl system
with either 2'- or 3’-methoxy substituents. Any inhibitors
synthesized with propargylic substitutions were prepared as
enantiomerically pure entities.

Alternate t-butyl benzoates were coupled via Suzuki reaction
to suitable B-ring partners to produce biphenyl aldehydes, 1a—
d. The formyl group was elaborated through Wittig
homologation and acetylene formation to produce terminal
alkynes 2a—d, which were coupled with the diaminopyrimidine
headgroup under Sonagashira conditions. We were pleased to
observe that final deblocking of the t-butyl ester under strong
acidic conditions proceeded smoothly and in good yield to
deliver the unbranched inhibitors, 3a—d (Scheme 1).

As initial biological evaluation revealed that the para
substitution was superior, nonracemic, methyl-branched
homologues of 3¢ and 3d were prepared using our previously
reported method."® Synthesis of PLA enantiomers began from
the previously reported chiral thioesters (4—SR/S) that were
coupled to 4-methylbenzoate boronic acid via Suzuki coupling.

Scheme 1. Synthesis of Unbranched and Asymmetric PLAs”
Unbranched Synthesis R

Ry Ry
R
oe. A e OHC R > R NH, > Re. 3a:R,= OMe, Ry= H, Ar= 0-COOH
2 a b-d ef NTX 3b: Ry= OMe, R,= H, Ar= m-COOH
)l\ _ 3c: R{= OMe, Ry= H, Ar= p-COOH
N N HoN™ N 3d: Ry=H, Ry= OMe, Ar= p-COOH
X | Ar/—COO’Bu | Ar/ +~COOBu

X= B(OH), or Br 78-88% 28-40% 3 steps 34-41% 2 steps
1a-d 2a-d
Asymmetric Synthesis O CHz R4 CH; Ry CH; Ry

O CHs R4

H
R
Ets)‘\)"\@ 2 ab

L R, L R2 NH, L R;
¢ r e O
c de | 10R/S: Ry= OMe, R,= H, Ry= H
HZNJ\\N 11R/S: Ry= H, Ry= OMe, Ry= H
L () @ ®

S CO,Me COzMe COzH
4-5R/ 72-76% 2 steps 70-83% 28-55% 2 steps
6-7TR/S 8-9R/S

“Reagents and conditions. Unbranched Synthesis: (a) Ar—B(OH), or Ar—Br, Pd(PPh,),, Cs,CO;, dioxane/H,0, 90 °C; (b) methoxymethyl
triphenylphosphonium chloride, NaO'Bu, THF, 0 °C; (c) Nal, TMSCl, MeCN, —20 °C; (d) dimethyl(1-diazo-2-oxopropyl)phosphonate, K,COs,,
MeOH; (e) iodoethyl diaminopyrimidine, Pd(PPh;),Cl,, Cul, KOAc, DMF, 50 °C; (f) TFA, DCM. Asymmetric Synthesis: (a) PdCL(PPh,),, 4-
methoxycarbonylphenylboronic acid, dioxane/H,0, 90 °C; (b) 10% Pd/C, Et;SiH, DCM; (c) nonaflyl fluoride, P,-t-Bu-tris(tetramethylene)
phosphazene base, DMF, —15 °C to rt; (d) iodoethyl diaminopyrimidine, Pd(PPh;),Cl,, Cul, KOAc, DMF, 50 °C; (e) LiOH, THF-H,0, 32 °C.
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Table 1. Charged PLA—COOH Structure and Biological Activity

Sa K; Ec K,
compd Rp R, R, Ar (mM)*  (aM)“
3a H OCH; H 0-COOH 53. 47 2.12
3b H OCH;4 H m-COOH 23.38 5.72
3¢ H OCH; H p-COOH 4.77 0.98

3d H H OCH, p-COOH 1.64 5.52
108 S-CH, OCH, H p-COOH 5.51 1.93
10R RCH, OCH, H p-COOH 3217 3.14
1IR RCH, H OCH, p-COOH 134 091
118 S-CH, H OCH, p-COOH 2.09 1.806
TMP 343 022

MTX

Hu K; S. aureus 43300 E. coli 25922 E. coli NR698 IC5y MCE-

(nM)* (ug/mL)" (ug/mL)" (ug/mL)" 10 (uM)

2494.9 >20 >32 20 ND*
346.15 0.625 >20 0.0391 ND
200.77 0.0195 >20 0.0098 >100
158.77 0.0195 >20 0.0049 >100
376.62 0.625 >20 0.0391 >100
451.18 0.0195 20 0.0012 >100
23423 0.0098 10 0.0024 >100
388.62 0.0098 10 0.0024 >100

45783.5 0.3125 0.3125 0.0098
>40 >40 40

“K, errors are reported in Table S1. “Minimum inhibitory concentrations. “ND: not determined.

Similar to the earlier synthesis, methyl ester cleavage could be
achieved as the last synthetic step, affording compounds 10—
11R/S.

All eight compounds were evaluated for their inhibition (ICs,
values) of the S. aureus (Sa), E. coli (Ec), and human (Hu)
DHFR enzymes (Table 1). Structure—activity analysis of the
placement of the carboxylic acid group showed that, while the
ortho and meta placement yielded the greatest selectivity over
the human enzyme, placement in the para position yields the
highest affinity to the pathogenic enzymes. In SaDHFR, moving
the carboxylate from para to meta or ortho results in a S- and
12-fold loss in activity, respectively. Activity against ECDHFR
decreases 6-fold when the carboxylic acid is moved from the
para to meta position, but only 2.2-fold when moved to the
ortho position.

Further modifications were made to the para-COOH scaffold
including methoxy substitution at the R, position as well as
hydrogen and enantiomerically specific methyl substitution at
the Ry, position. Moving the methoxy from the R; (3c) to the
R, (3d) position resulted in a 3-fold increase in SaDHFR
activity, from 4.77 nM to 1.64 nM, respectively. The same
change in methoxy position resulted in up to a 5.6-fold decrease
in activity against the ECDHFR enzyme. The placement of the
methoxy group had little effect on activity against HuDHFR.

Previous studies have shown the importance of evaluating
enantiomerically pure PLAs as the methyl configuration is
important not only for its noncovalent interactions but also for
directing the binding position of the biaryl system and
influencing the binding of alternative cofactor anomer.'> The
S-enantiomer of 3c, inhibitor 108, exhibits no significant change
in ICy, value, unlike the R-enantiomer (10R) that has a 7-fold
loss in activity. The 3’OMe R- and S- enantiomers, inhibitors
11R and 118, maintain similar activity as their hydrogen-
substituted counterpart (3d), with K; values of 1.34, 2.09, and
1.64 nM, respectively.

Structures of SaDHFR bound to the PLA-COOH com-
pounds 3¢ and 3d were determined by X-ray crystallography in
order to validate the design principles. Crystals of SaDHFR
complexed with NADPH and inhibitor 3¢ or 3d produced
diffraction amplitudes to 2.24 or 1.81 A, respectively
(diffraction data and model statistics shown in Table S3, omit
map shown in Figure S1). The structures were solved using
molecular replacement methods based on PDB 3F0Q'’ as a
model. Both structures feature the bound antifolate and either
dual occupancy of -NADPH and its alternative a-anomer
(structure with compound 3c shows the a-anomer in a ring-
closed tautomer state’>*") or full occupancy of the a-anomer

(structure with compound 3d). SaDHFR bound to 3c shows
the coordination of a water molecule between the carboxylic
acid and the side chain of Arg 57 (Figure 2a). SaDHFR bound

. P
’ B-NADPH
wes

D;

<)

Figure 2. Crystal structures of inhibitors 3¢ (PDB ID: SHF0) and 3d
(PDB ID: SHF2) with SaDHFR and NADPH. (A) Compound 3¢
(dark green) and a mixture of f-NADPH (salmon) and a-NADPH
(yellow) and SaDHFR (green). (B) Compound 3d (dark purple), a-
NADPH, and SaDHFR (purple). (C) Overlay of compounds 3¢ and
3d. (D) f-NADPH and a-NADPH. Red spheres represent ordered
water molecules observed in the structure.

to 3d exhibits an extensive water network involving at least four
water molecules, coordinated between the carboxylic acid of 3d,
both amino groups on Arg 57 as well as the carbonyl oxygen of
Leu 28. The water network expands to include additional
hydrogen bonding interactions with the side chains of Asn 56
and Thr 36 (Figure 2b). The binding modes of the inhibitor
represent significant differences in the crystal structures with
inhibitors 3¢ and 3d. The methoxy substitution in the R,
position of compound 3c shifts the biaryl system 1.2 A toward
the solvent exposed surface, which is likely responsible for
differences in the observed water networks between com-
pounds 3c and 3d (Figure 2c).

PLA-COOH inhibitors exhibit high levels of activity against
the SaDHFR enzyme as well as against S. aureus with the
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majority of MIC values ranging from 0.0098 to 0.625 pug/mL
(Table 1). Furthermore, inhibitors 3d, 11R/S were shown to be
bactericidal with minimum bactericidal concentrations (MBC)
less than four times the MIC (Table S3).” The compounds
displayed reduced activity against wild-type E. coli, with
compounds 11R and 11§ exhibiting MIC values of 10 ug/
mL. Two of the major barriers to activity against Gram-negative
bacteria are permeability through the outer membrane and
active removal of the inhibitor via efflux. MIC values were
measured against NR698,>® an engineered E.coli strain
containing an in-frame deletion in the imp gene, which encodes
a protein essential for outer membrane assembly. This strain,
with its compromised outer membrane, is used specifically to
probe the role of compound permeability in antibacterial
action.”* Inhibition concentrations against the NR698 strain
with compounds 3a—d and 10—11R/S showed an approx-
imately 2000—4000-fold decrease, indicating that reduced
penetration through the outer membrane is limiting PLA
activity in E. coli. Efflux activity is unlikely as MIC values were
not shifted in AacrB, AmacB, AemrB, or AacrF strains (MIC
values AacrB strain are shown in Supplemental Table S4, other
data not shown). Similarly, MIC values were maintained
between wild-type and porin knockout strains (AompF and
AompC), validating that the compounds passively diffuse into
the cells rather than gaining access through porins. MIC values
for MTX for these strains were measured as >40 pg/mL, Table
1.

The extraordinary activity in the Gram-positive bacteria
indicates that the design principles were successful, allowing the
incorporation of negatively charged functionality to create key
contacts with the enzyme without compromising cellular
penetration, as with MTX. Alternatively in Gram-negative
bacteria, the highly negative lipopolysaccharide barrier may
mitigate the penetration of the negatively charged population of
PLAs by electrostatic repulsion. This work motivates a further
analysis of key physicochemical properties as outlined in Figure
1 to potentially reduce the population of negatively charged
species to favor charge-neutral zwitterions and enhance Gram-
negative penetration.

To examine the drug-like potential of the PLA-COOHs, a
series of in vitro assays probed their effects on human cells,
their inhibition of critical CYP isoforms, and their lifetime in
microsomal stability assays. The PLA-COOHs have no
measurable cytotoxicity toward mammalian cells at concen-
trations of at least 100 M. For example, compound 3c has an
ICs value greater than 500 M toward HepG2, MCF-104, and
human dermal fibroblast cells. Coupling the potent activity
against Gram-positive bacterial cells with low cytotoxicity yields
a high therapeutic index (>500,000). We have also been
following cytochrome P450 inhibition for the PLA series and
therefore measured the activity of compound 3c against
CYP3A4 and CYP2D6, two of the most prevalent isoforms.
Inhibition of both enzymes requires concentrations greater than
50 uM, indicating the compound may not interfere with the
metabolism of other drugs. Finally, we tested the lifetime of
compound 3¢ in microsomal stability assays. Compound half-
life was measured by following the parent compound using
UPLC. The phase 1 half-life is 99 min, and for phase II,
approximately 87 min. The results of these in vitro experiments
point toward an excellent drug-like profile for the PLA-
COOH:s.

In summary, this work presents a new series of hybrid
antifolates that demonstrates how the incorporation of a

695

carboxylate moiety to mimic one of the key interactions
common to classical antifolates can be incorporated into the
propargyl-linked antifolate architecture without compromising
the ability to gain access to the target enzyme, DHFR. The
preparation and evaluation of eight inhibitors shows that the
compounds have high enzyme affinity and increased anti-
bacterial activity against MRSA and E. coli relative to earlier
PLAs. High resolution crystal structures of two compounds
with S. aureus DHFR reveal that affinity is enhanced by water-
mediated contacts between the carboxylate and Arg 57 in the
active site. Additional profiling supports the development of
these compounds as antibacterial candidates.
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