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ABSTRACT: Fluorination is a well-known strategy for
improving the bioavailability of drug molecules. However, its
impact on efficacy is not easily predicted. On the basis of
inhibitor-bound protein crystal structures, we found a
beneficial fluorination spot for inhibitors targeting methionyl-
tRNA synthetase of Trypanosoma brucei. In particular,
incorporating 5-fluoroimidazo[4,5-b]pyridine into inhibitors
leads to central nervous system bioavailability and maintained
or even improved efficacy.
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Human African trypanosomiasis (HAT), or sleeping
sickness, is a devastating disease caused by infection

with Trypanosoma brucei, a protozoan parasite that is
transmitted to humans by the bite of an infected tsetse fly.1,2

Two subspecies, T. b. gambiense and T. b. rhodesiense, cause
human disease and put about 70 million people in sub-Saharan
Africa at risk, according to the World Health Organization
(WHO).3,4 HAT progresses in two stages: the early
hemolymphatic stage and the late stage when parasites cross
the blood−brain barrier and invade the central nervous system
(CNS). If untreated, late-stage infection is universally fatal.
Current treatment options for HAT are inadequate. The two
drugs for the early-stage infection, pentamidine and suramin,
have considerable toxicity and require injection, although most
patients at this stage can take oral medicine. For late-stage
HAT, the arsenical drug melarsoprol causes 3−10% fatal
encephalopathy during treatment and requires injection.3

Despite this toxic effect, melarsoprol remains the frontline
treatment because it is the only medicine available for treating
late-stage T. b. rhodesiense infection. The other late-stage drug,
eflornithine (used in combination with nifurtimox), is only
useful for T. b. gambiense infection. Eflornithine also requires
injection and is expensive to use. Clearly, orally and CNS
available new effective therapeutics against both stages of HAT
are urgently needed.
We have previously shown that methionyl-tRNA synthetase

(MetRS) of T. brucei (TbMetRS) is a validated drug target for
the development of a new HAT treatment.5,6 However, early

analogues of inhibitors targeting bacterial MetRS7,8 had poor
oral bioavailability despite potent activity against parasite cells.5

One way to address the bioavailability issue would be to
discover alternative inhibitor scaffolds. Although we have
identified urea-based TbMetRS inhibitors with good oral and
CNS availability, their potency against the parasites still needs
improvement.6 Another approach to improve bioavailability is
through fluorination of compounds. It is well-known that
fluorination of drug molecules may lead to improved metabolic
stability and membrane permeability, resulting in desirable oral
bioavailability and/or CNS exposure.9,10 However, the effect of
fluorination on the efficacy of a compound is less predictable. A
study of a large number of matched-pair compounds showed
that a change from H to F resulted in an activity enrichment
factor of only 1.06 (in which no enrichment equals 1.00), and
only 20−30% of the activity improvements were >2-fold.11,12

Another study, involving library screening, indicates that
fluorination generally leads to a loss of affinity,13 unless one
specifically screens for and identifies a protein environment that
favors fluorinated compounds.14 Therefore, a positive fluorina-
tion outcome in a drug discovery process still requires an
extensive structure−activity relationship study.10 In this paper,
we show that only specific, not random, fluorination of
TbMetRS inhibitors leads to orally and CNS available
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compounds with maintained or improved potency against the
enzyme and the parasites. We also show that the best inhibitors
in this study are active in murine models of T. brucei infection.

■ RESULTS AND DISCUSSION
We have reported many crystal structures of TbMetRS in
complex with inhibitors.15,16 Recently, additional inhibitor-
bound structures were obtained including a TbMetRS complex
with 5 (see the Supporting Information, Table S1 and Figure
S1). These structures reveal how compounds such as 1, 2, and
5 interact with TbMetRS (for compound structures, see Table
1). These potent inhibitors all bind to the target TbMetRS
similarly. The 3,5-dichlorophenyl moiety (Ar1 in Figure 1A)
occupies the enlarged methionine binding pocket, whereas the
other aromatic moiety (Ar2, such as quinolone in 1,
benzimidazole in 2, and imidazo[4,5-b]pyridine in 5)
connected to Ar1 through a linear linker occupies an auxiliary
pocket observed only upon inhibitor binding.15 The incorpo-
ration of benzimidazole or imidazopyridine moieties into
MetRS inhibitors was reported earlier by GlaxoSmithKline
scientists in attempts to improve the bioavailability compared
to aminoquinolones.8

The auxiliary pocket is well filled by Ar2, yet careful
inspection of inhibitor-bound structures shows that placing a
fluorine atom on the C5 position of the imidizopyridine ring of
compound 5 might be favorable for affinity. At this position the
F (dummy atom position 1 in Figure 1B) is predicted to
interact with two Cδ methyl groups of Leu456 with distances of
2.8−2.9 Å, which are within distances observed for a C−F···H−
C contact.17,18 At the other two ring positions an F would be
too close to a neighboring atom, which are a carbonyl oxygen
or a carboxylate oxygen (dummy atom positions 2 and 3,
Figure 1B). Oxygens are thought to interact unfavorably with
carbon-bonded fluorine atoms.19,20 In view of these short
distances and the nature of contact atoms, these ring carbons
are unlikely to accommodate a chlorine or methyl substitution
in the observed binding mode. This analysis prompted us to
test if a fluorine substitution on C5 of 5 (or equivalent position
in 2) might provide the desired benefits of conveying
bioavailability, especially CNS penetration, while maintaining
potency. A series of fluorinated and nonfluorinated compound
pairs was synthesized and evaluated in several biological assays.
The results are summarized in Table 1 and discussed below.
To assess the affinity of the inhibitors for the target

TbMetRS, we used a thermal shift binding assay5 to rank
order compounds. We did not use IC50 values against the
TbMetRS enzyme to rank compounds because most of the
compounds reported in Table 1 are so potent that their IC50
values are close to or below the enzyme concentration used
(see legend of Table 1). Those apparent IC50 values are
valuable for indication of potency but are not useful for
quantitative comparison (for enzyme inhibition data against
both the TbMetRS and the human mitochondrial MetRS for all
compounds, see the Supporting Information). Compounds
were also tested in a parasite growth inhibition assay.5 Similar
to previous observations,5 the correlation between thermal shift
(ΔTm) and parasite growth inhibition (EC50) is high for the
data presented in Table 1 (R2 is 0.84 for a linear relationship
between ΔTm and pEC50). This high correlation supports the
hypothesis that the compounds act on target and their cellular
potency is directly related to their affinity to the target. This
further supports using the thermal shift assay to rank the
compounds’ affinity for TbMetRS. These inhibitors were tested

Table 1. Comparison of Fluorinated Compounds with Their
Nonfluorinated Counterpartsa,b

aWhite and gray background separates different groups of fluorinated
and nonfluorinated compound analogues. bThe values reported for
ΔTm and EC50 are the average ± SEM from two or more experiments.
For PK and brain penetration experiments, the values are from one
experiment with three mice per group. cThermal shift assay is used for
ranking on-target affinity, whereas enzyme inhibition data are available
partially as previously published and in full in the Supporting
Information. Compound 1 was used as a positive control in a recent
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for host cell toxicity using CRL-8155 and Hep-G2 cell lines.
Compounds 1 and 5−13 all yielded EC50 values close to or
greater than 20 μM, whereas compounds 3 and 4 had EC50
values of ∼10 μM, and the starting compound 2 had an EC50 ∼
5 μM. In addition, inhibitors were tested for oral
pharmacokinetic (PK) properties and/or brain penetration in
mice.
As shown in Table 1, compound 1 had a high affinity (ΔTm =

21.6 °C under current assay conditions) and was potent against
the parasite (EC50 = 3.7 nM). However, it had poor oral
bioavailability with minimal brain exposure. The nonfluorinated
compound 2 was less potent than 1 and lacked oral exposure.
Fluorination at the 5-position of the benzimidazole ring
produced compound 3, which in theory could project the
fluorine atom to dummy atom position 1 as revealed in Figure
1B. However, compound 3 lost affinity (lower ΔTm) and
potency (2-fold higher EC50) compared to 2. Adding more
fluorine atoms to the benzimidazole ring (compound 4) led to
further loss of affinity and potency as one would expect from
the unfavorable interactions at dummy atom position 2 in

Figure 1B, although 4 had good brain penetration and slightly
improved oral PK compared to 2. Clearly, fluorination of the
benzimidazole did not produce a desirable outcome.
In contrast, when fluorination was applied to the

imidazopyridine analogues, dramatic changes were observed.
The nonfluorinated starting compound 5 had good affinity for
TbMetRS and was potent against parasite cells (EC50 = 8.5
nM). Oral PK experiments showed higher plasma exposure of 5
than either 1 or 2 with low brain exposure (brain/plasma ratio
of 2.4% at 60 min after ip dosing). A single fluorination at the
5-position of the imidazo[4,5-b]pyridine ring produced
compound 6 with desirable effects on all assayed properties
in Table 1 when compared to 5. The affinity and potency of 6
improved over 5, and, more importantly, oral PK data and brain
permeability experiments confirmed ∼3-fold enhanced ex-
posures of 6 compared to 5. In comparison, a random
fluorination at the linear linker region of 5 (compound 7) led
to major loss of affinity and inhibitory potency against parasite
growth when compared to 5. There was no improvement in
oral PK or in brain penetration property either.
It thus appears that the 5-fluoroimidazo[4,5-b]pyridine

moiety might be a privileged fragment for the series of
TbMetRS inhibitors under study with respect to conveying
CNS bioavailability and maintaining or improving EC50 activity
on T. brucei. To confirm this observation, we synthesized three
more pairs of compounds for comparison (compounds 8 vs 9,
with additional modification in the linker region; and
compounds 10 vs 11 and 12 vs 13, with additional
modifications in the Ar1 region). The S-enantiomers of 8 and
9 were chosen because the (R)-enantiomer of 8 was ∼100-fold
weaker in potency against T. brucei cells (data not shown). As
shown in Table 1, the specifically fluorinated 9 and 11 were
more potent than their nonfluorinated counter parts 8 and 10,
regardless of additional changes in the linker or the Ar1 region
with respect to 5. The fluorinated compounds 9 and 11 were
further profiled in oral PK and brain penetration experiments in
mice. Overall, compounds 9 and 11 had less favorable
properties than 6 regarding plasma or brain exposures. To
further improve potency against the target enzyme and parasite
cells, compound 13 and its nonfluorinated analogue 12 were
synthesized, in which the dichloro-substituted chroman ring of
10 or 11 was replaced by a tetrahydroquinoline ring. This
modification was based on a previously published study of
bacterial MetRS inhibitors in which tetrahydroquinoline-
containing inhibitors showed superior potency,7 and specifically
the R-enantiomer was more potent than the S-enantiomer.8

Indeed, compound 13 demonstrated the highest affinity for
TbMetRS (Table 1). The nonfluorinated compound 12 has
slightly less affinity for the TbMetRS than 13 but is equally
potent on parasite cells. However, its oral exposure is about a
third of 13’s, and its brain penetration was below the level of
detection and thus much lower than 13’s, confirming again the
beneficial effects of the 5-fluoroimidazo[4,5-b]pyridine moiety.
The PK profile and brain exposure of 13 showed higher
exposure than 11. Although the plasma exposure of 13 is about
1/10 that of compound 6, its 10-fold improvement in EC50 over
6 may compensate for the lower exposure. Compounds 6 and
13 were thus selected for testing in murine models of T. brucei
infection.
In addition, we obtained crystal structures of TbMetRS in

complex with 6−8, 11, or 13 (see the Supporting Information,
Table S1 and Figure S1). The structures confirmed that these
fluorinated inhibitors bind to TbMetRS as designed and

Table 1. continued

screen against TbMetRS using an ATP depletion assay in 1536-well
format with 35 nM enzyme (average IC50 = 24.2 nM),21 whereas 1 and
others (2, 5, 6, 10, 11, and 13) were also reported for inhibition of
TbMetRS using an aminoacylation assay with 10 nM enzyme.22 dND,
not determined.

Figure 1. Binding of inhibitors to the TbMetRS active site: (A) general
inhibitor structural feature and the binding pose of 5 (carbons in
green) superimposed to the binding pose of methionine (carbons in
pink); (B) zoomed-in view of binding pocket for the Ar2 portion
showing potential sites of fluorination with dummy atoms (labeled as
positions 1−3).
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preserve almost exactly the binding modes seen for their
nonfluorinated counter parts (Figure S2).
Compounds 6 and 13 were tested in a murine model of

early-stage T. brucei infection. Mice (n = 4 per group) were
infected with the STIB900 strain of T. b. rhodesiense at day 0,
treated orally with compounds or vehicle from day 2 to day 5,
and monitored for parasitemia in the blood until day 60. After
the final day of treatment (day 5), mice were removed from the
experiment if they were found to have microscopic parasitemia.
The results (Table 2) show that control mice treated with

vehicle all had parasitemia by day 6 and were euthanized.
Compound 6 at the lowest dose did not cure, but at higher
doses (20 and 50 mg/kg bid) produced partial cure.
Encouragingly, compound 13 at every dose cured all treated
mice. As a positive control, compound 14 (SCYX-7158, 4-
fluoro-N-(1-hydroxy-3,3-dimethyl-2,1-benzoxaborol-6-yl)-2-
(trifluoromethyl)benzamide)23 cured four of four mice at 10
mg/kg and had partial or no cures at 5 or 1 mg/kg po bid,
respectively.
Given these positive results with 13 in the early-stage murine

infection model, we performed another test of 6 and 13 in a
late-stage model of infection using the T. b. brucei TREU667
strain that spreads to the CNS.24,25 In this model, mice (n = 5
per group) were infected at day 0, and the infection was
allowed to spread for 1 week. The mice were treated with either
compounds or vehicle for 10 days from day 7 to day 16 (except
treatment with diminazene as a control) and monitored for
parasitemia for 90 days. There was no sign of toxicity from mice
treated with either 6 or 13. As shown in Figure 2, vehicle-
treated mice all developed high parasitemia and were

euthanized near the end of the treatment period. Compound
6 given orally at 50 mg/kg bid suppressed parasitemia during
and for 4−5 days after treatment, but all mice showed
detectable parasitemia and were sacrificed by day 24. Mice
treated with 13 (50 mg/kg bid) showed longer survival days,
and one of the five mice in the group was clear of infection at
the end of the experiment. In the positive control group, mice
treated with 14 (25 mg/kg qd) all survived and were free of
infection at the end. In the diminazene control group, mice
were treated with a single ip injection on day 7 at 10 mg/kg. It
is well established that diminazene, which does not enter the
CNS, completely clears parasites from the periphery, but any
residual CNS parasites are able to re-establish bloodstream
infection within a few weeks. In our model, the finding that the
diminazene-treated group had recrudescent parasitemia and
were euthanized between days 15 and 30 post-treatment
matches published results of the late-stage T. brucei infection
model.23 Therefore, despite the lower efficacy of 13 than the
positive control 14, it is promising that compound 13 delayed
parasite recrudescence and produced a partial cure of T. brucei
infection in the CNS, without any signs of adverse effect on the
mice.
In summary, we showed that specific fluorination and other

modifications of initial inhibitors against TbMetRS produced
considerably improved properties over the starting compound.
The improvements (13 vs 5) included a 20-fold decrease in
EC50 and a 4-fold higher brain to plasma ratio (Table 1). The
corresponding 5-fluoroimidazo[4,5-b]pyridine moiety was
proven to be a privileged fragment for this series of inhibitors.
Potent compounds bearing this functional group produced
partial or complete cure in an early-stage T. brucei infection
model and partial cure in a modified late-stage infection model.
This suggests that further improvements of the TbMetRS
inhibitors may provide new orally and CNS available
therapeutics for treating HAT.

■ METHODS
See the Supporting Information for chemical synthesis; protein
purification and crystallography; thermal shift assay; enzyme
inhibition assay and data; T. brucei growth inhibition assay; PK
studies in mice; and distribution of compounds between mouse
plasma and brain.

Early-Stage Infection Model. T. brucei rhodesiense
STIB900 strain (isolate from a patient in Tanzania in 1982)
was a gift of Simon Croft (London School of Hygiene and
Tropical Medicine).26 Female Swiss Webster mice (6−8 weeks
of age, n = 4 per group) were injected ip with 200 μL of 1 × 104

bloodstream form parasites taken from fresh cultures and
diluted in IMDM solution (day 0). Forty-eight hours
postinfection (day 2), mice started receiving test compounds
or vehicle (5% DMSO, 7% EtOH, 3% Tween-80 in saline). All
mice were treated twice per day with test compounds or vehicle
from day 2 to day 5 postinfection (eight doses). Doses for each
compound are indicated in Table 2. Parasitemia was quantified
microscopically from tail blood through day 60 postinfection.

Late-Stage Infection Model. The T. brucei brucei
TREU667 strain (a gift from Dr. C. Bacchi, Pace
University)24,25 was harvested from a donor mouse, diluted in
IMDM solution, and administered to experimental mice at a
dose of 1 × 104 by ip injection (day 0). The subject animals
were 6−8-week-old Swiss Webster female mice, n = 5 per
group. Dosing with test compounds or vehicle began on day 7
postinfection. Dosing solution consisted of 5% DMSO, 7%

Table 2. Survival of Mice in the Early-Stage T. brucei
Infection Model

compound
dose (mg/kg) po bid for

4 days
cures as of day 60 (days of

relapse)

6 50 2/4 (days 14, 14)
6 20 1/4 (days 10, 10, 10)
6 8 0/4 (days 5, 5, 6, 6)
13 50 4/4
13 20 4/4
13 8 4/4
14 (control) 10 4/4
14 (control) 5 1/4 (days 10, 14, 17)
14 (control) 1 0/4 (days 5, 5, 5, 5)
vehicle 0/4 (days 5, 5, 6, 6)

Figure 2. Survival of mice in the late stage T. brucei infection model.
Mice were euthanized upon reappearance of parasitemia after
treatment with compounds or vehicle.
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EtOH, and 3% Tween-80 in saline. A control group was given a
single ip injection of diminazene on day 7 at 10 mg/kg in 200
μL. All other treatment groups were dosed orally for 10 days.
Control compound 14 was given at 25 mg/kg once per day; 6
and 13 were given at 50 mg/kg twice per day; and the vehicle
group received dosing solution twice per day. Two vehicle-
treated mice died during the course of treatment due to the
infection. The day after the end of treatment (day 17), the
remaining vehicle-treated mice were all parasitemic and were
removed from the experiment. The drug-treated mice had tail
blood evaluated by microscopy at least twice a week for 30 days
and then weekly out to 90 days postinfection. Mice with
detectable parasites were euthanized and removed from the
experiment.
All animal study protocols were approved by the Institutional

Animal Care and Use Committee of the University of
Washington (IACUC no. 4248-01).
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