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Abstract

Previous studies identified ebselen as a potent /7 vitro and /n vivo inhibitor of the Mycobacterium
tuberculosis (Mtb) antigen 85 (Ag85) complex, comprising three homologous enzymes required
for the biosynthesis of the mycobacterial cell wall. In this study, the Mtb Ag85C enzyme was
cocrystallized with azido and adamantyl ebselen derivatives, resulting in two crystallographic
structures of 2.01 and 1.30 A resolution, respectively. Both structures displayed the anticipated
covalent modification of the solvent accessible, noncatalytic Cys209 residue forming a
selenenylsulfide bond. Continuous difference density for both thiol modifiers allowed for the
assessment of interactions that influence ebselen binding and inhibitor orientation that were
unobserved in previous Ag85C ebselen structures. The Ainact/ K| Values for ebselen, adamantyl
ebselen, and azido ebselen support the importance of observed constructive chemical interactions
with Arg239 for increased /n vitro efficacy toward Ag85C. To better understand the /n vitro kinetic
properties of these ebselen derivatives, the energetics of specific protein—inhibitor interactions and
relative reaction free energies were calculated for ebselen and both derivatives using density
functional theory. These studies further support the different /n vitro properties of ebselen and two
select ebselen derivatives from our previously published ebselen library with respect to kinetics
and protein—inhibitor interactions. In both structures, the a9 helix was displaced farther from the
enzyme active site than the previous Ag85C ebselen structure, resulting in the restructuring of a
connecting loop and imparting a conformational change to residues believed to play a role in
substrate binding specific to Ag85C. These notable structural changes directly affect protein
stability, reducing the overall melting temperature by up to 14.5 °C, resulting in the unfolding of
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protein at physiological temperatures. Additionally, this structural rearrangement due to covalent
allosteric modification creates a sizable solvent network that encompasses the active site and
extends to the modified Cys209 residue. In all, this study outlines factors that influence enzyme
inhibition by ebselen and its derivatives while further highlighting the effects of the covalent
modification of Cys209 by said inhibitors on the structure and stability of Ag85C. Furthermore,
the results suggest a strategy for developing new classes of Ag85 inhibitors with increased
specificity and potency.

Abstract

Keywords

Covalently Modified

- y
with Ebselen Derivative S \
: P N A 6
¥ 3. . \
il 0 .
( I NP V\vn & " Derivative
’\?( e d f~ .

J\ L ey % -~ V. Emhetacn:m ‘
oha 3N W = Inhibition 4
« &l

- P 7 ;

e Ao Sy £ Ny,
. — = ) S .'.% o B 9
bty $ A Wy s g5
v Thermal Stabily

Mycobacterium tuberculosis; antigen 85 complex; allosteric covalent inhibition; ebselen

An old world infectious disease, Tuberculosis, is causing modern day problems.! Despite
being considered curable, current treatment requires a multidrug regimen over the course of
months. As a result of failed adherence to treatment plans, modern strains of the disease
have developed multidrug and total drug resistance to current antibiotics.? As a result, there
has been a significant push to discover and develop new antibiotics that target
Mycobacterium tuberculosis (Mth). One such effort led to the recent /n vitro discovery of
ebselen as a potent inhibitor of the three essential, homologous Mtb proteins of the antigen
85 complex (Ag85A, Ag85B, and Ag85C).3 The Ag85 complex is part of a cell wall
biosynthetic pathway unique to Mtb and similar bacteria, and is responsible for the
transesterification reactions that mycolate trehalose monomycolate to form trehalose
dimycolate (TDM) and arabinogalactan to form mycolylarabinogalactan.*® Single mutant
knockouts of any of the 7p genes encoding Ag85A, B, or C have been successfully
cultured; however, the fbp genes appear to be synthetically lethal since the creation of a
viable 75p double knockout was attempted but was unsuccessful.8:7 As a result, a drug
targeting the Ag85 complex must successfully inhibit at least two of the three homologues.
The inhibitory activity of ebselen was shown to do so, having an MIC of 20 ug/mL against
the Mtb mc26206 strain and directly affecting the production of TDM.3

Ebselen (2-phenyl-1,2-benzisoselenazol-3(2H)-one), a selenium containing compound, was
discovered by screening Ag85C activity against the NIH Clinical Collection (Figure 1a).3
Inhibition of the Ag85s by ebselen proceeds through an unexpected mechanism. Ebselen
was shown to covalently modify the only cysteine, Cys209, in Ag85C, which is conserved,
noncatalytic, and solvent-accessible through the reversible oxidation of the y-sulfur of

ACS Infect Dis. Author manuscript; available in PMC 2018 September 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Goins et al.

Page 3

Cys209 by the selenium of ebselen.3:8 The resulting modification of Cys209 leads to the
relaxation of the native, kinked a9 helix, displacing the catalytically relevant Glu228 residue
from the active site, and thereby rendering the enzyme inactive through covalent allosteric
inhibition (Figure 2).°

The crystal structure of Mtb Ag85C covalently modified by ebselen was solved at 1.4 A
(PDB 4QDU). However, due to the partial occupancy for the covalent modifier, complete
electron density was lacking for the secondary phenyl ring of ebselen.? As a result, a full
assessment of protein—inhibitor interactions was not possible, resulting in a cursory
assignment of a 7—rz interaction between the aromatic side chain of Phe254 and the
primary phenyl ring of ebselen, and a hypothesized cation—n interaction between the
guanidinium moiety of Arg239 and the carbonyl of the amide of ebselen.9-11

In an effort to optimize the original ebselen lead, a library of ebselen derivatives has been
synthesized and tested for the inhibition of Ag85C /n vitro and for in vivo inhibition of Mtb
growth.12 Upon inspection of the growth inhibitory data (MICsg) for the whole library of
ebselen derivatives, a noticeable trend was not initially apparent. The MICsgq values varied
between 12.5 pg/mL and 100 pg/mL. In an attempt to better compare the various derivatives,
a set concentration and incubation time were used to determine the 1Csq values for those
compounds against Ag85C. These data ranged between 0.5 4M and >100 x#M and correlated
with the determined MICg values but still did not fit a clear structure—activity relationship.
12 To better understand the in vitro inhibition data with respect to ebselen-binding
interactions, orientation, and the structural effects imparted on Ag85C by the covalent
modification of Cys209, we selected two chemically dissimilar derivatives for X-ray
crystallographic studies. One of these derivatives has an azido group placed on the
secondary phenyl ring para to the amide linkage (Figure 1b). The second derivative has an
adamantyl group in place of the secondary phenyl group (Figure 1d). Mtb Ag85C was
successfully cocrystallized in the presence of these two ebselen derivatives, yielding two X-
ray crystal structures of 2.01 and 1.30 A resolution. These structures and resulting
interaction and reaction energies computed with density functional theory reveal factors that
influence initial drug recognition and reactivity. To compliment our crystallographic and
computed thermodynamic analysis, Ainact/ K values were determined for ebselen and the two
derivatives to provide further insight on the kinetics of inactivation. On the basis of these
findings, we have established a better understanding of the /n vitro properties with regard to
the inhibition of Mtb Ag85C by ebselen and our library of recently published derivatives.12
Additionally, observed structural changes to Ag85C imparted by the covalent modification
of Cys209 by the two ebselen derivatives help explain the decrease in protein thermal
stability and also provide further insight into future drug design efforts.

B RESULTS AND DISCUSSION

In Vitro Kinetic Properties of Selected Inhibitors.

As stated, enzymatic inhibition is dependent upon the covalent modification of Cys209,
which lies outside the active site; therefore, inhibition by ebselen and its derivatives is both
concentration and time dependent. To assess /7 vitro inhibition with respect to time and
concentration, Ainact/ K| Values for the respective derivatives were determined by monitoring
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the transesterase activity of Ag85C in the presence of varying concentrations of inhibitor as
a function of time. We observe the expected decay in initial velocity to a plateau of terminal
velocity as a result of covalent inhibition over time.13 By fitting the progress curves as a
one-phase association event (equation and data fitting in methods), Ayps Were determined for
each enzymatic reaction in the presence of specific inhibitor concentration (Figure 3a—c).
Plotting the respective kyps as a function of inhibitor concentration, the Ainact/ Ki was
determined as the slope of each line (Figure 3d—f).13 The determined Ajnact/ K; values for
the inhibitors are ebselen = 0.3057 + 0.0140 M~ Min~1, adamantyl ebselen = 0.0065
+0.0003 M1 Min~1, and azido ebselen = 0.1845 + 0.0094 M~1 Min~1. Therefore,
inhibition of Ag85C by ebselen proceeds slightly faster than that of azido ebselen and
almost 50-fold faster than adamanty! ebselen.

Covalent inhibition can proceed through three schemes: nonspecific, quiescent, and
mechanism-based.13 Nonspecific is a result of multiple accessible covalent sites, that readily
undergo modification, yet each site may not lead to inhibition; therefore, a saturation/full
inhibition point may never be obtained with respect to inhibitor concentration. Quiescent
and mechanism-based modification rely on the noncovalent binding affinity of an inhibitor
as well as the rate of covalent modification. While inhibition of Ag85C by ebselen and its
derivatives is most likely represented by quiescent inhibition, as full inhibition is certainly
obtainable and there must be an initial short-lived noncovalent binding event, we analyzed
the data as nonspecific for two major reasons. Complete inhibition by ebselen and azido
ebselen at higher concentrations (2 and 3 £M) is obtained within 2 to 4 min, drastically
decreasing in time as concentration increases. This becomes problematic as the transition
from initial rate to terminal rate is simply lost since the time-resolution of our experimental
setup is not sufficiently high; therefore, accurately determining ks is challenging. The
second issue is the high concentration of enzyme required, 500 nM, for the assay, which
limits our ability to use lower inhibitor concentrations as we are already neara 1 to 1
stoichiometric equivalent of inhibitor to enzyme. For these reasons, Ajnact/ K) was determined
using nonspecific inhibition analysis as a reasonable compromise.

Structure Determination of Ag85C Covalently Modified by Ebselen Derivatives.

The Ag85C-azido ebselen and Ag85C-adamantyl ebselen structures were solved at 2.01 and
1.30 A, respectively. Complete data collection and refinement statistics are presented in
Table 1. The generated 2fo-fc map for the azido ebselen structure displayed electron density
up to the second phenyl ring of the modifier, where partial density was observed when
contouring the map at 1.5¢. Difference density was not observed for the linear azide moiety.
As a result, further refinement of this portion of the inhibitor involved modeling it as a
terminal amine (Figure 1c). Analysis of the azido ebselen compound after purification
indicated an intact azide on the ebselen derivative that was used for crystallographic and
inhibition studies.12 We believe the terminal azide is structurally dynamic, thus explaining
the lack of observable electron density.

The calculated, likelihood-weighted fo-fc omit maps for both structures were generated by
omitting the modeled covalent modifier as well as the y-sulfur and g-carbon atoms of
Cys209 (Figure 4). Strong difference density for the covalent linkage between the Cys209
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sulfur atom of Ag85C and the selenium of the ebselen derivatives is present in both
structures. This observable covalent modification of Cys209 of Ag85C is consistent with
previous studies.3? It is worth noting, however, that in both the azido and adamantyl ebselen
structures the selenium atoms have much higher occupancy values than the previous Ag85C-
ebselen structure: 0.87 and 0.94 compared to 0.53, respectively.® Also, in contrast to the
Ag85C-ebselen structure, difference density for the entire adamantyl ebselen molecule is
observed. With regard to azido ebselen, difference density for the primary and secondary
phenyl rings is observed, yet not the azide moiety itself, further supporting the truncated p-
amino model.

Ag85C-Ebselen Derivative Interactions.

In both structures, the derivatized end (p-amino and adamantyl) of the covalent modifier is
pointing toward solvent, with the carbonyl of the amide linkage oriented toward Cg of
Phe252. The solvent-exposed binding site therefore reduces the number of potential protein
—inhibitor interactions, limiting the potential effects of steric bulk on inhibitor binding. In
agreement with the previous Ag85C-ebselen structure, the primary phenyl ring of the
ebselen derivative forms a centered, yet tilted =—rz stacking interaction with the aromatic
side chain of Phe254 in both the azido and adamantyl structures (Figure 5a and d).? Because
of the lack of complete electron density for the ebselen molecule in 4QDU, proper
orientation and interactions with the secondary phenyl ring of ebselen were not resolved.?
As a result, the orientation of the amide linkage remains ambiguous in the original Ag85C
ebselen structure. In contrast, complete density is observable for the secondary phenyl ring
in the azido ebselen-modified structure, allowing for further characterization. Notably, a
favorable cation— interaction may be split between the parallel orientation of the
guanidinium moiety of Arg239 to the sp2-hybridized nitrogen of the amide linkage and to
the secondary sp?-hybridized phenyl ring of the modifier (Figure 5a). Conversely, in the
adamantyl ebselen structure this secondary phenyl ring of ebselen is omitted and replaced
with a bulky hydrophobic, sp3-hybridized adamantyl group. As a result, the observable
cation—rz interaction is no longer split and solely resides between Arg239 and the nitrogen
of the amide linkage with the guanidinium moiety once again parallel to the inhibitor
(Figure 5d). However, the once favorable cation—z interaction with the secondary benzylic
ring now results in a van der Waals interaction between Arg239 and the hydrophobic
adamantyl group, increasing the distance of the Arg239—amide interaction when compared
to that of the azido derivative (Figure 5d). The distance between the central carbon of the
Arg239 guanidinium and the nitrogen of the amide linkage increases from 3.6 to 4.4 A
between the azido and adamantyl modifiers (Figure 5a and d).

Computed Interaction Energies Using DFT.

Because of the unique mode of inhibition by allosteric covalent modification, we sought to
better characterize the observed crystallographic Ag85C—inhibitor interactions with respect
to the azido and adamantyl ebselen derivatives. Isothermal titration calorimetry is commonly
used to measure enthalpic and entropic contributions to drug binding.14 However, because
the target site is solvent-exposed, results in covalent binding, and displaces a secondary
structure element in the protein, obtaining interpretable thermodynamic data is challenging
due to the various sources of heat generation. Thus, to estimate the magnitude of the initial
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interactions that drive preliminary binding prior to covalent modification, we instead used
dispersion-corrected DFT to compute non-covalent interaction energies between allosteric
site residues Phe254 and Arg239 with ebselen and the two ebselen derivatives. Another
contribution to the inhibition of Ag85C is the chemical reactivity of the ebselen derivatives.
Therefore, we computed reaction free energies for adduct formation to investigate potential
differences in electronic effects in the respective derivatives to gain insight into how
reactivity of the ebselen derivatives affects inhibition in vitro.

DFT calculations were performed with a polarizable continuum solvent (SMD) to
approximate the effects of the local protein and solvent environment of the allosteric site.1°
Because the inhibitor binding site is located at the interface of a partially hydrophobic cleft
and the solvent-exposed surface of the protein, the choice of an appropriate dielectric
constant e is not obvious. Thus, we first optimized the geometries of each model (see
Methods) using three different dielectric constants, £ =10, £ = 20, and e = 80, and compared
them to the corresponding X-ray crystal structures of Ag85C-adamantyl ebselen and
Ag85C-azido ebselen (Figure S3). The atomic RMS displacements for heavy atoms between
the optimized models and the corresponding X-ray crystal structures were similar for the
different dielectric values. Therefore, we also analyzed key interaction distances and relative
residue conformations (see Supporting Information methods section for details). For the
Ag85C-adamantyl ebselen model with e = 10, the interaction distances are 3.90 A between
the closest carbons of the phenyl ring of Phe254 and primary phenyl group of adamantyl
ebselen, and 5.00 A between the nitrogen of the amide linkage and the central carbon of the
guanidinium side chain of Arg239, compared to 3.6 and 4.4 A in the crystal structure,
respectively (Figure S3F). In the Ag85C-azido ebselen £ = 10 model, the interaction
distances for the same atoms are 3.85 A for Phe254-inhibitor and 3.78 A for Arg239-
inhibitor compared to 3.6 and 3.7 A in the crystal structure, respectively (Figure S3B). When
the dielectric constant was set to higher values (e = 20 or e = 80), the interaction distances
between Arg239 and adamantyl ebselen increased to 5.33 A (e = 20) and 5.97 A (e = 80),
respectively. For the Ag85C-azido ebselen model, as the dielectric was increased the
interaction distances between Arg239 and azido ebselen became shorter (3.48 A in the £ =
80 model). For the higher dielectric models, the interatomic distances are in worse
agreement with the X-ray structure: therefore, the quantum cluster models with £ =10
(Figure S3) were used in all further interaction energy calculations. A similar comparison
was not possible for Ag85C-ebselen due to the lack of a complete model for the ebselen
molecule, but £ = 10 was used on the basis of the results for the two ebselen derivatives.
Hereafter, we refer to the £ =10 models as condensed phase models.

To quantify the interactions between the ebselen derivatives and the closely interacting side
chains from Ag85C, we extracted pairs of moieties from the optimized cluster models. The
resulting dimers, namely, Phe254-azido ebselen, Arg239-azido ebselen, Phe254-adamanty!|
ebselen, Arg239-adamantyl ebselen, Phe254-ebselen, and Arg239-ebselen were then used to
compute noncovalent interaction energy curves in the condensed phase. In these
calculations, Phe254 was modeled as benzene, and Arg239 was modeled as a guanidinium
cation to reduce computation time. We computed benzene—benzene and ammonium
(cation)—benzene noncovalent interaction energies to validate the DFT-D3BJ method used
in this study. Further details are given in the Supplemental Methods section.
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At the equilibrium geometry (intermonomer distance of 3.90 A), the noncovalent interaction
energy between Phe254 and adamantyl ebselen was computed to be —8.0 kcal/mol in the
condensed phase. The computed interaction energy minimum for the Phe254 and azido
ebselen pair is —10.2 kcal/mol at an intermonomer separation of 3.86 A and —8.9 kcal/mol at
3.55 A for Phe254 and ebselen. The complete interaction energy curves for both derivatives
with Phe254 are given in Figure 5b and e.1® For comparison, the interaction energies
computed here are approximately three to four times more favorable than the benchmark
CCSD(T) value for the parallel displaced benzene—benzene dimer (-2.62 kcal/mol).16
Various substituents on aromatic rings can greatly influence interaction energies.1720 As the
primary phenyl ring of ebselen and both ebselen derivatives contain selenium and a carbonyl
substituent, the more favorable interactions are not surprising and can be attributed to
dispersive and other interactions that are not further characterized here. Thus, both ebselen
derivatives are capable of forming favorable stacking interactions with Phe254, which is
expected to contribute to initial drug recognition and binding.

Of greater intrigue to us are the interaction energetics between the cationic guanidinium side
chain of Arg239 and respective ebselen molecules since the observed noncovalent
interaction differs between the two derivatives. The calculated minimum interaction energy
for Arg239 and adamantyl ebselen is -4.1 kcal/mol for the condensed phase model at 5.04 A.
Conversely, the interaction energy for Arg239 and azido ebselen is -7.0 kcal/mol for the
condensed phase model at 3.78 A, approximately double that computed for the adamantyl
ebselen system. The complete interaction energy curves are given in Figure 5c and f. The
Arg239 interaction with ebselen at an equilibrium distance of 3.76 A is -7.4 kcal/mol. The
comparable values for the ebselen and azido ebselen-Arg239 interactions are consistent with
a constructive split cation— interaction, whereas the higher interaction energetics for the
Arg-adamantyl ebselen support much weaker cation—sp? dispersive interactions. This
interaction increases the distance between the guanidinium moiety and the amide nitrogen
by 1.3 A when compared to ebselen and azido ebselen.20 This increase in distance may be
the cause for the reduced interaction energies calculated for the Arg239-adamantyl ebselen
model. The calculated interaction energies for Arg239-ebselen suggest more favorable
interactions than guanidinium-benzene.2! Again, the more favorable interactions can be
attributed to additional electrostatic, dispersion, and inductive interactions from other
chemical moieties within ebselen but are not characterized here. Considering Arg-benzene
(i.e., cation—r) interactions specifically, our computed values are closer to those of the
parallel Arg-benzene orientation than those for the perpendicular orientation, which are —8.6
and —14.9 kcal/mol, respectively.2122 The parallel interaction orientation has been
previously shown to be favorably formed in solution.23

Comparing both sets of complete interaction energy curves for ebselen and the two
derivatives, we see that each molecule shares similar interaction energies with Phe254
(Figure 6a). However, the interactions with Arg239 and the site of derivatization display
obvious differences (Figure 6a). These observations suggest that interactions between the
inhibitor and Arg239 may facilitate initial noncovalent drug binding to Ag85C and may
partially explain the differences in the observed /n vitro kinetic inhibition properties.
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Reaction Free Energies.

The chemical moieties of the various ebselen derivatives could affect the reactive nature of
the selenium with regard to its ability to covalently modify the sulfur of Cys209. Thus, to
estimate the thermodynamics of each respective reaction we computed relative reaction free
energies (AAG;) for the oxidation of cysteine by the selenium of the respective ebselen
derivative using Cys209-ebselen as a reference according to the reactions shown in Figure
6b. The AAG;, value for the formation of the Cys209-adamantyl ebselen adduct compared to
the Cys209-ebselen adduct is 0.1 kcal/mol. Similarly, the AAG; value for the formation of
the Cys209-azido ebselen compared to the Cys209-ebselen adduct is 0.5 kcal/mol. The
negligible difference in the computed reaction free energies for azido and adamantyl ebselen
compared to ebselen suggests that differences in the reactivity of the selenium in each
inhibitor toward Cys209 are not major contributors to the observed inhibition differences /n
vitrokinetics (Figure 3). Instead, this finding provides additional evidence that the inhibition
of Ag85C is governed by initial noncovalent binding of the ebselen derivatives.

Dynamic Nature of the a9 Helix and the Connecting Loop.

Consistent with the previously published Ag85C-ebselen structure, a relaxation of the a9
helix and restructuring of a connective loop (Gly210—Pro0223) is observed as a result of
covalent modification of Cys209.% However, there is a noticeable difference in the observed
movement of the a9 helix when the azido and adamantyl ebselen structures are
superimposed with the previous Ag85C-ebselen structure (RMSD = 0.220 and 0.201 A2,
respectively, compared with PDB entry 4QDU). The movement of the a9 helix shifts
residue Phe226 by 1.8 and 1.6 A in the azido and adamanty| structures, respectively. Figure
7¢ highlights the movement of the a9 helix between the original Ag85C-ebselen structure
and the two new Ag85C-ebselen derivative structures relative to native Ag85C. Helical
movement from native to modified with respect to the azido ebselen is 9.5 A when measured
from the amide backbone nitrogen of Lys225. In the new structures, helical movement
directly results in a nearly identical conformational change to Trp157, rotating y, by +110°
with respect to the previous Ag85C-ebselen structure. This side chain rotation reorients
Trp157 perpendicular to the a9 helix compared to the previous parallel orientation observed
in 4QDU (Figure 7a and b). An additional consequence of the larger shift in the a9 helix is
the elongation and restructuring of the 14-residue loop connecting the g7 strand to the a9
helix (Gly210—Pro0223). A key difference in the restructuring of this relatively dynamic
loop between the azido and adamantyl structures is the conformational change in Leu217;
this hydrophobic side chain now points toward the active site and the identified trehalose
binding site.242> This orientation of Leu217 is similar to that observed in the Ag85C
structure covalently modified by diethyl phosphonate, in which Leu217 is directed toward
diethyl phosphate (PDB: 1DQY).28 This region, in addition to residues Phe226 and Trp157,
was previously investigated by the Barry group with the potential to establish substrate
specify as a result of sequence differences between the Ag85 homologues.2” Both new
structures further highlight the dynamic nature of this region.
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Destabilizing Ag85C through Covalent Modification of Cys209 by Ebselen and Its

Derivatives.

We have shown that covalent modification of Cys209 by ebselen and its derivatives inhibits
Ag85C enzymatic activity through the displacement of the a9 helix. We were curious to
determine whether or not the resulting movement of a major secondary structural element
had any significant impact on the overall thermal stability of the enzyme. To answer this
question, native and covalently modified Ag85C were subjected to thermal shift assays using
differential scanning fluorimetry (DSF). DSF is becoming a routine approach to investigate
the thermal stability of proteins for the optimization of buffers and ligands for crystallization
experiments as well as for high-throughput screening of drug and fragment libraries.2831
Native Ag85C with no drug present displayed a melt temperature of 55.0 £ 0 °C, whereas
Ag85C modified with ebselen and azido ebselen displayed melt temperatures of 40.7
+0.3°Cand 41.0 = 0 °C, respectively. As expected, Ag85C modified with adamantyl
ebselen resulted in a biphasic melt curve, yielding two melt temperatures of 41.0 £ 0 °C and
54.5 + 0 °C (Figure 7d). The biphasic nature is easily explained from the in vitro studies as
adamantyl ebselen displays approximately half the inhibitory ability (covalently modified
enzyme) of azido ebselen when set at equal concentrations relative to protein concentration.
12 This lack of reactivity therefore yields two melt peaks, one reflecting the modified and the
other the unmodified enzyme.

Upon modification by ebselen and its derivatives, the thermal stability of Ag85C decreases
by 14 °C. The significant loss in thermal stability is not surprising because the covalent
modification of Cys209 results in the movement of a major secondary structure and
connecting loop. Previous studies examining protein stability of thermophiles concluded that
proteins with relatively dynamic secondary structures tend to be less thermal stable.32 As a
result, various hydrogen bonds are disrupted, as highlighted in our previous paper
investigating various covalent modifiers of Cys209.? Additionally, factors associated with
higher protein thermal stability include buried hydrophobic patches, the presence of
numerous salt bridges, and a lack of solvent channels through the protein core structure.
Each of these stabilizing characteristics is lost in Ag85C upon covalent modification by
ebselen and its derivatives (Figure 8).33:34 The decrease in thermal stability lowers the
protein melt temperature to near physiological temperature (37 °C), suggesting that the
modified enzyme will not only be inhibited enzymatically but will begin to denature in the
host environment during active and dormant stages of bacterial growth.3%:36

Another Path for Future Drug Design.

Previous studies have shown the potential benefit of targeting noncatalytic cysteines for drug
development. For example, targeting a noncatalytic cysteine near the active site of kinases
resulted in selectively increasing drug residence times and reduced drug resistance.37:38
These studies further strengthen the rationale for the development of covalent inhibitors
targeting the conserved Cys209 of Mtb Ag85s, such as we have with ebselen and its
derivatives. However, due to the lack of conserved residues on the a9 helix and the overall
lack of specific protein interactions with the solvent-exposed ebselen derivative, which is
inherently reactive toward exposed cysteines, we propose another way to target all Ag85s
covalently but with greater specificity.
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Upon further inspection of the azido and adamantyl structures, we identified a significant
solvent channel spanning from the active site region to the area near the modified Cys209.
This common region begins at the restructured loop (Gly210-Pro223) and encompasses the
substrate-binding site, nucleophilic Ser124, and follows the a9 helix to the modified
Cys209. Cys209 is approximately 14 A from the Ser124 nucleophile; however, the channel
adopts a slight bend to accommaodate a connective loop (Leul47-Trp157). In each new
structure, two water molecules occupy this channel formed by residues Ser148, Gly149,
Phel50, Thr231, Asn235, the catalytic His260, and the backbone carbonyl of Gly210
(Figure 8a and c). The channel of interest is approximately 8 A across at its widest, tapering
down to 2 A near Cys209. Various linkers could potentially be used to form favorable
interactions with the residues that line this channel, allowing us to target both the active site
and Cys209. Differing between the two structures is the flipped-down side chain of Leu217
present in the adamantyl structure, which greatly reduces the volume of this region. This
pocket is further detailed in Figure 8b and d. As stated previously, this region of the active
site extends to the trehalose binding site and can be exploited in future drug design efforts
aimed at improving drug specificity. This follows our previous work where the trehalose
binding site was successfully targeted with an arabinose moiety to increase the specificity
and inhibitory activity of thiophene compounds targeting Ag85s.3° Therefore, our
knowledge of carbohydrate site targeting and the dynamic region detailed in these novel
Ag85C-inhibitor structures illustrates an intriguing area for future drug development efforts
targeting Mtb Ag85s.

METHODS

Molecular Cloning.

Cloning of Mtb Ag85C was carried out as previously described.? Briefly, the amplified f5pC
gene encoding Ag85C was inserted into a pET-29 plasmid (EMD Biosciences) using Ndel
and Xhol (New England Biolabs) restriction sites, producing a noncleavable C-terminal,
poly histidine tagged, recombinant Ag85C protein.

Overexpression and Purification.

Expression and purification of Mth Ag85C were carried out as previously published.3 In
short, T7 Express Escherichia col cells (New England Biolabs) were transformed with the
Ag85C pET-29 construct. Cell cultures were grown to a density of 0.6 O.D.ggg nm at 37 °C
in Luria-Bertani broth (Research Products International). Protein expression was induced
through the addition of 1 mM isopropyl 5-D-1-thiogalactopyranoside. Induced cultures were
allowed to incubate for 24 to 36 h at 16 °C. Induced cell cultures were harvested by
centrifugation at 4,000 rpm (3,724g). The cell pellet was resuspended in lysis buffer (20 mM
Tris pH 8.0 buffer containing 5 mM B-mercaptoethanol). Resuspended cells were lysed via
incubation with lysozyme (Hampton Research) and DNase | (Roche Applied Sciences) on
ice for a half hour, followed by sonication (Sonicator 3000, Misonix). The lysate was
clarified by centrifugation at 12,000 rpm (18,514g) for 40 min. Clarified lysate was loaded
onto a 5 mL HiTrap Talon Crude cobalt column (GE Healthcare) equilibrated with lysis
buffer. Following washing, protein was eluted from the column via a 0 to 150 mM imidazole
gradient of 15 column volumes. Eluted fractions were directly loaded onto a 5 mL HiTrap
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FF Q (GE Healthcare) anion exchange column equilibrated with a 20 mM Tris pH 8.0 buffer
containing 1 mM EDTA and 0.3 mM TCEP. Following washing, protein was eluted with a 0
to 1 M NaCl gradient of 15 column volumes. Pooled elution fractions were subjected to
ammonium sulfate precipitation (2.6 M), pelleted at 12,000 rpm (18,514g) for 50 min, and
the pellet resuspended in either a 10 mM Tris pH 7.5 buffer containing 2 mM EDTA for
crystallization experiments or a 50 mM sodium phosphate buffer at pH 7.5 for inhibition
assays. Purified protein was dialyzed overnight at 4 °C against the same buffer to remove
residual ammonium sulfate. Purified Ag85C was concentrated for crystallographic and
inhibitory studies using a 3K Amicon Ultra centrifugal concentrator (Millipore).

Kinact/K| Determination.

Ag85C activity in the presence of ebselen and its derivatives was assessed using a previously
established fluorometric assay that monitors the acyl transfer rate of butyrate from resorufin
butyrate (RfB) to trehalose, producing a resorufin fluorescent signal.® Briefly, each reaction
comprised 500 nM of Ag85C, 4 mM trehalose, and was initiated by addition of 100 zM RfB
(10 mM DMSO stock). For inhibition studies, Ag85C in the presence of trehalose was
quickly titrated with ebselen or the corresponding ebselen derivative (10 mM DMSO stocks,
the inhibitor was serial diluted for the desired concentrations) and an equivalent v/iv %
DMSO for the uninhibited reaction immediately prior to RfB addition and the subsequent
fluorometric measurement. Reactions were performed in triplicate at 37 °C in a 50 mM
sodium phosphate buffer at pH 7.5 (triplicate data in Figure(S1) Kinetic data were acquired
every 30 s on a Synergy H4 plate reader (Biotek), using Aqy = 500 nm with Ag, monitored
at 590 nm. After subtracting the rate of background fluorescence production and converting
from relative fluorescent units to product concentration (resorufin standard curve given in
Figure(S2) kops Was calculated by fitting the triplicate kinetic data in Prism 7 with a one-
phase association equation, Y = Yj+ (plateau -Y)(1-exp(-kx)). This is equivalent to the

1

commonly used [product] = T
obs

[1-exp(-k  «-t) Vi where Y =[product], (Y + (plateau - Y) =

\'2
k—l, K = kops, and x = t or time.13 To obtain the best fit, time points 0 to 5 min were used for
obs

3and 2 ¢M ebselen, while 0 to 10 min were used for 1.5, and 1 M ebselen reactions. All
data for azido ebselen were fitted using 0 to 5 min, while 0 to 40 min were used for
adamantyl ebselen. Ajnac/ K was determined by plotting Ayps Vs inhibitor concentration and
fitting the data to a line through the origin.

Crystallization and Data Collection.

Crystals for the Ag85C azido ebselen complex were achieved through cocrystallization
using the hanging drop vapor diffusion method. Purified Ag85C at 4.2 mg/mL with azido
ebselen (10 mM DMSO stock) added in a 1:1.1 molar ratio, respectively, and was allowed to
incubate on ice for 15 min prior to drop set up. The Ag85C-azido ebselen complex
crystallized in 1:1 ratio of protein to well solution after a week of incubation at 16 °C. The
well solution was composed of 0.1 M ammonium acetate, 0.05 M HEPES pH 7.5, and
12.5% wi/v polyethylene glycol 3,350. Crystals were cryoprotected through the addition of
0.25 gL of glycerol to the drop immediately prior to looping and flash cooling in liquid
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nitrogen. X-ray diffraction data were collected at the Advanced Photon Source (APS) at
Argonne National Laboratory, on LS-CAT beamline F.

Crystals for the Ag85C adamanty| ebselen complex were also obtained via cocrystallization
using the hanging drop vapor diffusion method. Adamantyl ebselen (40 mM DMSO stock)
was added to purified Ag85C at 4.0 mg/mL in a 1:1.1 protein to inhibitor molar ratio and
allowed to incubate on ice for 15 min prior to drop setup. Crystals formed in a 1:1 ratio of
protein to well solution, comprising 0.1 Bis-Tris at pH 5.5, and 25% w/v polyethylene glycol
3,350 after 4 days of incubation at 16 °C. Crystals were cryoprotected through the addition
of 0.25 z1 of glycerol to the drops immediately prior to looping and flash cooling in liquid
nitrogen. X-ray diffraction data were collected at the APS LS-CAT beamline G.

Structure Determination and Refinement.

Both data sets were indexed, integrated, and scaled using HKL2000.40 The X-ray crystal
structures of Mitb Ag85C covalently modified at residue Cys209 by azido ebselen and
adamantyl ebselen were solved at 2.01 and 1.3 A resolution, respectively. The Ag85C-azido
ebselen crystals had a C2221 space group with the phase solution coming from molecular
replacement using Phaser MR with the previous Ag85C ebselen structure with both ebselen
and the ebselen modified Cys209 omitted from the search model (PDB: 4QDU).*1 Two
molecules were determined to be in the asymmetric unit and confirmed by the molecular
replacement solution. The Ag85C-adamantyl ebselen crystals had a P43212 space group, and
the phase solution was also solved by molecular replacement with the same search model as
described above (PDB: 4QDU) and supported one molecule per asymmetric unit. Each
structure was subjected to a rigid body and simulated annealing refinement to remove model
bias followed by rounds of XYZ coordinate, real-space, occupancy, and B-factor refinements
(Phenix Refine) between manual modeling with COOT.#243 Following rounds of model
refinement and manual building, final Ryork/R#ree Values of 0.1623/0.1968 and
0.1660/0.1763 were obtained for the azido and adamantyl structures, respectively. Restraints
for both azido and adamanty! ligands covalently linked to C209 were generated using
eLBOW (electronic Ligand Building and Optimization Workbench).#4 Ligand geometries
were further optimized using REEL 44,

DFT Calculations.

All DFT calculations were performed with the program Gaussian 09, revision E.01.4> The
interaction energies were computed at the SMD/BLYP-D3BJ/Def2-QZVP level of theory
with e = 10. To compute the free energy of the oxidation reaction that occurs with Cys209
and the covalent modifier, the SMD/M06-2X/Def2-TZVP level of theory with e = 10 was
used for both geometry optimization and vibrational frequency calculations. Additional
details are provided in the Supporting Information.

Thermal Shift Assay.

Relative protein stability was determined by differential scanning fluorimetry using a
BioRad CFX96 Real-Time PCR Detection System. Purified Ag85C in the crystallization
buffer was concentrated to 36 4M (1.2 mg/mL) and incubated with 100 /M of either ebselen,
ebselen derivatives, or an equal volume of DMSO (1% v/v) for 15 min. Ebselen and both
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derivative stocks were at 10 mM in DMSO. SYPRO Orange was added to a final
concentration of 2.5X (5,000X DMSO stock, Life Technologies, diluted to 200X stock with
buffer), after 25 g1 of the respective master stock reaction solution was aliquoted into the 96
well PCR plate and sealed (Bio-Rad). The plate was centrifuged at 700 rpm (651g) for 2 min
to remove any air bubbles. The melt curve protocol is as follows: reactions were initially
incubated at 25 °C for 3 min followed by a 0.5 degree increase, being held for 3 s, followed
by a fluorescent read using the FRET setting, until a final temperature of 95 °C was
achieved. Data were analyzed using the Bio-Rad CFX Manager 3.1 software. Triplicate data
sets were averaged in Excel and plotted in Prism 7 to yield the final melt peaks. Triplicate
data in the form of the raw melt curves and resulting melt peaks plotted with PRISM 7 are
shown in Figure S5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Ebselen and its derivatives; the primary phenyl ring (left side of each molecule) is on the
core moiety, while the secondary phenyl ring or adamantyl is amide linked. (a) Ebselen; (b)
p-azido ebselen; (c) p-amino ebselen; (d) adamantyl ebselen.
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Figure 2.
Inhibiting Ag85C through covalent allosteric inhibition. Native Ag85C (green; PDB, 1DQZ)

superimposed with Ag85C covalently modified at Cys209 by ebselen, resulting in a
structural shift in a9 helix that displaces the catalytically relevant Glu228 (gray; PDB,
4QDU).
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Figure 3.

kinact!/ Ki determination: (a—c) progress curves of the enzymatic reactions in the presence of
specific inhibitor at specific concentrations as a function of increasing reaction product
(resorufin, xM) over time (min). The average of the triplicate reads is plotted and fitted with
a one-phase association equation. (d—f) Resulting Ajnact/ K plots for ebselen, adamantyl
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ebselen, and azido ebselen.
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a9 helix

Figure 4.
Calculated Fy—F; omit maps for the modified Cys209 of Ag85C and respective ebselen

derivatives. Both maps are contoured at 3o in blue mesh. Atom color: carbon is beige in
panel a, orange in panel b, nitrogen blue, oxygen red, sulfur yellow, and selenium light
orange. (a) Ag85C covalently modified by azido ebselen and (b) Ag85C covalently modified
by adamantyl ebselen.
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Crystallographic interactions of ebselen derivatives with Ag85C and calculated energetics of
interacting monomers after QM geometry optimization. Atom color assignment is identical
to that of Figure 2. QM optimized geometries are given in Supplemental Figure 1. (a)
Interactions observed in the crystal structure of Ag85C-azido ebselen are similar to those
observed in the Ag85C-adamantyl ebselen structure (d). (b, c, e, and f) Interaction energetic
curves for respective residue derivative interaction.
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a Interaction Calculated Energy

Phe254 - AdaEbs -8.0 kcal/mol
Phe254 - AziEbs -10.2 kcal/mol
Phe254 - Ebs -8.9 kcal/mol
Arg239 - AdaEbs -4.1 kcal/mol
Arg239 - AziEbs -7.0 kcal/mol
Arg239 - Ebs -7.4 kcal/mol

b Relative Reaction Free Energies
RXN1: Cys + AdaEbs — Cys-AdaEbs
RXN2: Cys + AziEbs — Cys-AziEbs
RXN3: Cys + Ebs — Cys-Ebs

AAG, = AG,,,, - AG,,,,= 0.1 kcal/mol
AAG, = AG,,,, - AG,,,,= 0.5 kcal/mol

RXN1

RXN2 RXN3

Figure 6.
Protein—inhibitor interactions and relative reaction free energies for the covalent

modification of cysteine by ebselen and its derivatives. Abbreviations are as follows:
AdaEbs = adamanty! ebselen, AziEbs = azido ebselen, and Ebs = ebselen. (a) Both
inhibitors have similar energetics between Phe254 and the primary benzylic ring. However,
the cation-sp3-hybridized adamantyl van der Waals interaction results in a much weaker
calculated value. (b) Difference in calculated RXN energies between ebselen and the
derivatives suggests that respective derivatives can influence the reactivity of selenium
toward the sulfur of Cys2009.
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Figure 7.
Further observed structural shift of a9 helix away from the active site, restructuring the

connecting loop, and resulting in the loss of thermal stability. (a) Alignment of the Ag85C
ebselen structure (gray; PDB, 4QDU) with the Ag85C azido ebselen structure (beige). (b)
Alignment of the Ag85C ebselen structure (gray; PDB, 4QDU) with the Ag85C adamantyl
ebselen structure (orange). (c) Overlay of a-helix 9 between native enzyme (green; PDB,
1DQZ), ebselen modified enzyme (gray; PDB, 4QDU), azido ebselen modified enzyme
(beige), and adamanty! ebselen modified enzyme. (d) Ag85C modified with ebselen or either
of the derivatives displays a 14 °C thermal shift from native enzyme.
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Figure 8.
Active site region differs in each structure. Atom color assignment is consistent with Figure

3, and water molecules are depicted by red spheres. (a) Residues that line the region of
intrigue present in the azido ebselen structure are shown. The path from the Ser124 to the
modified Cys209 is filled by two water molecules with distances shown. (b) Void volume
depicted through a surface rendering of the cavity pocket found in the azido structure. (c)
The void region observed in the adamantyl structure is lined with similar residues found in
the azide structure, with the addition of Leu217. Again, two water molecules span the
distance from Ser124 and Cys209, with distances nearly identical to a. (d) Void volume
depicted through a surface rendering of the cavity pocket found in the adamantyl structure.
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Table 1.

Crystallographic and Refinement Statistics 2

PDB ID
Data Collection
diffraction source
wavelength (A)
space group

abc)

a, f, y (deg)

mosaicity (deg)
resolution range (A)

no. of unique reflections
completeness (%)
redundancy

{Ha(h)

Rmeas

overall Bfactor from Wilson  24.59

plot (A2)
Refinement
resolution range (A)
completeness (%)
Ruork! Riree (%)
total no. of atoms
protein
solvent
RM.S.Deviations
bonds (A)
angles (deg)
average B factors (A2)
protein
solvent
Ramachandran Plot
most favored (%)

allowed (%)

Ag85C-azido  Ag85C-adamantyl
ebselen ebselen
5KWJ 5KWI

APS LS-CATF APS LS-CAT G

0.97872 0.97857

C222, P432,2

88.474,88.479, 63.405, 63.405,

161.950 160.210

90, 90, 90 90, 90, 90

0.605 0.318

49.51-2.01 40.85-1.30

42348 (3917) 81206 (7968)

99.32(93.13)  99.96 (99.67)

14.9 (15.0) 13.0 (6.9)

20.91 (5.50) 20.00 (2.69)

0.104 (0.563)  0.071 (0.578)

14.90
49.51-2.01 40.85-1.3

99.32(93.13)  99.94 (99.67)

16.23/19.68 16.60/17.63

4781 2533

4452 2237

328 296

0.008 0.006

1.090 1.550

24.59 14.88

25.80 15.80

34.00 25.20

96.81 97.53

3.19 2.47

a - . !
Parentheses indicate the values for the highest resolution shell.
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