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ABSTRACT: Thymidylate synthase is an essential enzyme that catalyzes Thymidylate Synthase (TS) ; Substrate szMP 5

the conversion of deoxyuridine monophosphate (dUMP) to deoxy- Pesigned =Lt and L ' B
thymidine monophosphate (dTMP). Thymidylate synthase from L1 and L2 favored/disfavored by 0 o
Mycobacterium tuberculosis(MtbThyX) recognizes the deprotonated I8 6 (172 o T oo o
substrate dUMP® (ionized at N3, charge = —3) involving the cationic 20 e Fiuman (TS) Uon it
side chain of Argl99, whereas the human analogue (hThyA) selects the 20 == M. tuberculosis (TS)
natural substrate JUMP (charge = —2) by involving the polar side chain 0 o._o
of Asn226 in the binding pocket. Distinctly different protonation statesof .. - F{EN
the substrate and the catalytic pocket architecture make MtbThyX an (keal/mol) L2 L1 o o
attractive drug target for combating Mycobacterium tuberculosis. 20 °"#"f° o
Fluorodeoxyuridylate (FAUMP) is a known inhibitor of thymidylate 30 R
synthase, which is severely limited by poor selectivity (it is more potent AGing®™P - AGpg-2 0111

against hThyA relative to MtbThyX). Using FAUMP as a template, we

designed three drug-like ligands, L1, L2, and L3, by (1) removing the proton from the Watson—Crick edge and (2) substituting the
ketone/hydroxyl group with fluorine and/or a carboxylic moiety. The absence of a proton on the N3 atom of the ligand is intended
to ensure selectivity by favoring MtbThyX binding (skipping the N3 ionization requirement) but penalizing hThyA binding
(disrupting the interaction with Asn226). Ionization of the carboxyl group in the ligands was expected to increase the affinity in the
cationic binding pocket of MtbThyX. Alchemical simulations confirmed that the designed ligands are strongly favored and disfavored
relative to the substrate ({UMP) by MtbThyX and hThyA, respectively. In contrast to hThyA, the catalytic pocket of MtbThyX
proved to be relatively dry and stabilized the relatively compact conformation of the ligand (which had a noticeable effect on sugar
puckering). Favorable protein—ligand electrostatic interactions in the dry MtbThyX pocket strongly favored ligand binding. In
contrast, the interaction between the Watson—Crick edge of the ligands and hThyA was compromised, resulting in water exposure.
Ligand L2 is particularly advantageous for its highest affinity for MtbThyX and weak affinity for hThyA. The L2:MtbThyX complex
is stabilized by a new salt-bridge interaction (COO™ of L2---Argl07 of protein) and a bridging water molecule (between COO™ of
L2 and E92 of protein) in the binding pocket. Moreover, our estimated pK, of +4.5 units of N3 (dUMP) in the MtbThyX catalytic
pocket indicated the strong acidic nature of the uracil, corroborating previous experimental and computational claims. These findings
provide insights into the protein—ligand binding affinity in atomic detail and a rational approach for inhibitor design against
MtbThyX.

Bl INTRODUCTION catalytic pocket, dUMP¥ is stabilized by forming stacking

Thymidylate synthase” is a key enzyme that catalyzes the interactions with the flavin group of FAD." Stacking of
conversion of deoxyuridine monophosphate (dUMP) to FAUMP and FAD is evident in the X-ray structure of the
deoxythymidine monophosphate (dTMP) (Figure la). As MtbThyX complex (Figure 1b). On the other hand, dUMP

dTMP is a precursor of DNA, inhibition of thymidylate forms a stacking interaction with methylenetetrahydrofolate
synthase causes “thymine-less” death.”” Thymidylate synthase (mTHF) in hThyA.” In the X-ray structure of the dUMP:-
of M. tuberculosis (MtbThyX; homotetrameric protein) is hThyA complex (Figure 1b), antifolate nolatrexed occupied

structurally’™” and mechanistically”®’ unrelated to its human
analogue (hThyA, homodimeric protein) (Figure 1b). More-
over, MtbThyX binds to the deprotonated/enolate form of the
substrate (dUMP(d); ionized at N3), contrary to dUMP Rec?ived: November 19, 2024
binding to hThyA.'*~"* Methylenetetrahydrofolate (mTHEF) is Revised:  March 3, 2025

a cofactor that acts as a methyl group donor to dUMP. Accepted: Mar.ch 6, 2025
MtbThyX requires a flavin adenine dinucleotide (FAD) Published: April 4, 2025
molecule (sandwiched between dUMPY and mTHF) for

catalysis, which is not required for hThyA. In the ThyX

the position of mTHF. Two types of thymidylate synthase
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Figure 1. (a) Conversion of dUMP to dTMP is catalyzed by
thymidylate synthase. Atom numbers in the uracil ring are explicitly
mentioned. (b) Crystal structure of thymidylate synthase from
Mycobacterium tuberculosis(homotetramer, MtbThyX in complex with
FAUMP and FAD) and humans (homodimer, hThyA in complex with
dUMP and antifolate nolatrexed). Monomeric units are in cartoon
representation and highlighted by different colors. Cofactors FAD/
nolatrexed form sz—7x stacking interaction with FdUMP/dUMP.
Zoomed-in view of the catalytic pocket around FAUMP/dUMP. Key
residues (in sticks), network of interaction (shown in black broken
lines), and crystal water molecule (CW1 in red sphere), and ligand
(F-dUMP, yellow). FAD/nolatrexed is not shown for clarity in the
zoomed in view. Watson—Crick edge of FAUMP is highlighted by red
surface.

(ThyX, ThyA) are present in M. tuberculosis. However,
experiments confirmed that pathogenic growth relies only on
ThyX.'*'® Needless to say, ThyX, being essential for
pathogenic growth and distantly different from its human
analogue, is a well-established pharmacological target. Consid-
erable effort is ongoing to develop substrate- and nonsubstrate-
based inhibitors against ThyX.'"”'°"** Fluorine-substituted
(FAUMP or fluoro-deoxyuridine monophosphate, Figure 2)
is a known substrate-based inhibitor of thymidylate synthase.”'
Anticancer drug S-fluorouracil (SFU) is converted to FAUMP
in the cell but inhibits both ThyX and ThyA.*”** Thus, the
poor selectivity of FAUMP disqualified its clinical application.
On the other hand, naphthoquinones (another class of
nonsubstrate-based co })ounds) displayed selectivity but are
limited by cytotox1c1ty

Structural,” biochemica and theoretical studies
highlighted distinctly different mechanisms of MtbThyX and
hThyA activity. The substrate dUMP is stabilized in the
catalytic pocket of hThyA, contrary to dUMP' in the case of
ThyX (Figure 2). Residue E92 is believed to be neutral, and a
crystal water molecule (CW1) was shown to be critical for the

I 10,12 11,12

Figure 2. Structure of the known inhibitor FAUMP and its ionized
form FAUMP. The ionizable proton connected to the N3 atom of
FAUMP is highlighted in red. The structure and overall charge of the
designed ligands (L1, L2, and L3; does not contain a proton in the N3
atom of the base). Only L2 and L3 contain the carboxylic group.

stability of the MtbThyX: dUMP¥ complex.”' "> The X-ray
structures (PDB 5X67 and PDB 3GWC for human and M.
tuberculosis respectively,”® Figure 1b) are sufficiently good
models (resolution ~2 A) for computational analysis and
uncover the energetics of small molecule binding to the
proteins. First, we calculated the pK, of the N3 atom of JUMP
in the MtbThyX binding pocket. The result indicated that the
pK, of N3 of uracil is negative in the MtbThyX binding pocket,
attributed to the favorable electrostatic interactions between
cationic side chains (Argl99 and Argl07) and the Watson—
Crick ed§e of the uracil ring, corroborating with the previous
reports. 12 Next, we exploited the difference in the FdAUMP
(known inhibitor): protein (MtbThyX and hThyA) interaction
network and rationalized the design of promising drug-like
ligands (Figures 2 and 3) against MtbThyX. The ligand design
was guided by comparing experimentally resolved structures,
spectroscopic data, biochemical assays, and computational
analysis. We report three ligands (L1, L2, and L3) by
substituting fluorine and carboxylic groups in FAUMP that
do not contain a proton in the Watson—Crick edge of uracil.
Alchemical free energy simulations were performed to decipher
the energetics of ligand selectivity in MtbThyX and hThyA
(Figure 4). L2 was identified as the most promising selective
inhibitor scaffold for MtbThyX, and the mode of interactions
of L2 in the binding pocket is found to be more or less
identical to that in the case of dUMPY. We showed that
besides the known structural differences, the MtbThyX differed
distinctly from hThyA in terms of (1) solvent accessibility and
(2) the influence of sugar puckering on the substrate/ligand. A
relatively dry MtbThyX catalytic pocket stabilized the compact
substrate/ligand conformation (boosting C3’-endo), contrary
to the relatively wet hThyA that preferred a relatively extended
substrate/ligand conformation. The link between energetics
(Figure 4) and the atomic interaction network (Figures S and
6) provided a deeper understanding of small-molecule
selectivity, which may facilitate the rational design of new
selective antibiotics against the MtbThyX enzyme.
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Figure 3. Assessment of drug-likeness. The area shaded in pink
represents the optimal range of properties for drug-like molecules
(lipophilicity: —0.7 to +5.0, size (molecular weight): 150 to S00 g/
mol, polarity (topological polar surface area): 20 to 130 A?, solubility:
<6, saturation (sp®> carbon): >0.25, and flexibility: <9 rotatable
bonds. All the molecules pass Lipinski’s rule of five. The polarity of
the ligands is above the desired range. Synthetic accessibility score
ranges between 1 (easily synthesizable) and 10 (challenging to
synthesize if score >6).

B MATERIALS AND METHODS

Molecular Dynamics Setup for Conventional Simu-
lation Study. Structure of thymidylate synthase of human
(hThyA in complex with dUMP and nolatrexed, PDB 5X67,
resolution of 2.13 A)° and Mycobacterium tuberculosis-
(MtbThyX; in complex with FdUMP and FAD, PDB
3GWC, resolution of 1.9 A)® was taken from the Protein
Data Bank. The protein was kept at the center, and an
equilibrated cubic water box was overlaid so that the minimum
distance of the protein to the box edges was 1.2 nm. The water
molecules that overlapped with the protein were removed. The
water molecules (267 and 422 for hThyA and MtbThyX,
respectively) resolved in the crystal structures were considered
in our MD model. Our model for MD simulations included the
full protein (dimeric and tetrameric hThyA and MtbThyX,
respectively) in a box of water (Tables S1 and S2).
Counterions (Na*) were added to ensure charge neutrality
of our simulation box. To ensure convergence, we considered
various models (Tables S1 and S2) by varying the box size
(solvation), protonation state of titratable residues, mono-
valent salt concentration (NaCl = 0 or 150 mM), etc. Periodic
boundary conditions were employed during MD simulations.
The particle mesh Ewald*® method was used to calculate the
long-range electrostatic interactions with a short-range cutoff
of 1.2 nm. The van der Waals interactions were truncated at a
cutoft distance of 1.2 nm. The system was energy minimized
(step size ~0.01 nm, steps ~50000) by employing the steepest

20
10 4 |——|
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Figure 4. (a) Thermodynamic cycle for estimating the difference in
binding affinity of dUMP and L1 to the catalytic pocket of hThyA.
The vertical arms correspond to the ligand binding to hThyA. The
free energy along the horizontal arms was calculated that corresponds
to the alchemical transformation of dUMP to L1 in complex with
hThyA (upper arm) and free (lower arm) in water. The binding
affinity difference (AAG) is calculated as
AAG = AG™™ — AG™ = AGEL, — AGIA™. (b) The difference
in binding free energy (AAG) in the MtbThyX (dark gray bar) and
hThyA (light gray bar) is plotted for all the ligands relative to dUMP.
Error in s.e.m.

descent algorithm. The energy-minimized simulation box was
subjected to a two-phase equilibration (first phase: 500 ps in
NVT ensemble; second phase: next 10 ns in NPT ensemble).
After equilibration, the simulation was extended for production
dynamics in the NPT ensemble for a minimum of 100 to a
maximum of 400 ns. The production dynamics were used for
data collection. The temperature and pressure of the system
were maintained at 310 K and 1 bar, respectively. The
temperature was controlled by using velocity rescaling*® for the
nonhydrogen atoms, with a coupling coefficient of 0.1 ps;
pressure was controlled by a Parrinello—Rahman barostat®’**
with a time constant of S ps. Hydrogen atoms connected to
heavy atoms were restrained using the LINCS algorithm,* and
a 2 fs time step was used for MD. The CHARMM36m force
field®>*" was used to model the biomolecular interactions.

The same force field was used in our previous work,'" and
the calculated AAG (FdUMP versus dUMP in hThyA/
MtbThyX) was shown to be in excellent agreement with
experimental results, thus justifying the reliability of the
adopted force field. The CHARMM-modified TIP3P model*
was used to describe the water molecules. CGenFF** was used
to model the deprotonated substrate and the designed ligands.
Designed ligands are either replaced in place of dUMP/
FdUMP (in X-ray structures of hThyA/MtbThyX) or
alchemically generated in the catalytic pocket during the
course of the simulation. The same MD protocol was
employed to study the dynamics of the free substrate/ligand
in a water box. GROMACS software®* was used to run
simulations. CGenFF* was utilized to define the ligands and
to generate input files for GROMACS.** Hybrid structure and
topology files were created using the pmx command-line
interface.
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Figure 5. Zoomed-in view of the ligand binding pocket of MtbThyX
(left) and hThyA (right). The ligands L1 and L2 are explicitly
mentioned. Key residues are depicted as sticks, while the black broken
line indicates the interaction network. Key distances are highlighted in
yellow, and water molecules are represented by red spheres.

Protonation State of Key Residues in MtbThyX
Model. Protonation states of the titratable amino acid side
chains (Glu, Asp, His, Lys, Arg) were assigned by combining
various methods, including visual inspection of the local
environment in the X-ray structures, pK, calculations, and
previous studies.'”'> PROPKA*>*° predicted the pK, value of
+10.2 for the E92 side chain of MtbThyX. Thus, we considered
neutral E92 in the MtbThyX complex, which is consistent with
the short distance of 2.6 A between the E92 side chain and the

phosphate of SF-dUMP observed in the X-ray structure,’
NMR experiments,'’ and computational analysis." "> The side
chain pK, = 4.3 (at neutral pH = 7.0) of the free glutamic acid
in water is lower than the pK, = 7.2 of the phosphate of
UMP.” The situation changes significantly in the complex
because: (1) the phosphate group of F-dUMP interacts with
the side chains of two arginine residues (R87, R172), forming
salt bridges that stabilize the deprotonated form of the
phosphate. This interaction lowers the pK, of the phosphate
moiety. (2) The proximity of approximately 2.6 A between the
phosphate group of F-dUMP and the side chain of E92
increases the pK, of E92. In a previous study,'" we conducted
simulations using two models: model 1 (which features a
neutral Glu92 and a charged phosphate) and model 2 (which
includes a neutral phosphate and a charged Glu92). Our
findings indicated that model 1 more accurately reproduced
the X-ray structure. In contrast, simulations using model 2
changed the orientation of the phosphate group and disrupted
key salt bridge interactions with R172. Thus, we concluded
that the neutral form of E92 is the most suitable representation
in the MtbThyX pocket as it maintains the integrity of the
ligand binding pocket observed in the experimentally resolved
structure during the molecular dynamics (MD) simulations. In
the case of L3 in MtbThyX, two protonation states of E92
were modeled (protonated: GLH and deprotonated: GLU) for
simulations, and the individual AG“™ values are reported in
Supporting Information (Table S2). Direct salt-bridge
interactions between the phosphate of FdUMP and two
arginine residues (R87 and R172) in the MtbThyX
significantly lower the pK,, which could be attributed to the
preferential ionization of phosphate. Simulations with different
protonation states of the histidine (charged or neutral), i.e.,
His261 of hThyA (PROPKA: pK, = +7.6) and His194 of
MtbThyX (PROPKA: pK, = 7.49) confirmed that the results
are independent of the histidine protonation state (Table S2).

Alchemical Simulations for Relative Binding Free
Energy Estimation. Binding free energy differences (AAG)
of the substrate and ligand binding to the thymidylate synthase
were estimated from alchemical simulations by employing an
appropriate thermodynamic cycle (Figures 4a and S1). Final
structures of the complex (viz., dUMP:hThyA,
dUMPY:MtbThyX) from the standard MD production run
were subjected to alchemical simulations. In the alchemical
simulation (horizontal arm of Figure 4a), the substrate
(dUMP) was slowly transformed to L1 by altering the force

a. Q103 R95

—;l\ MitbThyX

Y258

Figure 6. Zoomed-in view. (a) L3 in the MtbThyX binding pocket. Disruption of FAD:L3 stacking interaction is highlighted in the broken box.
Transparent gray sticks (X-ray structure, part of FAUMP, FAD, and R9S side chain is shown for clarity). (b) L3 in hThyA binding pocket. Key
residues are represented as sticks, and the black broken lines indicate the key interaction network, which is also highlighted in yellow. Water

molecules are depicted as red spheres.
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field parameters (alchemical transformation). The alchemical
free energy change (AG®™ and AG™*) was estimated by the
Bennett acceptance ratio (BAR) method.”® The difference
between AG™™ and AG™® estimated the binding free energy
difference (AAG). A hybrid structure of substrate/ligand and
the topology file was generated using the PMX package.”* A
coupling coordinate “A” gradually modifies the force field
parameters of the hybrid substrate/ligand (simultaneously
alters the electrostatic, van der Waals, and bonded terms).
Thus, a slow variation of 4 from 0 to 1 can transform the
dUMP to L1. Note a value of 1 other than 0 or 1 represents an
unphysical state (mixture of JUMP and L1) and accounts for
the term alchemical transformation. A alters the energy
function (E) and modifies the Hamiltonian (E = AE(L1) +
(1 — 4) E(dUMP)) and connects the two physically realizable
end states as A varies from 0 — 1. Fifty-one equally spaced 4
values and a soft-core potential were used for smooth
alchemical transformation (4: 0 — 1). The free energy
difference (AG;) between two neighboring 4 windows (say, 4
= “"” and “j”) was estimated by the BAR method.”® The total
alchemical free energy difference (AG™™) between the end
states (4 = 0 and 4 = 1) is simply the sum of AG/’s. The same
methodology was adopted to calculate the alchemical trans-
formation in the absence of protein (AG™®). The statistical
error associated with AG®™ or AG™® was computed by the
BAR estimator implemented in GROMACS.”* The relative
free energy (AAG) is calculated as AAG = AG®™ — AGHee,
The above methodology and use of an appropriate
thermodynamic cycle estimated the binding free energy
difference between any two ligands and the protein of interest.

dUMP versus dUMP'Y Preference in the MtbThyX
and pK, Estimation. The deprotonated substrate, i.e.,
dUMPY is believed to be stabilized in the MtbThyX catalytic
pocket, which is supported by (1) the short distance of 2.8 A
between N3 of dUMP and Argl99 observed in the X-ray
structure,6 (2) NMR experiments,12 and (3) simulations."”
Experimentally determined pK, of the N3 atom of dUMP (free
in water) has been reported to be +9.3 units.”

Thus, at neutral pH, the dUMP is relatively more stable (by
~+13 kcal/mol) than its N3-deprotonated form dUMP? in
aqueous solution. Needless to say, the dUMP/dUMP)
equilibrium in aqueous solution will strongly favor the
dUMP population. The effect of the MtbThyX on the
dUMP/dUMPY  equilibrium was examined by alchemical
free energy calculations, in which the dUMP@ was alchemi-
cally transformed into the dUMP. These calculations were
repeated in the presence and absence of MtbThyX, which
allows the relative binding free energies of dUMP and
dUMPY to be evaluated from a standard thermodynamic
cycle. The free energy change for dump? — dumP
transformation in the presence (AG;*™) and absence (

AGI&ee) of MtbThyX is reported in Table 1. A harmonically
restrained Na* counterion (force constant = 2 kcal mol™ A72)
was also transformed into a dummy atom to maintain the
charge neutrality of the simulation box. Calculations were
repeated by varying the spring constant and location of the
counterion (1S or 25 A away from the N3 atom of the
mutating ligand). Estimated AAG; ~ +25 kcal/mol indicated
that MtbThyX strongly prefers dUMPY relative to dUMP
(Table 1). As anticipated, the deprotonated uracil duMP@ js
strongly favored in MtbThyX. It is worth mentioning that the
calculated strong preference of +25 kcal/mol by MtbThyX in

Table 1. Alchemical Free Energy Change (kcal/mol) in the
MtbThyX Binding Pocket (AG,“*™) and Free in Water
(AG,f®), Errors are s.e.m”

Alchemical transformation: dUMPY (N3~) — dUMP (N3—H)

free
MAﬂ’GTICEZﬁ()( Water )(AG‘ AAG, = AGP™ — AGF™
Trial I 2147 £ 013 1887 + 0.05 26.0 + 0.14
Trial 2 2154 + 0.36 188.5 + 0.04 269 + 0.36
Trial 3 213.5 + 0.37 188.7 £ 0.09 24.7 + 0.38
Trial 4 210.7 + 0.25 188.7 + 0.03 22.0 £ 0.2
AAG, (Average) 24.9 + 1.03

“The uncertainty in AAG, is estimated by propagation of individual

uncertainties of AG;*™ and AGlﬁee. Trials 1-4 indicated
independent simulations differing in starting velocity and solvation.

favor of dUMP'? relative to dUMP could sisgniﬁcantly shift the
overall equilibrium in favor of the dUMP?,

The relative binding free energy in the vacuum was
estimated by performing MM/PBSA calculations on the end-
point trajectories of the protein: ligand complexes (embedded
in a dielectric = 1). The difference in the calculated binding
affinities estimated the relative binding free energy in a

vacuum; AA G = AGyIUMP AG;ﬁdeMP(d). The esti-

mated AA leac = 18.5 + 2.0 kcal/mol (estimated from eight
end-point trajectories of four independent trials) was
subtracted from the average AAG, value (Table 1) to remove
force field uncertainties. A similar approach of subtracting the
vacuum-free energy difference has been shown to improve the
relative binding free energy estimate.'” The shift of the pK, of
dUMP in response to the change in the local environment
(from the solvent to the binding pocket of MtbThyX) obeys
the following equation:

pK "™ — pK %' = ~AAG/2.303RT

where AA G = AA G, — AA G, R, and T are free energy
difference (+6.4 kcal/mol), gas constant (1.987 cal mol™
K™'), and temperature (310 K), respectively. Using the

experimental pKaSOI ~ +9.3 of N3 of dUMP in water,” the

pK, of dUMP in MtbThyX is estimated to be 4.5 units,
indicating the strong acidic nature of uracil in the MtbThyX
pocket, in agreement with previous NMR experiments,'* X-ray
structure,’ and computational analysis." ">

Thus, the severe shift of N3 pK, is attributed to the
proximity of R199 and dUMP? (as observed in the FAUMP-
bound X-ray structure, depicted in Figure 1b).

Thermodynamic Cycles for Free Energy Calculations.
We have considered a total of five ligands shown in Figure 2
(substrate in two different forms: dUMP and dUMP'Y and
three designed ligands: L1, L2, and L3). Out of these ligands,
dUMP and L1 have an overall charge of —2, whereas dumMp¥ :
L2, and L3 have an overall charge of —3. For hThyA, we
calculated the alchemical free energy change for dUMP — L1
or L2 or L3 transformation in the presence (AG®™) or
absence of the protein (AG™®) and reported the binding free
energy difference (AAG) (Figure 4a). Note, dUMP (charge
—2) — L2 or L3 (charge —3) transformation in hThyA also
includes a transformation of a chloride ion into a dummy to
ensure charge neutrality throughout the alchemical simu-
lations. In the case of MtbThyX, we adopted two different
approaches for AAG calculation. In approach 1, we performed
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dUMPY — 12 or L3 transformation and added the averaged
alchemical free energy change for dUMPY — dUMP (Table
1) for comparing the substrate ({UMP) versus L2/L3 binding
to MtbThyX (Figure S1). In approach 2, we started with the
MtbThyX:L1 complex and calculated the alchemical free
energy associated with the transformation of L1 — dUMP
(Figure S1).

Sampling and Convergence of Free Energies. Stand-
ard molecular dynamics simulations for every system were
repeated a minimum of three times and a maximum of six
times by varying the initial velocities, solvation size, and salt
concentrations (in the presence of 150 mM or the absence of
NaCl). Sampling of a minimum of 100 ns to a maximum of
400 ns production dynamics was considered for structural
analysis (MtbThyX:dUMP? = 400 ns, MtbThyX:L1= 200 ns,
MtbThyX:L2 = 190 ns, MtbThyX:L3= 140 ns, hThyA:dUMP
= 270 ns, hThyA:L1 = 300 ns, hThyA:L2 = 400 ns, and
hThyA:L3= 150 ns). After standard production dynamics was
established, alchemical simulations were performed. The
alchemical transformation includes additional simulations of
S1 equally spaced A windows. For alchemical simulations, we
adopted two different sampling strategies (3 or 10 ns per A
window). Thus, a single alchemical calculation includes a total
of either 153 or 510 ns of MD. A total of ~3.25 us of
conventional MD simulation followed by ~17 ps of alchemical
simulations (total ~20.25 wus sampling) ensured good
convergence and reasonable statistical error (less than 1.5
kcal/mol; Tables S1 and S2). Data from various independent

trajectories (AG™, AG/™) are averaged and reported as
AAG (Table S3). The standard error of the mean (sem) was
reported as an error associated with alchemical free energies
(AG™ and AG). The individual errors were propagated
and assigned as error for AAG. The positive/negative sign of
AA G = AGP ™ — AG™ indicates the preference, whereas
the magnitude indicates the strength of preference. For
example, for A — B alchemical transformation, a positive/
negative value of AAG indicates that “A” binding to the
protein is favored/disfavored relative to “B”, while the
magnitude of AAG indicates the strength of the preference.
Good overlap of the probability distribution function between
two neighboring A-windows ensured reversibility and efficiency
of the calculated free energies (Figures S2—S4).

B RESULTS

Structural and Mechanistic View of the Catalytic
Pocket of the Enzyme. The objective of this work is to
design promising selective inhibitor(s) against thymidylate
synthase of Mycobacterium tuberculosis(MtbThyX) using a
known nonselective inhibitor FAUMP (Figure 2) as a template.
The knowledge of the catalytic pocket and the mechanism is
relevant for the rational design of promising inhibitors. X-ray
structures”° suggested two distinct structural features of the
substrate binding pocket (hThyA and MtbThyX) to be
particularly relevant for designing selective inhibitors in the
thymidylate synthase (Figure 1b). First, the interaction
network between the Watson—Crick edge of the pyrimidine
base and the protein is distinctly different in the host (hThyA)
and pathogenic (MtbThyX) enzyme. MtbThyX involves
cationic side chains (R199, R107) contrary to the polar
residues (side chain and main chain of N226 and D218,
respectively) in hThyA for interacting with the uracil base of
the substrate (Figure 1b). The proximity of R199 and pyridine

base in the X-ray structure'’ and our pK, calculations (see
Materials and Methods) showed that the pyridine base is
deprotonated (dUMP'Y; deprotonation at N3) in MtbThyX
contrary to its keto form (dUMP) in hThyA, corroborating
previous experimental10 and theoretical studies.'"”'? Second,
the ribose —OH of the nucleotide is placed in a positively
charged pocket in MtbThyX (involving R95 and Q103 side
chains), contrary to a polar pocket in hThyA (involving H256
and Y258). We have noticed that the model of neutral histidine
(H256: proton either in epsilon or delta position) strongly
affects the stability of OH(Y258)--O3'(dUMP) hydrogen
bond. The OH(Y258)--O3'(dUMP) hydrogen bond is
preserved for the system containing H256-5 (proton at delta
position). We have estimated the free energies for both models
and found that the relative binding affinity (AAG, dUMP vs
L1) was almost identical (AAG™** = 9.23 + 0.14, AAGH*? =
892 + 0.8 kcal/mol). In summary, the dUMP@ is the
substrate for MtbThyX, where the nucleoside forms direct
interaction primarily with the cationic side chains (R107,
R199, and R9S; Figure 1b). On the other hand, hThyA binds
to dUMP, where the nucleoside establishes interaction only
with the polar functional groups (Figure 1b), which demands
the presence of —NH in the uracil for the stability of the
hThyA:dUMP complex. Thus, it can be argued that the known
inhibitor (FAUMP) can bind to both MtbThyX and hThyA in
its deprotonated FAUMP@ (enolate, deprotonated form at
N3) and FAUMP (keto) forms, respectively, thus nonselective
in nature. Previously, we showed that both hThyA and
MtbThyX favor inhibitor (FAUMP) binding relative to the
substrate (dUMP) primarily due to the favorable electrostatic
interactions.'' Interestingly, FAUMP was found to be a more
potent inhibitor of hThyA (K, 2 nM) relative to MtbThyX (K,
100 nM),” thus disqualified for clinical application against M.
tuberculosis. FAUMP can covalently bind to human thymidylate
synthase and its cofactor,*”*" which may also contribute to the
higher affinity for hThyA. A conserved water molecule (CW1
of Figure 1b) was reported in the X-ray structure of MtbThyX,
which has been shown to be stable in the MD trajectories and
key for the binding pocket integrity.'' Moreover, simulations
suggested that CW1 can bridge between the inhibitor (04 of
FdUMP) and the neutral E92 residue of MtbThyX.
Rationale of Inhibitor Design, Drug-Likeliness, and
Structural Stability. We redesigned the nonselective FAUMP
inhibitor (Figure 2) to achieve selectivity. The new ligands are
supposed to (1) be favored and disfavored by MtbThyX and
hThyA, respectively and (2) display strong affinity to the target
MtbThyX. Our strategy includes two primary modifications in
the FAUMP@: (1) removal of the proton from the Watson—
Crick edge of the pyrimidine and (2) incorporation of negative
charge on the nucleoside. The absence of a proton in the
pyrimidine —N3 is advantageous for binding to MtbThyX
(bypassing the deprotonation requirement of the pyrimidine
ring) but disfavored binding to hThyA (disrupt N3—H:
protein interaction). Thus, the same modification is likely to
ensure selectivity. Moreover, the incorporation of negative
charge in the nucleoside is likely to improve the strength of
binding by forming new salt-bridge interactions with the
arginine side chains (R107 or R9S) of MtbThyX. Removal of
hydrogen from N3 was compensated by a double bond (N3=
C4) and substitution of ketone oxygen (C4=04) with
fluorine (L1 and L3 of Figure 2) or a carboxylic group (L2
of Figure 2). As expected, the empirical pK, predictor
MolGpKa** confirmed that the carboxylic group of the ligands
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(L2 and L3) is likely to be deprotonated (—COO~) in an
aqueous medium (pK, < 3, Figure S5) at pH 7. Thus, it can be
argued that the negatively charged COO™ will be stabilized
further in the cationic binding pocket of the protein,
particularly in MtbThyX. The carboxylic group in C4 (as in
L2) or in the ribose sugar (as in L3) has been anticipated to
introduce new salt-bridge interactions with R107 or R9S in the
MtbThyX catalytic pocket (Figure 1b).

The drug-likeness properties of the designed ligands (L1, L2,
and L3) were determined (Figure 3, and Table S4) using the
SwissADME tool."> All the ligands (L1, L2, L3, and FAUMP)
met the drug-likeness criteria imposed by Lipinski’s rule** of
five. However, only L1 and L3 could qualify for the Ghose
filter.*> The low synthetic accessibility score (i.e., less than 6)*°
of all the ligands indicated that the molecules are easy to
synthesize. L1 has been predicted to be advantageous due to
lower molecular weight (<350 g/mol) and polarity (charge =
—2) relative to L2 and L3 (MolWt > 350 g/mol, charge = —3).

MD simulations showed that the ligands in the free state or
in the hThyA pocket are more extended relative to the
MtbThyX-bound complex (Table 2). In the extended

Table 2. Trajectory Averaged Key Interatomic Distances (in
A) and the Total Number of Water Molecules around 3.4 A
of the Ligand Are Given”

Ligand Water MtbThyX hThyA
P--C4 Distance ~ dUMP 781 +0.10 585+ 070 826 + 0.05
4) dUMP® 769 + 004 S513+£010  ND
L1 757 +032 489 + 032  7.94 + 021
L2 786 £ 004 $33+015 817 £0.11
L3 719 £ 0.15 528 £ 060 803 +0.18
P--COO L2 9.03 + 005 659+ 037  8.89 + 0.17
Distance (A) L3 5.26 + 0.0S 5.73 + 0.37 5.25 + 0.12
P03’ duMP 513+ 0.13  S61+ 029 445+ 0.67
Distance (A)  qumP® 5174009 $71+016  ND
L1 521 +0.10 572 + 0.11 4.68 + 0.52
L2 506 + 005 564+ 028 489 + 0.52
Solvation (H,0  dUMP 3208 + 254 576 +£ 098  640+2.14
around 34 A gquMPW@ 3360 + 253  3.37 + 0.95 ND
of the ligand)
L1 31.88 + 2.65 265+ 087  7.37 + 1.56
L2 3434 £ 242 482+ 106 1045 + 2.96
L3 33.02 +£2.57 836+ 15 13.68 + 3.92

“Error is the standard deviation. “ND” stands for not performed.

conformation (free or hThyA complex), the phosphate moiety
of the ligand bent away from the base, whereas the same bent
back toward the base in the compact conformation (in the
MtbThyX complex). MtbThyX-induced ligand compactness is
noticeable, supported by the smaller “P...C4” distance (Table
2). In L3, the carboxylic group is present in the ribose sugar.
Thus, the compaction of L3 increased the “P---COQO” distance
in the L3:MtbThyX complex (Table 2). The ribose sugar in
RNA is known to pucker predominantly in the C3’-endo
conformation, contrary to primarily the C2’-endo conforma-
tion in DNA (Figure S6). The difference in the sugar
puckering distinctly alters the P--O3’ distance, which is
smaller for RNA relative to its DNA analogue (Figure S6). We
showed that the P---O3’ distance in the ligands is larger in
MtbThyX relative to hThyA (Table 2). Interestingly, after
revisiting the X-ray structures, we found that the same is true
for FAUMP in the MtbThyX (PDB 3GWC, P--03' = 5.9 A)
and dUMP in hThyA (PDB $X67, P03’ = 50 A),

corroborating our claim. Thus, it can be argued that the
sugar puckering is strongly influenced by the nature of the
protein (MtbThyX favors C2’-endo and hThyA favors C3’-
endo conformation). Furthermore, an inverse correlation
between the sugar puckering (indicated by the P..O3’
distance) and the P---C4 distance is evident (Table 2). As
expected, the degree of solvation for the free ligands is much
higher (>30 water molecules) than in the protein-binding
pocket (hThyA: 6—14 and MtbThyX: 3—8 water molecules).
Note that the catalytic pocket in MtbThyX is relatively dry
compared to hThyA.

The similarity between MD and the template X-ray structure
was assessed by plotting the root-mean-square deviation
(rmsd) of protein-heavy atoms relative to the X-ray structure
(Figures S7 and S8). The plateau in the RMSD versus time
plot (after 40 ns) indicated structural convergence. Trajectory-
averaged small RMSD (~2 A) for different models indicated
that protein structures in the MD are more or less reproducing
the template X-ray structures. As expected, the simulation of
dUMP9:MtbThyX and dUMP:hThyA complexes reproduced
the interaction network observed in the X-ray structure
(Tables SS and S6 and Figure 1b).

Thermodynamics of Substrate versus Inhibitor
Selectivity. To calculate the binding free energy difference
(AAG) of the ligand (L1 or L2 or L3) and the substrate
(dUMP) to the thymidylate synthase (MtbThyX and hThyA),
we performed alchemical molecular dynamics simulations of
substrate and ligand-bound complexes using the X-ray
structures (PDB 3GWC, PDB 5X67)5’6 as starting structures.
These calculations computed the change in binding affinity
upon dUMP — Ligand (L1 or L2 or L3) transformation in the
catalytic pocket of thymidylate synthase (MtbThyX and
hThyA). Employing an appropriate thermodynamic cycle
(Figures 4a and S1), the relative binding affinities (AAG)
were calculated (Figure 4b). The relative binding free energies
in a vacuum were subtracted to remove the force field bias.
The positive/negative AAG indicates that the protein favors/
disfavors the substrate relative to the ligand(s), and the
magnitude indicates the strength of preference. The results
unveil some remarkable features (Figure 4b). First, the
designed ligands are preferred over the substrate (dUMP)
for binding to MtbThyX. However, the strength of preference
follows the order L2 > L1 > L3, suggesting that L2 is the
strongest binder for MtbThyX. Second, the ligands are found
to be strongly disfavored for binding to the hThyA catalytic
pocket relative to dUMP. L1 is disfavored by ~9 kcal/mol,
which rises to more than 20 kcal/mol for L2 and L3 in the
hThyA. Third, L2 is particularly interesting, as it is strongly
disfavored and favored by hThyA and MtbThyX, respectively.

Structural Basis of Selectivity. MtbThyX offers a
relatively dry pocket compared to that of hThyA for ligand
binding (Table 2). Thus, the favorable protein:ligand electro-
static interactions were amplified by the lower dielectric
environment, thereby boosting the strength of binding in
MtbThyX. On the other hand, major distortion of the catalytic
pocket architecture was observed in the hThyA:ligand
complexes. The strength of discrimination disfavoring ligands
(AAG = +ve) is attributed to the lack of hThyA:ligand
hydrogen bonding (as anticipated) that causes water exposure
of the catalytic pocket.

The local interaction network of the designed ligands,
particularly “L2” in the MtbThyX binding pocket (Figure S), is
more or less identical to that of the X-ray structure (PDB
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3GWC, Figure 1). As anticipated, L2 forms very stable
electrostatic interactions with R199 and R107 of MtbThyX
(Figure S, Table S5). The permanent charge on the COO™ of
L2 resulted in a new salt-bridge interaction with R107 in
MtbThyX. MD trajectories identified a new water molecule
that bridged between neutral E92 of the protein and the
COO™ of L2, thus acting as a structural water and never being
exchanged with the bulk water throughout the trajectory. On
the contrary, L2 in the hThyA forms a relatively weaker
interaction, involving only the side chain of D218 and fulfilling
the hydrogen bonding requirements by interacting with water
molecules (Figure S, Table S6). Favorable binding of L1 to
MtbThyX relative to hThyA is attributed to the favorable
electrostatic contact between L1 and R199 in the former
(Figure S, Table SS). However, the anticipated fluorine---R107
interaction was not found in the L1:MtbThyX complex. The
fluorine of L1 was found to interact with a water molecule.
Water-mediated interaction between R107 and L1 was
occasionally observed in the trajectory.

The substitution of ribose —OH by a bulky —COO™ group
in L3 formed the anticipated COO7™(L3)-R9S salt-bridge
interaction (Table SS) but severely compromised the L3:FAD
stacking interaction (due to steric reasons) in MtbThyX
(Figures 6 and S9). Disruption of the binding pocket integrity
is evidenced by the entry of water molecules in the
L3:MtbThyX binding pocket (Table 2). Note, the ribose
—OH of dUMP® or L1 or L2 was placed in a dry pocket (no
water molecule within 3.4 A) of MtbThyX. Thus, substitution
of polar —OH by bulky negatively charged —COO™ in the low
dielectric environment disrupts the electrostatics, causing
severe distortion of the MtbThyX binding pocket. Two
water molecules were found to solvate the COO™(L3) group
in MtbThyX (Figure 6). The importance of R9S in stabilizing
the integrity of the MtbThyX binding pocket is evident, and its
energetics will be reported elsewhere. The L3:MtbThyX
complex highlighted that the favorable R95---COO™ inter-
action is offset by severe disruption of the catalytic pocket
architecture (losing L3:FAD stacking, solvent exposure). L3
binding to hThyA is strongly penalized primarily due to the
loss of R50---phosphate salt-bridge interaction along with the
disruption of expected uracil:protein interactions (Table S6).

The compromise of interaction between the Watson—Crick
edge of ligands and hThyA was evident and attributed to the
estimated discrimination strength. On the other hand,
favorable electrostatic interaction between the negatively
charged ligand and the cationic binding pocket of MtbThyX
is attributed to the preferable binding, which is noticeable for
L2. L3 in the catalytic pocket of both MtbThyX and hThyA
strongly disrupted the local interaction network, primarily due
to the steric effect of bulky COO™ in the ribose sugar. The
results encourage the synthesis of L2 and L1 and
experimentally verify the predictions as selective inhibitors
against MtbThyX.

Bl DISCUSSION

Our study indicated that the binding pocket of MtbThyX
stabilizes the deprotonated dUMP (Table 1), whereas the
neutral dUMP is the preferred substrate of hThyA, which is in
agreement with the previous experimental and simulation
studies."’™"> The ionized form of dUMP® in MtbThyX was
supported by the negative value of pK, of the N3 atom
(dUMP) obtained from our calculated relative binding affinity.
Next, we designed three inhibitors (L1, L2, and L3, Figure 2)

against MtbThyX by mimicking the deprotonated substrate
dUMP@. The calculations showed that MtbThyX favored
ligand binding relative to neutral substrate JUMP in the order
L2 > L3 > L1 (Figure 4). The ligands are found to be
disfavored by hThyA relative to its substrate dUMP in the
order L2 > L1 > L3 (Figure 4). Thus, L2 (charge = —3) is
predicted to be the most promising selective inhibitor (most
favored and strongly disfavored by MtbThyX and hThyA,
respectively) among the designed ligands. L2 preserved the
same interaction mode (as in the case of JUMP?Y) with R107
and R199 in the MtbThyX binding pocket (Figure S). L1
(charge = —2) is also selective and advantageous due to its
smaller overall charge. On the other hand, L3 is limited by
poor affinity to MtbThyX as the bulky —COO™ in the ribose
sugar disrupts the integrity of the binding pocket (Figure 6).
The catalytic pocket of MtbThyX is relatively desolvated (dry)
compared to that in hThyA (wet) (Table 2). Furthermore, the
nature of the catalytic pocket (hThyA or MtbThyX) modulates
the compactness of the ligands by fine-tuning the sugar
puckering. The ligands are more compact (short phosphate---
C4 distance) in MtbThyX relative to hThyA (Table 2).

In summary, we propose two competitive inhibitors (L1 and
L2, which do not require deprotonation) to dUMP against
MtbThyX. A simple substitution of fluorine (L1) or a
carboxylic group (L2) in the place of C4=0 in the template
FdUMP, in principle, can satisfy the bonding and stacking
requirements in MtbThyX. Simulations indeed showed that
the key interactions and the stacking with the flavin ring were
stable throughout the MD trajectories. These results
encouraged the synthesis and experimental verification of L1
and L2 as selective inhibitors of MtbThyX. We believe that L1
and L2 can be used as templates for the development of new
ThyX inhibitors. The calculated physicochemical properties
suggest that the designed ligands have drug-like characteristics.
Additionally, the calculated relative binding affinities (AAG)
indicate that these ligands preferentially bind to MtbThyX
compared to the substrate JUMP. However, it is important to
note that this study does not establish a direct relationship
between the physicochemical properties and the binding
affinities. Although the adopted alchemical binding free energy
calculations are one of the most popular and accurate methods
for calculating relative ligand-binding affinities,*” the same has
its inherent limitations,”® which include finite sampling and
convergence issues, accuracy of the force field, system size,
description of the surroundings, etc.

The perturbation of the charged group in a buried pocket is
known to overestimate AAG and significantly deviate from the
experimental value.”” ™' However, the sign or direction of the
calculated AAG’s is usually correct. pK, values of buried
ionizable residues (which are related to calculated AAG) of
nucleases were reported to be significantly overestimated
compared to the experiment. Thus, it was proposed that a
released proton might remain near the deprotonated residue
inside the desolvated pocket. The relatively small pK, shifts for
buried ionizable residues correspond to high apparent
dielectric constants in the protein interior. Moreover, (1)
water accessibility”” and conformational relaxation®® of the
ligand binding pocket and (2) absence of explicit electronic
polarization (likely the most important factor!!!) in the
classical fixed-charge force field may also explain the
overestimated relative binding free energy for a charge-
changing perturbation in deeply buried pockets.
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A sampling of ~20 s of MD ensured good convergence of
the reported data and a reasonable statistical error (~1 kcal/
mol). Despite the limitations, the present study is valuable for
providing (1) a rational approach for substrate-based selective
inhibitor design against MtbThyX, (2) a link between atomic
interactions and binding affinity, and (3) encouraging
experimental investigations. The estimated pK, of +4.5 units
of N3 (dUMP) in the catalytic pocket of MtbThyX from the
alchemical binding free energies (dUMP versus dUMP for
MtbThyX) agrees with the X-ray structure and previous NMR
measurements. However, the experimental binding free energy
difference (L1/L2 versus dUMP to thymidylate synthase) is
not available, but the reported sign is correct, since the ligands
are designed to preferentially bind MtbThyX and strongly
disfavored by hThyA, and the magnitude appears to be
plausible.

B CONCLUSION

In this work, we (1) explored the difference in the substrate
binding pocket as well as the nature of the substrate between
MtbThyX and hThyA, (2) designed three ligands that were
anticipated to be strongly selective in favor of MtbThyX, and
(3) evaluated the binding free energy difference (alchemical
simulations) of these ligands relative to the substrate (dUMP).
We propose L2 and L1 as selective competitive inhibitors of
dUMP against MtbThyX, with the former being more
promising. Alchemical simulations established a bridge
between the relative ligand binding free energy and atomic
interactions. The adopted approach could potentially accel-
erate the discovery of new selective inhibitors against
MtbThyX.

B ASSOCIATED CONTENT

Data Availability Statement

GROMACS 2022 (https://www.gromacs.org/) was used to
carry out simulations and free energy calculations. Hybrid
ligand structures and topologies were generated using the
open-source PMX package (http://pmx.mpibpc.mpg.de/).
ChemDraw 22.2.0 was used to draw 2D structures (https://
revvitysignals.com/products/research/ chemdraw). The aca-
demic version of PyMOL 2 (https://pymol.org/) and VMD
1.9.3 (https://www.ks.uiuc.edu/Research/vmd/) were used
for data visualization and trajectory analysis. The input files
related to the alchemical simulations are available at https://
github.com/pallavsen007/Selective_Inhibitor ACS Omega/
tree/main.
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