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ABSTRACT: Trimethoprim (TMP) is widely used to treat [ Microbial trimethoprim resistance
infections in humans and in livestock, accelerating the incidence
of TMP resistance. The emergent and largely untracked type II

dihydrofolate reductases (DfrBs) are intrinsically TMP-resistant . S, 9 Folates 3
plasmid-borne Dfrs that are structurally and evolutionarily T g
unrelated to chromosomal Dfrs. We report kinetic characterization Nik”/ j;\ A f)

of the known DfrB family members. Their kinetic constants are — b

conserved and all are poorly inhibited by TMP, consistent with Dual-target inhibitor |

TMP resistance. We investigate their inhibition with known and
novel bisubstrate inhibitors of 6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase (HPPK). Importantly, all are inhibited by the
HPPK inhibitors, making these molecules dual-target inhibitors of two folate pathway enzymes that are strictly microbial.

KEYWORDS: Dual-target inhibitor, type II dihydrofolate reductase, hydroxymethyl-dihydropterin pyrophosphokinase,
trimethoprim resistance, bisubstrate inhibitor

he folate metabolic pathway has long been the focus of samples.'”'*'°™'® The high TMP resistance of four DfrBs

dual-target therapy as a result of its essential nature.' (DfrB1 to DfrB4) has been ascertained in vitro.'”~>'
Dihydrofolate reductases (Dfr), in particular, have been at the Thus, even successful inhibition with TMP of the
center stage in development of dual-target inhibitors, with the chromosomal Dfr of a microbe can be overcome by the
Dfr-thymidylate synthase pair and the Dfr-dihydropteroate presence of an evolutionarily distinct DfrB. It confers very high
synthase (DHPS) pair being among those that are topics of resistance to TMP, allowing microbial proliferation.””*”
intense research.” ™" Trimethoprim (TMP) is an antibiotic that Similarly, DfrB is highly resistant to methotrexate (KM >
selectively inhibits bacterial chromosomal Dfr with little effect 0.5 mM),** highlighting the evolutionary and structural
on mammalian Dfrs. TMP is often used in combination with distinction between the DfrBs and chromosomal Dfrs (KM™
sulfamethoxazole (SUL) as a front-line treatment against = 10 nM).>®
known or unknown infections from aerobic bacteria and To this day, the DfrB family of dihydrofolate reductases

. . S . e .
occasionally against protozoa.” SUL acts syner‘glstlc.ally with remains poorly studied. DfrB1, the only well-characterized
TMP, targeting a second enzyme in the microbial folate DfrB, is a homotetramer constituted of four f-barrel (SH3

. o 6

pathway, DHPS, that is lacking in humans.” The TMP—SUL domain) protomers. The four protomers contribute equally to

combination is categorized by the World Health Organization the unique, symmetrical active-site tunnel (Figure
)

as highly important due to its effectiveness in treatment of 1A) 13,2021,2426=38 [yepe oo (o evolutionarily unrelated to
human urinary and respiratory tract infections™” and to reduce . 13
the monomeric chromosomal Dfrs.

L - . 8
m(;\rltahtyhuin peol})ll € hv1ngdw1fth HIV/ AIDS'TMP L h ) DfrBs share 74% to 98% sequence identity (Table S1). The
onetheless, the spread of resistance to [ umans, n p-barrel core is highly conserved (89% to 98%) whereas the

hvestock 5919 and from livestock to humans™'' is accelerat- . .
. . unstructured N-termini are weakly conserved (Figure 1C).
1ng, % whether in the context of TMP administered alone or

with SUL. Microbial resistance to TMP may result either from
mutations in their chromosomal Dfr or as a result of acquiring
the evolutionarily and structurally unrelated DfrBs."*~"> DfrBs
are plasmid-borne and have been identified in TMP-resistant
Gram-negative bacteria, although there is little knowledge of
their incidence in clinical samples.'”'*'™'® DfrB genes were
first identified in TMP-resistant wastewater or clinical
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A DfrB: Intrinsically TMP resistant

« Tetramer: 4 x 78 a.a.

«  The single, symmetrical
active-site tunnel is formed ~/
by the 4 protomers J

«  Natively confers high
resistance to TMP

B Chromosomal Dfr: TMP sensitive

*  Monomer: 157 a.a.

*  Natively inhibited by
TMP (K, = 20 pM)

*  Mutations can confer
modest resistance to
TMP

(K, =1 mM)

Cc

DfrBl MERSSNEVSN PVA & o1\fenic HPF<'JOIY> VANBANTN- -~
DfrB2 WNIGQSSDEANA PVA| QV\YelN{C 2 VAINBANVA-—-——
DfrB3 MDQHNNGVST LVA oVIYenNC VANRAIVA -~~~
DfrB4 MNEGKNEVST SAA RIENC| MTINBRNV A~~~ —
DfrB5 WMDQGRSEVSN PVA OT\YeC VANBAITN- - -~
DfrB6 MDQGSNEVIN PVA € OT\Yenqs VANBAIVN - - -~
DfrB7 MDQGSNEVGN PVA ofe OT\YensqC VANBHITNGVOG
DfrB9 QSSNCIST PVV € KVeC 2 VAINBANVA-—-——

Y - Y
N-terminus Highly conserved B-barrel

Figure 1. The homotetrameric DfrBs are evolutionarily distinct from the chromosomal Dfrs. (A) The homotetrameric DftB1 (PDB: 2RK1) is
intrinsically TMP-resistant: its large, symmetrical active-site tunnel does not bind TMP. Each protomer is colored differently. The 20 N-terminal
residues of each protomer are unstructured and are not represented. For clarity, only 168 of the V66-Q67-168-Y69 (VQIY) region and K32 are
represented as sticks on each protomer. (B) The chromosomal Dfrs are evolutionarily and structurally unrelated. The E. coli Dfr (PDB: 1DDR),
shown at scale, is strongly inhibited by TMP. (C) Sequence alignment of the DfrB family; there is no DfrB8."* The weakly conserved N-termini and
the highly conserved f-barrel core including the VQIY residues that line the active site tunnel 4-fold are identified.
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Figure 2. Microbial pathway for biosynthesis of tetrahydrofolate (H,folate). Enzymes, shown in italics, are GTPCH, guanosine triphosphate (GTP)
cyclohydrolase; PPase, phosphatase; DHNA, dihydroneopterin aldolase; HPPK, 6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase; DHPS,
dihydropteroate synthase; FPGS, folylpolyglutamate synthase; DHFR, dihydrofolate reductase. The target enzymes in this study, HPPK and

DHEFR, are highlighted in red.

DfrBs are intrinsically TMP-resistant and are emergent
sources of antibiotic resistance. Their anticipated health-
threatening activity calls for the development of new inhibitors.
We reported the first selective inhibitors of the hexahistidine-
tagged DfrB1 (H186 DfrBl) These bisbenzimidazoles offer K,
of 1.7-12.0 uM.*

Here, we report the inhibition of DfrBs with inhibitors of E.
coli 6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase
(HPPK), an enzyme that catalyzes an earlier step of the
bacterial folate pathway. Whereas the mammalian folate
pathway starts with the intake of dietary folate, bacteria are
folate autotrophs.”’ Bacterial folate biosynthesis depends on
HPPK, which constitutes a potential antlblotlc target as it has
no mammalian homologue (Figure 2).*> No antibiotic that

targets HPPK has yet been reported but progress has been
made in development of HPPK inhibitors.”>*’

Inhibition of both DfrB1 and HPPK thus establishes these
molecules as dual-target inhibitors of the folate pathway. They
are based on substructures of folic acid and NADPH,
qualifying them as bisubstrate inhibitors. Furthermore, we
demonstrate the broad inhibitory effect on the DfrB family. To
that end, we determined for the first time that DfrB members
representing the entire extent of sequence diversity exhibit Dfr
activity and low sensitivity to TMP, comparable to the
prototypical DfrB1. The potency of the bisubstrate inhibitors
toward DfrBs was comparable to that of the previously

reported bisbenzimidazole inhibitors of DfrB1,”>* confirming
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the interest in further developing these dual-target inhibitors to
combat TMP resistance.

B RESULTS AND DISCUSSION

Dual-target inhibitors are designed to simultaneously inhibit
two individual biological targets rather than requiring
administration of distinct compounds.®® Also named hybrid
molecules, dual-target inhibitors often consist of two linked
pharmacophores, which should each bind to a target.’**° In
contrast to dual-target inhibitors built from pharmacophores,
here we examine dual-target inhibitors that mimic both
substrates of the target enzymes HPPK and DfrB. Both
enzymes bind a pterin derivative 6-hydroxymethyl-7,8-
dihydropterin and dihydrofolate (DHF), respectively—as
well as an adenosine-based cofactor—ATP and NADPH,
respectively (Figure 2).*

Bisubstrate molecules 1 and 2 were previously designed to
mimic the adenosine portion of ATP and the pterin substrate
of HPPK (Scheme 1). They inhibit HPPK with K; of 1.1 and

Scheme 1. Bisubstrate Molecules Include the Pterin Moiety
of DHF (Green) and the Adenosyl Moiety of NAD(P)H

(Purple)”
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“Atoms involved in hydride transfer catalyzed by DfrB1 are in red.
The linker is variable.

3.1 uM, respectively (Table 1).>*** Since the substrates of

DfrB are DHF and NADPH, the bisubstrate molecules 1 and 2
have the potential to also inhibit DfrB, thereby acting as dual-
target inhibitors of HPPK and DfrB. Neither HPPK nor DfrB
is the target of an existing antibiotic; both enzymes are strictly
microbial, potentially minimizing undesired side-effects.

The tetrameric tunnel of DfrB1 is lined with the conserved
VQIY sequence that is 4-fold represented, forming a single
symmetrical active site. The VQIY region interacts sterically
and through hydrogen bonds with the pterin moiety of the
substrate, DHF.>’ The adenosine moiety contributes to
binding of NADPH with DfrBl at the mouth of the active
site tunnel.””*” As a result, the pterin and adenosine moieties
possess distinct binding sites.”’ The design of the HPPK
bisubstrate inhibitors is thus consistent with potential to inhibit
DfrB1.

HPPK bisubstrate inhibitors 1 to 2 were tested for inhibition
of Hisg-DfrB1. Inhibitors 1 and 2 inhibit Hise-DfrB1 with K; of
20 uM and 18 uM, respectively (Table 1). They are HPPK
inhibitors by design.* Their activity against Hisg-DfrB1
prompted us to modulate the linker length and the position
of the piperidine ring for better inhibition. Novel bisubstrate

2263

Table 1. Inhibition of Hiss,-DfrB1 and HPPK with
Bisubstrate Inhibitors 1—5

HoN
SN

\N/)

N
(6] O </
N X
HN)E B H N
H N)\\N N R4 °©
2 H R4

OH OH
- Ki (uM)
Inhibitor X R;
DfrB1? HPPK
1 ~NTNSe oHy 2043 1.1
H o}
2 Y \/\//s/'\ﬁ -CH;  18%4 3.1
o) (0]
NNy~
3 w(N\/—N > -CHs 16 +2 55+1.5
4 A~ NSy i 1011 12£3.7
Q.0
5 17+4 9.2+2.1

§/¢N/\/S/¥’r -CHs

“K; values were calculated according to the experimentally determined
ICs, (Table S2). “Values taken from ref 4.

molecules 3 to 5 were synthesized (Schemes S1 to S3) and
validated as inhibitors of HPPK: K| ranged between 5.5 and 12
uM, slightly less potent toward HPPK than 1 and 2.
Gratifyingly, 3 to § also inhibit His;-DfrB1 with K; of 10—-17
UM, similar or better than inhibitors 1 and 2. The potency of
inhibitors 1 to § is comparable to the known bisbenzimidazole
inhibitors of His,-DfrB1, 6, and 7 (Scheme 2; K; = 3.5 and 7.4
UM, respectively).”® These results confirm that this class of
bisubstrate molecules acts as dual-target inhibitors of HPPK
and Hisy-DfrB1.

Scheme 2. Bisbenzimidazole Inhibitors 6 and 7°°
o H Br
O)’\E:[N >_G
) o
N Br,
N
2
>: NI)YO
H

o

HO
o 6
N
o}
O
N
N
e} 4
O~
H

The high sequence identity of DfrBs (Table S1) suggested
that His6-DfrB1 inhibitors may inhibit the broader DfrB
family. To verify this hypothesis, we selected six among the
eight members of the DfrB family to represent the greatest
pairwise sequence differences: DfrBl to DfrBS, and DfrB7.
Variation is essentially confined to the termini and to the turns
in the otherwise highly conserved p-barrel active site core

0
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Table 2. Inhibition of DfrBs (Non-His-tagged) with TMP and Inhibitors 1, 3, 6, and 7

K; (mM)* K; (uM)

Inhibitor: TMP 1 3 6 7
DfrB1 038 + 0.09 130 + 98 46 +5 18+6 62+ 6
DfrB2 0.81 + 0.08 49 +3 52+ 14 10 +2 29+ 1
DfB3 045 + 0.10 12 +2 17 +2 24 + 04 64 + 2.1
DfrB4 0.50 + 0.07 35+ 4 S1+1 13+1 20+ 2
DfrBS 1.3 +£03 49 +9 42 +1 74 + 0.1 29+3
DfrB7 0.66 + 0.11 52 + 32 37 + 10 7.1 +£22 19 +7

“K; values were calculated according to experimentally determined ICg, (Table S2 and Table S3). Values are given in mM for TMP and in yM for

all other inhibitors.

(Figure 1A, C). Prior to producing these proteins, we verified
the potential impact of an N-terminal Hiss-tag on inhibition,
turning to bisbenzimidazole inhibitors 6 and 7. They were
previously assayed against the N-terminally His6-tagged DfrB1
harboring additional non-native C-terminal residues (K6 = 3.5
and K7 = 7.4 uM).* Inhibition of DfrB1 bearing its native
termini yielded ~8-fold weaker inhibition, with K6 = 18 yM
and K;7 = 62 uM (Table 2), demonstrating the contribution of
the terminal additions to inhibitor binding. A similar 3- to 8.4-
fold decrease in inhibition in the absence of non-native termini
was further verified with representative bisubstrate inhibitors 1
and 3 (Table 2). This observation was unexpected since the
symmetrical bisbenzimidazole inhibitors bear little resem-
blance to the bisubstrate inhibitors. To eliminate any
contribution of the His6-tag or the non-native C-terminal
residues to inhibition, all variants were produced in their
nontagged, native form for further investigation.

To access highly purified DfrB variants, we capitalized on
the remarkable thermostability of DfrB1 and DfrB2, vividly
illustrated by maintenance of activity upon boiling for 20
min.>*"*" We purified the DfrBs to >95% using heat-
precipitation of crude lysates at 65 to 75 °C (Table S4;
Figure S1). This one-day purification method procured 6.2 to
124 mg (3.7 to 8.5 U) of all DfiBs from 200 mL-scale
expressions in E. coli (Table S4, Table SS).

Prior to addressing their inhibition, it was essential to verify
that the DfrB family members do indeed have Dfr activity. To
our knowledge, Dfr activity has been reported only for DfrB1
through DfrB4'°7*' and kinetic parameters k., and Ky
reported only for DfrBl and DfiB4.”>*° Nonetheless, the
TMP-resistant sample origin and high sequence conservation
of residues VQIY and K32 implicated in ligand binding and
catalysis®” (Figure 1) strongly suggest that the more recent
DfrBS to DfrB9 exhibit TMP-resistant Dfr activity.

All DfrBs displayed clear Dfr activity (Table 3). The DHF
productive affinities were nearly identical for all DfrBs (Ky""*
within 1.4-fold variation) and strongly conserved for NADPH
(K\APPH; 1 to 4.5-fold variation). Those values are similar to
the E. coli chromosomal Dfr (EcDfr) (Ky°'F = 1.2 yuM and
Ky“APPH = 0.94 uM),*" as befits enzymes that compete for the
same cellular resources.

The k., °""F determined by varying DHF (k.>"" = 0.20 to
0.41 s7%; Table 3) showed excellent agreement with the
ket APPH determined by varying NADPH (Table S6). DfrBs
are poor catalysts relative to EcDfr (kg = 12.0 s7').** Their
catalytic efficiency (ko """ /Ky"™F) is nearly 2 orders of
magnitude lower than that of EcDfr (Table 3). The high
sequence similarity of DfrB6 and DfrB9 with their closest
homologue among the assayed DfrBs (91% and 85%,
respectively; Table S1) suggests that their catalytic properties,

2264

Table 3. Kinetic Constants for the Dihydrofolate Reductase
Activity of DfrBs (Non-His-tagged)

KMDHF KMNADPH catDHF/kMDHF
Dfr (M) (#M) ke (s7H (M7

EcDfr  12° 0.94 12.0%¢ 10

DfBl 44 +05 58408 032+ 0.006 0.073
DffB2 23 +02 33+03 041 + 001 0.18
DAB3 30+05 13+03 020« 001 0.067
DffB4 46 +07 35+05 028 + 001 0.061
DABS 32+04 31402 032+ 00l 0.10
DfB7 34 +04 28403 024 + 0.007 0.071

“Values taken from ref 41. “Value taken from ref 42. k. value
calculated for the global reaction.

and those of closely related homologues that may be identified
in the future, lie within this range.

The K; for TMP for the chromosomal EcDfr is 20 pM,
demonstrating that TMP procures strong inhibition of EcDfr**
(Figure 1). E. coli cannot overcome TMP inhibition by
increasing the copy number of EcDfr since its overexpression
to the required concentration would result in cellular toxicity
by folate sequestration.”* The lesser-studied dfrB genes are
plasmid-borne; their copy level in clinically relevant strains is
unknown. K™ has been reported only for DfrB2". We
determined that the K;™" values for the purified DfrBs (0.38
mM to 1.3 mM) are 10’—10%fold higher than for EcDfr,
confirming that the DfrB family displays high TMP resistance.
Our data demonstrate that the DfrBs possess the Dfr activity
and tolerance to TMP to support bacterial proliferation in the
presence of high concentrations of TMP, providing a survival
advantage to bacteria.'>'**!

Considering the kinetic similarities between all DfrBs, we
hypothesized that they should be similarly inhibited. To verify
this, we tested bisubstrate inhibitor 1 against the purified DfrBs
(Table 2). Bisubstrates 1 and 3 inhibit all DfrBs with K1 =
12—130 uM and K3 = 17—52 uM, demonstrating that they are
dual inhibitors of HPPK and of the DfrB family. We further
verified that bisbenzimidazole inhibitors 6 and 7 inhibit all
DfrBs with K| in the low yM range (K6 = 2.4—17.5 uM and
K7 = 6.4—61.7 uM; Table 2). Overall, bisbenzimidazole
inhibitors 6 and 7 offer slightly better affinity than bisubstrate
inhibitors 1 and 3 (X; values differ 2—7-fold for any given
DfrB). Our results demonstrate the promise held by the
bisubstrate inhibitors, given their dual-target advantage; further
development as leads for antibiotics should address microbial
permeation.

Short molecular dynamic studies of molecules 6 and 7 with
DfrB1 previously revealed three binding hotspots: the K32
network (K32, G35, and A36), the YTT cluster (Y46, T48, and
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T51), and the VQIY region (Figure 1).*° These regions are
conserved among DfrBs. The substrates DHF and NADPH,
and the bisbenzimidazole inhibitors 6 and 7, share two among
those binding hotspots: the K32 network and the VQIY region.
Despite interacting with the same residues, crystal structures
and simulations determined that the substrates and the
bisbenzimidazole inhibitors bind to different faces of the
active-site tunnel and are therefore mutually exclusive.*
Bisubstrate inhibitors 1 and 3 mimic DHF and NADPH,
suggesting that these inhibitors should bind to those same
hotspots and tunnel faces as DHF and NADPH.

We investigated the binding mode of bisubstrate inhibitor 1
on DfrBl as a model for these interactions. Because the
promiscuous active-site tunnel of DfrB1 can bind either DHF
and NADPH or two molecules of either”* and binds two
molecules of the bisbenzimidazole inhibitors,” we attempted
to determine the Hill coefficient for 1 as we previously did for
6 and 7.°>°° However, absorbance of 1 interfered with the
activity assay. Nonetheless, in the absence of the substrate
DHEF, a low but clearly detectable change in the absorbance of
NADPH was observed (data not shown), suggesting slow
reduction of 1 by NADPH. This suggested that binding of 1
may be facilitated when its DHF-like pterin moiety is
juxtaposed with the nicotinamide ring of NADPH.

Consistent with that hypothesis, we undertook molecular
docking of 1 + NADPH into DfrB1 (refer to Methods for
details of all simulations). NADPH was modeled based on
cocrystallized NADP" and remained fixed. The pterin moiety
of cocrystallized DHF served as a template for initial placement
of 1 at the VQIY binding hotspot; the remainder of 1 was free
for conformational exploration. Following conformational
refinement, analysis of the 25 top-scored poses showed that
the adenosine moiety of 1 is compatible with binding at the
K32 network hotspot at the tunnel entrance, mimicking the
adenosine of NADPH and thus achieving the design objective
of the bisubstrate inhibitors (Figure 3; Figure S2). Nonethe-
less, because 1 does not include the 2’'-phosphate of NADPH,
its adenosine moiety was not exclusively bound by the K32
network as are NADPH and inhibitors 6 and 7.°° Instead, it
also explored a diversity of other configurations, consistent
with its modest affinity (Figure S3). This was facilitated by the
lack of consistent binding events between the linker of 1 and
DfrB1 and suggests high entropy of the adenosine moiety of 1
at the tunnel entrance (Figure S4).

We also docked either one or two molecules of 1 into DfrB1,
without NADPH; this is plausible because DfrB1 can bind two
molecules of DHF.** Similar to docking of 1 + NADPH, the
adenosine moiety of 1 established diverse contacts at the
tunnel entrance that included, but were not exclusive to, the
K32 network.

The docking results served to initiate conformational
exploration by LowModeMD as previously described for the
bisbenzimidazole inhibitors 6 and 7;°° the ligands were free,
and nearby protein atoms were flexible. During the initial
stages of conformational exploration, inhibitor 1 established or
maintained contacts with the VQIY and K32 network hotspots,
confirming that binding of 1 mimics binding of NADPH and
DHF. However, in all cases, inhibitor 1 diffused out of the
tunnel (Figure SS), reflecting its modest affinity (Table 2).
When NADPH was included, it remained at its binding site,
confirming the coherence of the simulations.

The diffusion of bisubstrate inhibitor 1 out of DfrB1 during
the course of simulations contrasts with bisbenzimidazole
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Figure 3. Docking of 1 (yellow) into the DfrB1 tunnel with NADPH
(cyan) (PDB: 2RK1). A pose with the adenosine moiety of 1
overlaying best with that of NADPH is shown (Figure S3). In the top
25 poses, inhibitor 1 forms contacts most frequently with K32, V66,
and 168 (Figure 1; Figure S4). Contacts are rarely or not established
with G35 and A36 that participate in binding the 2'-phosphate of
NADPH, and with the YTT cluster.*® (A) Front view. (B) Side view;
two subunits are represented.

inhibitors 6 and 7: although 6 and 7 display affinity within the
same order of magnitude (Table 2), they did not diffuse out
during the same procedure.”® As mentioned above, 6 and 7
interacted not only with the VQIY region and the K32
network, as do NADPH and DHF, but also with the YI'T
cluster. Here, the linker of 1 did not establish interactions with
the YIT cluster. This is reminiscent of our previous report
where the lack of stabilizing interactions at the YI'T cluster
characterized the weakest bisbenzimidazole inhibitors.® The
linker of bisubstrates 1 and 3 thus constitutes a target for
optimization.

In summary, heat-precipitation rapidly procured highly
purified DfrBs, allowing confirmation of their dihydrofolate
reductase activity and their low sensitivity to TMP. We
demonstrate, for the first time, that known and new HPPK
inhibitors broadly inhibit all of the DfrBs assayed. The features
revealed by our kinetic and computational study provide many
insights toward design of dual-target antibiotics targeting
HPPK and the DfrBs. Further optimization of affinity and
additional properties of bisubstrate inhibitors 1 and 3 as HPPK
inhibitors would result in a dual-target antibiotic analogous to
the SUL—TMP combination, to slow the emergence of TMP
resistance without the inconvenience of coadministering two
antibiotics.
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