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ABSTRACT: Many microbial pathogens rely on a type II fatty acid synthesis (FASII) pathway that
is distinct from the type I pathway found in humans. Enoyl-acyl carrier protein reductase (ENR) is
an essential FASII pathway enzyme and the target of a number of antimicrobial drug discovery
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efforts. The biocide triclosan is established as a potent inhibitor of ENR and has been the starting
point for medicinal chemistry studies. We evaluated a series of triclosan analogues for their
ability to inhibit the growth of Toxoplasma gondii, a pervasive human pathogen, and its ENR
enzyme (TgENR). Several compounds that inhibited TgENR at low nanomolar concentrations
were identified but could not be further differentiated because of the limited dynamic range of the
TgENR activity assay. Thus, we adapted a thermal shift assay (TSA) to directly measure the
dissociation constant (K) of the most potent inhibitors identified in this study as well as inhibitors
from previous studies. Furthermore, the TSA allowed us to determine the mode of action of these
compounds in the presence of the reduced nicotinamide adenine dinucleotide (NADH) or
nicotinamide adenine dinucleotide (NAD™") cofactor. We found that all of the inhibitors bind to a
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TgENR—NAD" complex but that they differed in their dependence on NAD* concentration. Ultimately, we were able to identify
compounds that bind to the TgENR—NAD" complex in the low femtomolar range. This shows how TSA data combined with
enzyme inhibition, parasite growth inhibition data, and ADMET predictions allow for better discrimination between potent ENR

inhibitors for the future development of medicine.

Toxoplasma gondii is an obligate intracellular, protozoan parasite
that infects approximately one-third of the world’s population,
causing substantial morbidity and mortality.'~® The life cycle of
T. gondii is comprised of a sexual phase that takes place only in
the primary host (cats of the Felidae family) and an asexual phase

. . . . 8
that can occur in any warm-blooded animal, including humans.”
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Currently, there is no available vaccine to prevent infection in
humans, and only the antifolate medicines sulfadiazine and
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pyrimethamine are typically used for treatment of T. gondii in
humans.”® Sulfonamides are associated with hypersensitivity,
and pyrimethamine is associated with bone marrow toxicity.
Even though these medications are effective against tachyzoites,
the obligate intracellular form of the parasite in the acute stage of
the disease, they are ineffective against the encysted, latent
bradyzoites. There is no available treatment that eliminates
bradyzoites in humans.'® T. gondii infection in immunocompe-
tent individuals is generally asymptomatic and self-limiting,
whereas in immunocompromised people, T. gondii infection
can cause eye and brain disease such as toxoplasmic encephalitis
and chorioretinitis and in severe cases can be fatal.'"'> Pregnant
women are especially at risk because the parasite can be trans-
mitted from mother to fetus and can lead to congenital toxo-
plasmosis that may result in abortion, neonatal death, or fetal
abnormalities. > '8

T. gondii parasites contain a plastid organelle, called the
apicoplast, which harbors plantlike metabolic pathways.'” One
pathway that resides in the apicoplast is the machinery for a type
II fatty acid synthesis (FASII) pathway that is prokaryotic-
like.”>*! The FASII pathway in T. gondii has been shown to be
essential for parasite survival, making it an attractive target for
drug discovery efforts.>>">® In malaria parasites, a similar FASIT
pathway is critical for liver stage development””** and is thought
to have an important role in the synthesis of lipoic acid.* In
contrast to the type II pathway, humans rely on a distinct type I
pathway for bulk fattg acid synthesis, which is encoded in a single
polypeptide chain.®® Fatty acid biosynthesis is an iterative
process involving the condensation of malonyl-CoA with a
nascent fatty acid chain that is covalently bound to acyl carrier
protein (ACP). The enzyme enoyl-ACP reductase (ENR) is
responsible for the final reductive step in each round of fatty
acid chain elongation, the NADH-dependent reduction of trans-
2-enoyl-ACP to acyl-ACP.*' Many inhibitors of bacterial and
parasitic ENR enzymes have been previously described,
including diazaborines, isoniazid, and triclosan.>>™>* It has
been shown that triclosan inhibits T. gondii ENR (TgENR)
with an ICs value of <20 nM in an in vitro inhibition assay using
pure recombinant TgENR.*® Triclosan also inhibits the growth of
T. gondii parasites with an ICs, of ~200 nM, presumably because
of its inhibition of the FASII pathway.**

Even though triclosan is a potent inhibitor of TgENR, it has
limitations, including poor bioavailability and impairment of
muscle contractility, that prevent it from being a safe and effective
medicine.*® Instead, triclosan has been exploited as a scaffold
to generate a series of analogues, many of which are also potent
inhibitors of TgENR.>>*’7* In this study, we report the
inhibitory properties of a set of 2'-, 4’-, 5-, and 6-substituted
triclosan analogues developed as inhibitors of Plasmodium
falciparum ENR (PfENR) and Mycobacterium tuberculosis ENR
(MtInhA).>”**~* Several of these compounds inhibited TgENR
at low nanomolar concentrations, the lowest concentrations that
we are able to assess in our enzymatic activity assay. To further
characterize the inhibitory properties of these compounds and
potent inhibitors from previous medicinal chemistry efforts,>”*®
we employed a thermal shift assay (TSA). Using this assay,
we were able to confirm the mode of action for all of the
compounds as binding to the TgENR—NAD" complex rather
than to the TgENR—NADH complex or to TgENR alone. Using
thermodynamic parameters determined by differential scanning
calorimetry, we calculated dissociation constants**™*® for
binding of NAD" and NADH to TgENR as well as for binding
of the inhibitor to the TgENR—NAD" complex. The K values we

9156

determined range from 6 mM (for binding of NAD* to T¢gENR)
to 6.3 fM (for binding of compound 19 to the TgENR—NAD*
complex), highlighting the large dynamic range of the TSA.
Consequently, TSA results combined with enzyme and parasite
inhibition data provide a better basis for differentiating between
potent ENR inhibitors.

B MATERIALS AND METHODS

Compound Preparation and Synthesis. Compounds
were designed and synthesized as described by A. Kozikowski®**
and Jacobus Pharmaceutical Inc.””**~* The purity of compounds
1-4,% 5-10,%° 11-14,"* 15-18,>” 19-29,*® and 30-32"’
was >95% as determined by high-performance liquid chromatog-
raphy, and the identity of each compound was verified by high-
resolution mass spectrometry. The compounds were initially
dissolved in dimethyl sulfoxide (DMSO) at a concentration
of 10 mM and further diluted to required concentrations in
culture media (described below). For cell proliferation assays, the
final concentration of DMSO was not more than 0.1%, whereas
for the in vitro TgENR enzyme assay, the DMSO concentration
was 1%.

Parasite and Cell Culture. The strain of T. gondii parasites
used in this set of experiments was a modified type I RH strain
that expresses yellow fluorescent protein (RH-YFP), kindly
provided by B. Striepen (University of Georgia, Athens, GA).
Parasites were maintained in confluent monolayers of human
foreskin fibroblast (HFF) cells at 37 °C and 5% CO, in culture
medium consisting of Iscove’s Modified Dulbecco’s Medium
supplemented with 10% fetal calf serum, 1% Glutamax, and 1%
penicillin/streptomycin/fungizone (Invitrogen).

In Vitro Challenge Assay. Growth inhibition of T. gondii
was assessed as previously described.*® Host cells containing
RH-YFP parasites were lysed by being passed twice through a
25 gauge needle and separated from the parasites by filtration and
centrifugation. Confluent monolayers of HFF cells in 96-well
plates (Falcon 96 Optilux Flat-bottom) were infected with 3500
parasites per well. Parasites were allowed to infect host cells for
1 h, after which experimental compounds and control solu-
tions were added. Seventy-two hours later, the parasite burden
was assessed by measuring the relative fluorescence using
a Synergy H4 Hybrid Reader (BioTek) and GenS$ version 1.10.
All compounds and control solutions were tested in triplicate
exemplars. Biological replicates of each experiment were per-
formed twice for compound 17 and three times for all other
compounds. The compounds were tested in a dilution series
from 10 to 0.01 uM as described previously.*® In each assay,
these results were compared with those for the DMSO control
and triclosan. Other internal controls included a curve obtained
with varying concentrations of parasites to confirm that each
assay detected differing numbers of parasites, and cultures treated
with a known inhibitory concentration of pyrimethamine and
sulfadiazine as a positive control. The inhibitory index was
calculated as [RFU(compound) - RFU(control ﬁbroblasts)]/
[RFU(DMSO control) — RFU(control ﬁbroblasts)] % 100. MICSO is defined
as the compound concentration required to inhibit replication
by 50%.

Human Cell Proliferation Assay. Potential cytotoxic effects
of the compounds were assessed using Cell Proliferation Reagent
WST-1 (Roche), which measures the metabolic activity of viable
cells. Confluent HFF cells in 96-well plates were treated under
the same conditions as in the challenge assay described above,
except that the cells were not infected with parasites. After 72 h,
the cells were incubated with WST-1 reagent for 1—2 h, and cell
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viability was assessed by measuring the absorbance at 420 nm of the
final colored product, which correlates directly with the cell number.
All samples were tested in triplicate in at least two biological
replicates.

Inhibition of TgENR Activity in Vitro and Enzymatic
Assay. Recombinant TgENR was purified as described
previously.”” A 96-well plate assay was used to assess the
inhibition of TgENR as described previously.*”*® Briefly, a
SpectraMax M2 plate reader was used to monitor the activity
of TgENR by consumption of NADH (&35 = 6220 M™' cm™).
Reactions were conducted in a final volume of 100 uL in
96-well Corning UV plates. A reaction mixture containing
100 M crotonyl-CoA (Sigma), 1 L of DMSO (or compounds
dissolved in DMSO), S nM TgENR, 100 mM sodium/
potassium phosphate (pH 7.5), 150 mM NaCl, and 100 yM
NADH was used. The enzymatic activity was determined
by comparing the slopes of the absorbance curves for each
well to those of the blanks in the first column of the plate.
Each compound was measured in duplicate at a final con-
centration of 1 yuM. Potent inhibitors (>90% inhibition at
1 uM) were further analyzed to determine ICg, values in
triplicate. Nonlinear regression analysis was performed using
GraphPad Prism.

To calculate the K, and k,, values for NADH and crotonyl-
CoA, we followed a method described previously.”® K, and
k.. were determined at variable concentrations of NADH
(0—0.5 mM) in triplicate and a fixed concentration of crotonyl-
CoA (100 uM). K,, and k., for crotonyl-CoA were determined at
concentrations ranging from 0.8 to 150 uM and a fixed
concentration of NADH (100 uM). Kinetic parameters were
calculated by fitting the initial velocity data to the Michaelis—
Menten equation using GraphPad Prism.

Thermal Shift Assay (TSA). A real-time polymerase chain
reaction (RT-PCR) instrument, in the presence of Sypro Orange
(an environmentally sensitive fluorescent dye), was used to
monitor the thermal unfolding of T¢ENR alone or in the pres-
ence of 1i§ands. The TSA was modified from previous
reports™*~*° to measure the thermal melting temperature (T,,)
of TgENR. RT-PCR tube strips (Eppendorf) were used to hold
31 uL mixtures containing final concentrations of 2 uM TgENR,
20 uM inhibitor, and 100 M cofactor. The reaction mixtures
were set up with a 28 yL mixture of T¢gENR and buffer [20 mM
HEPES (pH 7.5) and 100 mM NaCl] to which 1 L of water (or
cofactor dissolved in water), 1 uL of DMSO (or inhibitor
dissolved in DMSO), and 1 uL of Sypro Orange (Sigma, product
no. $-5692 at a final concentration of 5X) were added. The
reaction mixture was incubated in the RT-PCR machine
(Applied Biosystems, Step One Plus Real-Time PCR System)
for 2 min at 20 °C followed by 0.2 °C increases in the
temperature every 10 s until a final temperature of 80 °C had
been reached. During the thermal scan, fluorescence was
monitored using a predefined TAMRA filter in which an
increase in Sypro Orange fluorescence was observed upon
thermal denaturation of TgENR. The derivative of the
fluorescence curve was used to determine the T, (as seen in
Figure 1). The initial T,, in the absence of ligands, but in the
presence of DMSO, served as the baseline temperature (T,) for
determining temperature shifts (AT, ). All measurements were
taken in triplicate.

Calculation of the Binding Constant (Ky). The T,, values
obtained in the TSA were used to calculate the dissociation con-
stant (K;) as described by Mei-Chu Lo and co-workers.** The
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Figure 1. Thermal shift assay results for triclosan (red) and compound
32 (blue). The derivatives of the fluorescence intensity curves are shown
with the minima defining the melting temperatures (T,,): green for
enzyme alone, black for enzyme with NADH, and orange for enzyme
with NAD".

dissociation constant at the melting temperature was calculated

using the equation
—AHp (1 1
K =[L;]/]e | — - —
d(T,) [ Tm] XP{ R [Tm T,

ACPTQ)|: (Tm) ’I;) :I}
+—on| m
R ) T,

where T, is the melting temperature of TgENR with no ligands
(baseline), T, is the melting temperature of TgENR in complex
with one or more ligands, R is the gas constant, AH is the
enthalpy of protein unfolding, AC, is the heat capacity change
on protein unfolding, and [Ly ] is the free ligand concentration

at T,,. The two thermodynamic parameters (AH and AC,) were
measured by differential scanning calorimetry (FDSC).
A temperature scan of 0.33 mg/mL TgENR from 10 to 65 °C
at a rate of 1 °C/min was monitored using a VP-DSC micro-
calorimeter (MicroCal). The change in heat capacity (AC,r,) of
3.8 kcal K™ mol™! was estimated from the difference in baselines
between the baselines of the denatured and native states.
The enthalpy (AHy) was obtained from the area under the
curve yielding a value of 228.7 kcal/mol. The dissociation
constant at the melting temperature was normalized to tem-
perature T (37 °C) using the equation

Ky,

K =
d(T) _AHL(T) 1 1
exXp| —— ? - T_m

R

where AHj(r) is the van’t Hoff enthalpy of binding at
temperature T, estimated to be —15 kcal/ mol. 48

Molecular Docking. Molecular docking studies were
performed using AutoDock version 4.2,49 SwissPDB Viewer,50
and MacroModel version 8.1 (Schrodinger, LLC, New York, NY)
in conjunction with the X-ray crystal structures of TgENR in
complex with inhibitors triclosan [Protein Data Bank (PDB) entry
2025]*" and benzimidazole (PDB entry 1LX6).>* A 10 A radius of
the active site was used to dock the synthesized molecules with a
grid box margin of 62. All other docking parameters were left as
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default values. The obtained docking poses were analyzed using
PyMol.

B RESULTS AND DISCUSSION

Parasite Inhibition, Host Cell Cytotoxicity, and Inhib-
ition of TgENR Enzymatic Activity. A structure-based
approach was adopted by Freundlich and colleagues to develop
2'-, 4'-, 5-, and 6-substituted triclosan analogues against PFENR
and MfInhA.>”*~* In this study, we evaluated 18 of these
analogues against T. gondii. The triclosan analogues were first
tested for efficacy against T. gondii tachyzoites in vitro. Triclosan
was also included in the assay for a direct comparison. Type 1 RH
tachyzoites that express yellow fluorescent protein (RH-YFP)
were used, allowing parasite proliferation to be assessed by means
of a fluorometric assay, because relative fluorescence is directly
correlated with parasite viability. A 72 h end point was chosen to
allow slow-acting compounds to take effect. Seven compounds
emerged as the most effective inhibitors of T. gondii tachyzoites:
5,8—10,and 15—17 (Table 1). These compounds demonstrated
an efficacy equivalent to that of triclosan (MICs, of 2.8 M), with
MIC;, values ranging from 1.6 to 3.5 yM. The compounds were
also tested for cytotoxic activity against human foreskin fibroblast
host cells and exhibited no cytotoxic effects at the highest
concentration tested (10 uM). These results demonstrate that
inhibition of parasite growth at lower concentrations did not
result from killing the host cells; however, because we did not
reach the MICy, for inhibition of host cell proliferation, we do
not know the overall selectivity of our compounds.

The triclosan analogues were also screened in duplicate at
1 uM for inhibition of TgENR in an in vitro inhibition assay.
Those analogues with significant inhibitory activity (>90% at
1 uM) were subsequently assayed in triplicate to determine their
IC, values (Table 1). A total of six analogues were potent
inhibitors of TgENR with ICs, values of <23 nM, similar to
that of triclosan (15 nM). None of the compounds with
2'-substitutions proved to have significant inhibitory activity.
This result is consistent with a lack of potent activity against
PfENR.* On the basis of the current crystal structures of TgENR
and PfENR bound to triclosan,”" the 2'-triclosan analogues are
unlikely to be effective because added bulk at this position will
likely result in severe steric clashes with the NAD™ cofactor
(see docking results for further details). Potent inhibitors of
TgENR with ICy, values in the low nanomolar range were found
with substitutions at the 4’-, 5-, and 6-positions of triclosan.
Previous medicinal chemistry efforts targeting TgENR led to the
discovery of several potent 4’-triclosan and S-triclosan
analogues.”*® The activities of 6-triclosan analogues have not
previously been described against T. gondii. However, as shown
in Table 1, 6-triclosan analogues such as 15 and 17 can be
inhibitors of TgENR enzymatic activity and parasite growth.

Thermal Shift Assay (TSA). Our current study of 18
triclosan analogues yielded six compounds with TgENR ICg,
values in the low nanomolar range (<23 nM). These ICy values
are similar to that of triclosan (15 nM) and approach the
low nanomolar concentrations of TgENR used in our activity
assay. Because of this, we could not determine which of the
six compounds is the most potent or how they compare to
triclosan with currently available assays. In addition, we tested
14 inhibitors discovered in previous studies®** that also inhibit
TgENR with ICs, values of <100 nM, making 20 compounds in
total. In an attempt to differentiate among these inhibitors, we
adapted a TSA*™* to further characterize the binding of the
compounds to TgENR.
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A significant advantage of TSA over several other biophysical
techniques, such as nuclear magnetic resonance, mass spectrom-
etry, or calorimetry, is that it can be done with higher throughput
without requiring large amounts of protein.**~***%3375% Thijg
method has been previously employed for screening conditions
that stabilize proteins; ****” for K calculations for proteins with
one or two ligands ;44454855 3 d to determine the mode of action
of ligand binding.** Calculations of Ky values by the TSA have
been favorably compared to measurements via other biophysical
techniques.

We used the TSA to measure the melting temperature (T,,)
of TgENR alone, in a binary complex with a NADH or NAD*
cofactor, or in a ternary complex with triclosan (or analogues)
and NADH or NAD" bound. Using a RT-PCR machine to
accurately control the temperature, we monitored the thermal
denaturation of TgENR in the presence of the environmentally
sensitive dye Sypro Orange. The TSA method consists of
monitoring the fluorescence of the dye that has a higher quantum
yield when it interacts with hydrophobic amino acids exposed
upon TgENR unfolding. As shown in Figure 1, the derivative
of the fluorescence intensity is marked by a sharp minimum at
the Ty, A shift in thermal stability occurs upon formation of a
ligand complex, and the magnitude of the shift in T, depends
on the affinity of the ligand for T¢gENR. The observed change in
T, [AT,, =T, (ligand) — T, (no ligand)] is used to calculate the
binding constant (Kj) of the ligand.***® TSA can be particularly
useful for proteins such as TgENR that have multiple ligand
binding sites and can bind inhibitors and cofactor molecules.
In cases like this, the relative stability of the protein with different
combinations of ligands can be used to determine the mode of
action of an inhibitor.>®

Binary Complex of TgENR with NADH or NAD*. We
studied the AT, of T¢gENR with increasing concentrations of
NADH or NAD" (Figure 2A). Each data point with a non-zero
AT, allowed us to calculate independent Ky values for these
ligands. For NADH, Kj values of 26 uM (AT, = 0.4 °C) and
21 uM (AT,, = 1.7 °C) were measured, and for NAD", the
K, values were 6 mM (AT, =0.4 °C) and 6 mM (AT, = 1.6 °C).
The K; values resulting from the larger temperature shifts are
likely to be the most accurate (21 uM for NADH and 6 mM for
NAD"). The K, for binding of NADH to TgENR is similar to the
value obtained for PfENR with a K, for NADH of 51.6 4uM>® and
that of Escherichia coli ENR (EcENR) with a K; for NADH of
5.4 uM.>* The K, for NAD* could not be determined for PfENR,
except in the presence of triclosan, yielding an artificially low value
of 15 iM,*® whereas the K; of NAD* for ECENR was determined to
be 1.8 mM.>* The kinetic parameters for TgENR were calculated by
using the enzymatic activity assay at 11 different concentrations of
NADH and crotonyl-CoA in triplicate, the highest concentration
being 500 1M, and dilutions by factors of 2 for NADH and 0.8—
150 uM for crotonyl-CoA. Figure 2B shows a Michaelis—Menten
plot for TgENR with a k,, of 12 57" and a K, of 20 #M for NADH;
for crotonyl-CoA, k., is 26 s and K, is 40 uM (Figure 2C). These
values are similar to those of ENR enzymes from the apicomglexan
parasites Eimeria tenella and P. falciparum (Table 2).%°%%
Although K values cannot be equated with dissociation
constants, the K, values for NADH are consistent with the K4
value of 21 uM determined by the TSA.

Inhibitor Mode of Action Determined by the TSA. The
mode of action of ENR inhibition by triclosan has been well
studied in several systems, including apicomplexan parasites,
plants, and bacteria. Triclosan is an uncompetitive inhibitor with
respect to NAD" and forms a tight ternary triclosan—-NAD*—ENR

dx.doi.org/10.1021/bi400945y | Biochemistry 2013, 52, 9155—9166
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Table 1. Inhibitory Activities, Toxicities, and Calculated Physicochemical Properties of 18 Substituted Triclosan Inhibitors of

PfENR and MtInhA
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7.4

0.077

1.0

2.1

2.5

2.8

4.6

6.9

7.3

1.9

21

0.024

“MICs, of T. gondii growth with the SEM from assays conducted in at least two independent trlals each with triplicate measurements. *Growth
9Calculated with ChemDraw Ultra version 7.0.
eThese data were predicted by ADMET suite 5.0 (ACD/Laboratories). TPSA is the topological polar surface area and Sw the solubility in water.
JThe actual water solubility for triclosan is 12 mg/L at 20 °C, according to the U.S. Environmental Protection Agency’s Reregistration Eligibility
Decision (RED) for triclosan.

inhibition of human foreskin fibroblasts (HFF). “Standard deviation from duplicate measurements.
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Figure 2. (A) Thermal shift assay results for the binding of NADH (red)
and NAD" (blue) to TgENR. (B) Kinetic analysis of TgENR with the
NADH cofactor. (C) Kinetic analysis of T¢gENR with the crotonyl-CoA
cofactor. Error bars represent the standard deviation from triplicate
measurements.

complex. Consistent with this mechanism of action, we observed
a large shift in T;, when TgENR was analyzed by the TSA in the
presence of triclosan and NADY, but not in the absence of the
cofactor (Figure 1A). Interestingly, we also observed a small shift
in T,, when triclosan was added to TgENR in the presence of
NADH (Figure 1A). Triclosan has an apparent K, value of 186 uM
for the T¢gENR—NADH complex, an affinity that is probably
too weak to have physiological significance because this value is
100000 times larger than the Kj of binding of triclosan to the
TgENR—NAD" complex [1.3 nM at 100 uM NAD* (Table 3)].
The apparent weak binding of triclosan to the TgENR—NADH
complex is consistent with reports of ternary triclosan—-NADH
complexes formed by ENR enzymes from E. coli,®" Haemophilus
influenza,” and Pseudomonas aeruginosa.”

Potent inhibition of ENR enzymes with triclosan is caused by
the slow formation of a tight ternary triclosan—NAD*—ENR
complex. PfENR is 50% identical to T¢ENR and serves as a good
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Table 2. Kinetic Parameters of Apicomplexan ENR Enzymes

K, standard error k.,  standard error
organism (M) (um)® (s_ﬁ) (s71)? ref
NADH
E. tenella 60 11 25
P. falciparum 30 49 59
T. gondii® 20 35 12 0.5 this study”
Crotonyl-CoA
E. tenella 40 6 25
P. falciparum 48 10 59
T. gondii® 40 6.7 26 1.6 this study”

“Kinetic measurements were taken in triplicate, and the data were
analyzed with GraphPad Prism. "Standard error as reported in
GraphPad Prism.

example of this phenomenon. Triclosan binds to the PFENR—
NAD" complex with a relatively low affinity (53 nM) followed by
the slow (forward rate constant of 0.055 s™') formation of a tight
binding complex with an overall inhibition constant of 96 pM.®*
The tight binding complex involves the formation of an a-helix
over the inhibitor binding site, a feature that was observed in the
crystal structure of TgENR cocrystallized with triclosan and
NAD", making it very likely that triclosan inhibits T¢gENR through
the same mechanism described for other ENR enzymes.*' The
slow kinetics of inhibition appear to be responsible for the
artificially high (15 nM) ICs, value of triclosan given in Table 1.
The ICjy, value approaches the theoretical limit (half of the TgENR
concentration of S nM) when the enzyme is preincubated with
triclosan and NAD?, allowing the inhibitory complex to form prior
to initiation of the assay. In the TSA experiments, there is a total
incubation time of ~30 min from the time the experiment is set up
to the time it reaches T};,. This allows enough time for triclosan to
form the tight ternary complex. To confirm this, we set up TSA
experiments as explained in Materials and Methods but allowed
preincubation for 2 h. This preincubation time did not affect the
K of triclosan for the enzyme (data not shown). To determine the
reproducibility of the TSA measurements, we measured the T, in
four experiments in triplicate on different days for TgENR alone,
TgENR in a binary complex with NADH or NAD", and TgENR
in a ternary complex with NAD" and triclosan. The standard devi-
ations of these measurements were 0.40, 0.56, 0.36, and 0.37 °C,
respectively.

All of our potent inhibitors were also tested by the TSA for
binding to the T¢gENR—NAD" complex, the T¢gENR—NADH
complex, or TgENR alone. In all cases, the inhibitors displayed a
mode of action similar to that of triclosan, forming a tight com-
plex with T¢ENR and NAD". Figure 1B shows the TSA results
for 32, a compound with a structure that differs significantly from
the structure of triclosan, but displays a similar T, shift profile
and thus the same mode of action as triclosan, binding exclusively
to the TgENR—NAD" complex. As shown in Figure 1, the
presence of 100 uM NAD" alone (orange curves) or 20 uM
inhibitor alone (green curves) does not shift the T, of TgENR, and
thus, the AT, observed in the presence of the inhibitor and NAD*
is due to the formation of the ternary complex.

Effect of NAD* Concentration on Inhibitor Affinity. In
TSA experiments, we can control the concentration of cofactors
NADH and NAD". By contrast, in the enzymatic assay, NADH is
constantly being consumed and NAD" is formed over the course
of the reaction. For the TSA, we used 100 uM NADH, the con-
centration used as the starting point in the enzymatic assay.
As described above, this concentration is well above the Ky of
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Table 3. Thermal Shift Assay Results for Potent Inhibitors of TgENR from Table 1 and Those Described Elsewhere®”®

TgENR Inhibition Thermal Shift Assay
Ic 95% Conf. NAD"
Compd. Structure 0 Interval Kq (nM) at 100 uM * K (fM) at 6 mM ® . .
(nM) (M) K4 Ratio

OH Cl
1
Triclosan /‘f"‘ 15 13-22 13 £07 20 3 62,000
BEORA0HE
OH Cl
19 Jﬁj"\@ 24 16-36 16  +08 63 %1 250,000
NC Cl
OH cl
20¢ QNﬁH@\ 38 30-48 nd nd nd
L cl
OH cl
o0
21¢ ST o 54 43-68 nd nd nd

-
OH cl
O,
29 /(j 28 22-36 nd nd nd
- O

OH cl
(o}
234 /(j 18 14-24 nd nd nd
cl 0
OH Cl
24 ﬁj"\@» A 26 23-41 680  +£200 2,000 +300 350,000
cl N
OH Cl
25 /(j"\@\j;% 43 35-54 600 =30 257 £40 2,300,000
cl N
OH Cl

O,
26 . /fj @ 31 26-37 560+ 50 1,800  +400 310,000

NH—Ph
OH cl
o N o,
27 ﬂ\)\[nv@ @d 19 17-21 69 2 33 %5 210,000
OH Cl
0,
OO
28 o m 33 27-40 460  £5 826  +90 550,000

O,
29 . /@’ W@anj\}. 100 79-126 19,000 9,000 116,000 50 170,000
30 /C(" 41 31-54 9,700  +1,000  887.000  +100,000 11,000
.

OH Cl
31 /@rc’j@ 30 25-34 480  +60 5300  +2,000 90,000
cl CF,
[} N-O
HO o \OI ﬂ & Me
32 Q 58 42-79 440  +30 689  +40 630,000
Cl
OH Cl

2-5 2.1 +2 20 +1 110,000

O,
9 u,ﬁj @N 13 10-16 08  +02 275 6 30,000
H

W
Q
O‘i
o
I

w

10 C/Ejoﬁw\é 16 13220 73 £02 689 £70 110,000
H
OH cl
T v@/"@ 8 7.9 170 £100 1000 +3,000 170,000
N OH cl “
15 \\j@/"j@ 18 16-20 99  t1 275 %6 360,000
Ccl - z Cl

17 Hoj@r"\@ 23 19-26 210 +60 939 +200 220,000
cl Cl

“K4 of the inhibitor at a NAD" concentration of 100 M with the standard deviation from triplicate measurements. YK, of the inhibitor at a NAD*
concentration of 6 mM with the standard deviation from triplicate measurements. “Ratio of the K; at 100 uM NAD" to the Ky at 6 mM NAD".
“These compounds interfered with the TSA.

NADH (21 uM), ensuring that the majority of TgENR forms a The same is not true for NAD". In the TSA experiments described
binary T¢gENR—NADH complex during the TSA experiments. above, 100 uM NAD" was used whereas the Ky is 6 mM.

9161 dx.doi.org/10.1021/bi400945y | Biochemistry 2013, 52, 9155—9166



Biochemistry

Under these conditions, the fraction of enzyme found as a binary
TgENR—NAD" complex is very small (~1.6%).

We then analyzed the binding of two inhibitors, triclosan and
32, to improve our understanding of how NAD" concentra-
tion affects the apparent K values determined by the TSA. We
determined Ky values for both inhibitors at eight concentrations
of NAD* ranging from 2.7 yM to 6 mM. As shown in Figure 3A,

-14+ T T T T
3 4

[NAD™] (mM)

oy

Log (Kq) (M)

-13
-14+ T
0 50

1 1 1 1 1 1
100 150 200 250 300 350
[inhibitor] (M)

Figure 3. Effect of NAD" and inhibitor concentration on the apparent
dissociation constants of two TgENR inhibitors. The thermal shift assay
was used to determine apparent K, values for triclosan (red) and
compound 32 (blue) at different concentrations of NAD" and inhibitor.
(A) The apparent dissociation constants reach a plateau as NAD*
concentrations approach 6 mM (the Ky of NAD"). (B) The apparent
dissociation constants decrease as the inhibitor concentration increases
to 333 uM, the highest concentration we were able to measure. Error
bars represent the standard deviation of triplicate measurements.

the apparent Ky for these inhibitors decreases as the con-
centration of NAD" increases, until reaching a plateau while
approaching the K of NAD* (6 mM). The apparent dissociation
constant of triclosan ranges from 18 uM (at a NAD"* con-
centration of 2.7 uM) to 20 fM (at a NAD" concentration of
6 mM), despite the fact that NAD" is in stoichiometric excess
over TgENR (2 uM) throughout this concentration range.
Similarly, the K4 values for compound 32 vary from 51 yM to
689 fM over the same range of NAD" concentrations. These
results underscore the need to consider cofactor concentration
upon comparison of Ky values for uncompetitive inhibitors like
triclosan. For example, a Ky value of 32 nM was reported for
binding of triclosan to PfENR,® which is similar to the value of
1.3 nM listed in Table 3 for TgENR. However, the K, for PFENR
was determined with 250 uM NAD, and the equivalent K value
for T¢gENR is 105 pM. In a similar experiment, we determined the
K4 values for triclosan and compound 32 at seven concentrations
ranging from 450 nM to 333 uM while keeping the NAD*
concentration constant at 100 #M. As expected, we found that
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the Ky values for both compounds decrease as we increase the
inhibitor concentration (Figure 3B).

We determined the Ky values for our most potent TgENR
inhibitors in the presence of 6 mM NAD" and compared these
values with those determined at 100 uM NAD" (Table 3). The
higher NAD" concentration increased the apparent affinity of all
of our inhibitors; however, the factor by which the affinity
increased was not uniform across the compound series (Table 3).
The K of 25 decreased by a factor of 2300000 when NAD" con-
centrations were increased, whereas the K, of 30 only decreased
by a factor of 11000. Even between similar compounds such as 28
and 29, there were differences in the dependence of K on NAD*
concentration. These differences may reflect the ability of
some inhibitors to bind more tightly to T¢gENR in the absence of
NAD". In the thermodynamic cycle shown in Figure 4A, these

A

Kxap
E + NAD ‘—. E*NAD
+ +
I I
K, o K
o Kyap
Eel + NAD —— 5 E*NAD-I
B 2
- 11
< I
]
3 o o1
:
I
'1 L ] L] )
0 200 400 600 800

[Compound 29] (uM)

Figure 4. Thermodynamic cycle for the formation of the ternary
inhibitor—TgENR—NAD" complex. The parameter o describes the
selectivity of inhibitor binding for the T¢ENR—NAD* complex
(E'NAD) and the selectivity of binding of NAD" to the inhibitor—
TgENR complex (E-I).

inhibitors would have smaller K; values and larger a values,
indicating less selectivity between binding to the TgENR—NAD*
complex and binding to TgENR alone.

We did not detect the binding of any inhibitor to T¢ENR when
we used an inhibitor concentration of 20 #M; however, K; values
could be well above this level. We screened for inhibitor binding
at higher inhibitor concentrations (111 and 333 uM) but found
that most compounds did not have measurable binding or
interfered with the TSA at these concentrations. Compound 29,
however, appeared to bind with a dissociation constant (K;)
of 0.8 mM (Figure 4B). This value of K; allows us to estimate
the parameter « if we can measure the affinity of compound 29
for the E-NAD complex (aK;) shown in Figure 4A. The Ky of
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compound 29 in the presence of 6 mM NAD" is 116 pM
(Table 3). We can estimate aK; using the equation for the
binding of uncompetitive inhibitors

Kyap
[NAD]
in which Ki*® is the observed dissociation constant of the inhib-
itor at any concentration of NAD* and Ky,p, is the K4 of NAD".

Because the concentration of NAD" (6 mM) used in the TSA
equals Ky,p, this equation reduces to

K = aKi(l +

app
aK, = —
2

1

= S8 pM

Similar estimations of @K; can be made for all of the com-
pounds with measured Ky values at 6 mM NAD* (Table 3).
The parameter a describing the selectivity of compound 29 for
the binary complex would then be 7 X 107%. The parameter a is
presumably related to the ratio of Ky values listed in Table 3 in
the sense that both numbers provide an indication of how
dependent an inhibitor is on binding to the binary T¢gENR—NAD*
complex. This phenomenon may help to guide the selection of
the best inhibitors. The NAD" concentration has been mea-
sured in different cell types, including mouse erythrocytes and
mammalian cells, with values of 368 uM and a range of 300—
800 uM, respectively.®>~% Although the concentration of NAD*
in the apicoplast of T. gondii has not been measured, it is also likely
to be well below the Ky value of 6 mM. Therefore, at any given
time, most T¢gENR molecules will not have NAD* bound. Indeed,
the large discrepancy between the MICs values in Table 1 and the
extremely tight binding properties of some of the compounds in
Table 3 may be an indication that NAD" levels are low in the
apicoplast organelle.

Affinities of Inhibitors for the TgENR—NAD* Complex.
The 20 compounds that we examined by the TSA all had
ICs, values of <100 nM in the TgENR enzyme activity assay
(Table 3). The calculated K values at the two NAD" concen-
trations can be used to identify the most potent compounds and
how dependent inhibitor binding is on NAD" concentra-
tion (Table 3). A total of six compounds exhibited K; values
of <10 nM with 100 uM NAD* and <100 fM with 6 mM NAD*
(5,9, 10, 15, 19, and 27). From an analysis of these compounds,
it is clear that tight binding inhibitors can contain small sub-
stituents at the 4'-position (as in compound $), the S-position
(as in compound 19), or the 6-position (as in compound 15).
As described previously,>”*® bulky substituents at the 4'- and
S-positions are accommodated by the TgENR active site.
Compound 27 contains a large isoxazole ring at the S-position,
while compounds 9 and 10 contain a benzylamino moiety.
The 6-position triclosan analogues have not been described
previously for TgENR. We show that modifications at this
position are well tolerated as seen for compounds 15 and 17
(see modeling data below).

Overall, three compounds (S, 9, and 19) appear to bind to
the TgENR—NAD" complex as well as triclosan or better.
These compounds differ, however, in terms of how dependent the
dissociation constants are on NAD* concentration. The ratio of K
values determined at low and high NAD* concentrations is 250000
for compound 19, whereas this ratio is only 30000 for compound 9
(Table 3). As discussed above, the weakened dependence of
compound 9 on NAD" concentration could reflect the ability of
this compound to bind weakly to TgENR, adding an additional
route to forming the ternary inhibitor—TgENR—NAD" complex.
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By contrast, compound 19 may be more dependent on binding to
a preformed TgENR—NAD" complex. In this sense, compound 9
could prove to be a more exciting scaffold for further modification.
Because a variety of substituents are tolerated at the S-position,
these are possible additions that could improve the properties of
compound 9. Similarly, small groups such as those found in
compounds 15 and 17 could be added to the 6-position.
Inhibitor Modeling. To improve our understanding of
the different binding properties of the various inhibitors studied,
molecular modeling was conducted using the TgENR crystal
structure and the molecular docking software AutoDock.*’
The least effective triclosan analogues contained modifications
on the Bring at the 2'-position. The proximity of the NAD*
cofactor to this position on the B-ring is likely to cause a significant
steric clash upon inhibitor binding (Figure SA). The addition of a

) B

A
NY\:BB ,

Figure S. (A) NAD*—triclosan binding pocket of T¢gENR from a crystal
structure (PDB entry 202S)*" Ligands NAD" and triclosan are shown as
sticks colored by atom type. Modification of the atom at the 2'-position
(marked with an asterisk) results in decreased affinity (see compounds
1—4) because of steric clashes with the NAD* cofactor and the binding
pocket. (B) Molecular modeling of inhibitor 17 showing the position of
the additional OH group and its proximity to the two fully conserved
active site Tyr residues.

S-methyl-3-carboxamide-isoxazole group to the A- or B-ring
of triclosan resulted in a marked difference in the Ky value.
The presence of this group at the S-position on the A-ring
(compound 27) produced a very potent inhibitor (Ky = 33 fM
with 6 mM NAD"), whereas this modification at the 4’-position on
the B-ring gave inhibitor 29 with 3500-fold less affinity (K= 116 pM
with 6 mM NAD").

Molecular modeling was used to rationalize this difference in
affinity. Modeling in AutoDock su_ggested that the isoxazole
group and other large substituents®””* can be tolerated within
the hydrophobic pocket surrounding the A-ring because of the
mobile a-helix. Conversely, the positioning of this group on the
B-ring extends toward the solvent-exposed entrance to the bind-
ing site and should be able to accommodate such a substituent.
However, sampling the potential ligand conformations in
AutoDock exposed a steric clash between the 4'-methylisoxazole
of compound 29 and Phe243 (TgENR numbering) because of
the rigid nature of the S-methyl-3-carboxamide-isoxazole
group. The addition of a methylene group between the amide
and isoxazole ring (compound 28) decreased the Ky by ~2
orders of magnitude, perhaps because the additional flexibility
alleviated this steric clash.

The most promising inhibitors discovered to date have a
modification at the 6-position on the A-ring. Considering the
extra bulk of the nitrile (compound 15) and the hydroxymethyl
(compound 17) moieties, the initial steric clash observed between
these substituents and Tyrl79 must be alleviated through the
movement about CA. This result is corroborated through fur-
ther modeling studies in which the conserved Tyr179 residue can
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rotate to accommodate the substitutents at the 6-position within
the heart of the binding site (Figure SB).

B CONCLUSIONS

We evaluated a series of triclosan analogues as inhibitors of
T. gondii. The 4'- and S-substituted triclosan analogues are effec-
tive inhibitors of parasite growth and TgENR enzymatic activity.
Compounds with modifications at the 2'-position did not show
inhibitory activity against TgENR because of steric clashes with
either the NAD" cofactor or the top of the binding pocket.
Modifications at the 6-position were well tolerated and displayed
good inhibitory activity against the parasite and the TgENR
enzyme. Six compounds that inhibited TgENR with ICs, values
in the low nanomolar range were identified but could not be
further differentiated because of the limited dynamic range of
the TgENR activity assay. A thermal shift assay was employed to
further characterize these compounds as well as 14 other potent
inhibitors from previous studies.”** All 20 compounds share the
same mode of action and form a ternary complex with TgENR
and NAD" but do not bind significantly to the TgENR—NADH
complex or to TgENR alone. The apparent Ky values for the
inhibitors were strongly affected by NAD" concentration and
reached a plateau as the NAD" concentration approached the
Ky of NAD* (6 mM). By comparing the apparent Ky values
of the inhibitors at low and high NAD" concentrations, we could
identify potent compounds that are less dependent on NAD*
binding. Ultimately, we were able to identify six compounds that
bind to the TgENR—NAD" complex in the low femtomolar range
with affinities similar to or exceeding that of triclosan (5, 9, 10, 15,
19, and 27). Additionally, four of these compounds inhibit the
growth of T. gondii parasites with potency equal to or better
than that of triclosan (5, 9, 10, and 15). TSA data combined
with enzyme inhibition and parasite growth inhibition data allow
for better discrimination between potent ENR inhibitors and
therefore provide an excellent method for better selection of
promising lead compounds.
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