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ABSTRACT

Naphthoquinones (NQs) are natural and synthetic poomds with a wide range of biological activities
commonly attributed to their redox activity andiciemical reactivity. However, genetic and biocherhic
experiments have recently demonstrated that 2-kyeRf)s (2-OH-NQs) act as highly specific non-cowile
inhibitors of the essential bacterial thymidylagnthase ThyX in a cellular context. We used biocicaim
experiments and molecular dynamics simulations ltewidgate the selective inhibition mechanism of NQ
inhibitors of ThyX fromMycobacterium tuberculosis (Mtb). Free energy simulations rationalized how ThyX
recognizes the natural substrate dUMP in the N&éshform using an arginine, Arg199 Mtbh. The results
further demonstrated that 2-OH-NQ, similarly to dBMinds to ThyX in the ionized form and the stramgl
selective binding of 2-OH-NQ to ThyX is also expledl by electrostatic interactions with Arg199. Ht@nger
binding of the close analog 5F-dUMP to ThyX andiitsibitory properties compared to dUMP were expdai
by the stronger acidity of the uracil N3 atom. @esults, therefore, revealed that the ionizatio2-@H-NQs
drives their biological activities by mimicking thateractions with the natural substrate. Our ole@ns

encourage the rational design of optimized ThyXkhitbrs that ultimately may serve as antibiotics.



Statement of Significance

In this work, we use experimental and simulatieahhiques to elucidate the mechanism of
naphthoquinone (NQ) selectivity of bacterial thygigde synthase, ThyX. Our observations encourage
the rational design of optimized ThyX inhibitors micking dUMP that ultimately may serve as
antibiotics. To demonstrate the mechanistic condepizoate was identified based on these insights a
an inhibitor of ThyX. Finally, we would like to €tss that these observations are of general intienrest

a wide range of experimental scientists workindgrendifferent aspects of biological activities dDsl



INTRODUCTION

Naphthoquinones (NQs) are important secondaryboétas and represent the most common quinones
found in nature. NQs are also an essential parmahy drugs including anticanckt, antibacteriaf;’
antifungal®®, and anti-inflammatoy** agents. Biological activities of NQs are widelys@asiated with their
non-specific redox activity and/or chemical reaityiv: ** Recently, through experimental screening assays, 1
naphthoquinone (NQ) derivatives emerged as seteeihd potent inhibitors of the bacterial ThyX familf
thymidylate synthases [E.C. 2.1.1.148; flavin-dejsen thymidylate synthase (FDTS)Burprisingly, no redox
cycling or covalent binding of NQs to the ThyX aetisite was observedThis raises the question of the

molecular mechanism of the selective inhibitiorTbiX by these compounds.

Thymidylate synthases (TS) are involved in tleenovo production of an essential DNA precursor
(thymidylate, dTMP) during DNA replicatioli. In approximately 30% of bacteria, including thentan
pathogendMycobacterium tuberculosis, Bacillus anthracis, and Helicobacter pylori, thymidylate synthesis is
accomplished by the ThyX family of thymidylate dyases. In humans, TS is encoded by gerds (ThyA
family of thymidylate synthases, EC number 2.145). ThyX proteins have no sequence similarity e t
human thymidylate synthase ThyA and use a flavematk dinucleotide (FAD) cofactor to achieve thguieed
methylation reaction! ThyX from different organisms share a common aechiiré®>*’ and are structurally
different from ThyA. The current consensus on thengical reaction mechanisms of the different TSilfam
include noticeable differences in chemical strategfor converting dUMP to dTMP:. *® Instead of a
nucleophilic attack at the C6 of dUMP as in ThyAyX activates C5 by ionization of the uracil N3ddMP as
demonstrated by the crystal structures of the dUM®X complex, in which the NH nitrogen of the cenged
Argl99 (Argl99, Argl82, and Argl74 iMtb, Paramecium bursaria chlorella virus-1 (PBCV-1) and
Thermotoga maritima ThyX numbering, respectively) positioned 2.8 A gwieom N3 of dUMP as shown in
Figure 1. This result was corroborated by nucleagmetic resonance (NMR) experimefits.

The lack of ThyX in humans, the high sequence sindctural conservation of the different ThyX
orthologs from different bacterial organisms, atsddrucial cellular role using a unique reactionchaism
make ThyX a promising target for antibacterial ddeyelopment. *°?*Importantly, even iMtb carries genes
for both TS families, only ThyX is essential fos frowth® Several experimental studies have been devoted to
the discovery of inhibitors of ThyX> 2°?! 24250me ThyX inhibitors act as selective inhibitofdviib ThyX in
live cells?® ?° without forming a covalent bond with the enzymendng the identified compounds, many are
based on the 2-hydroxy-1,4-naphthoquinone (2-OH-BE@¥fold, with the inhibitory activity attributei the
efficient competitive binding with dUMP characterizbyKy values in the nano-molar range. These compounds
have potent antibacterial activity agaibstpylori but do not interfere with the function of humamrttidylate

synthasé.



Here we exploited the structure of the previousttedmined ThyX in complex with a 2-OH-NQ
derivative, 2-hydroxy-3-(4-methoxybenzyl)naphth&en4-dione (C8-C1), shown in Figure 1, to ratitm@athe
mechanism of the observed inhibition. Atomistic emllar dynamics simulations and free-energy cdicus,
supported by experimental spectroscopy data, iteticdhat naphthoquinones inhibit ThyX by mimicking
interactions of the natural dUMP substrate requifed the activation of C5 of the nucleotide subistra
Moreover, the 2-OH-NQ inhibitors are deprotonategteysiological conditions at the 2-OH group in eyX
complex and have a very similar mode of interactwith the catalytic arginine residue participatiirg
deprotonation of dUMP. Based on these insightszdetie was identified as a new inhibitor scaffolddidate
of ThyX. These novel atomistic details providedegeper understanding of the inhibitory mechanism aitid
facilitate the rational design of new antibioticgkiting the unique reaction mechanism of ThyXnes.

RESULTS
ThyX recognizestheionized form of the natural dUMP substrate

The protonation state of dUMP in complex with Thyés first examined using a combination of
experimental and computational approaches to imgadst if the ionization state of dUMP and ThyX can
modulate the strength of interactions betweenit@ntl and proteift It was demonstrated by crystallographic
experiments that dUMP is deprotonated on N3 in dempith ThyX from T. maritima.* Subsequent NMR
experiments provided further evidence that thezmtion of dUMP is associated with interactions wittg199,
however, no K. estimate of N3 was obtainéiUsing ThyX fromMtb, we computed the deprotonation free
energy at the N3 nitrogen of dUMP in the proteimptex relative to the solvent. Table 1 summarites t
results. The computed deprotonation free energlyealN3 nitrogen of dUMP in ThyX relative to the st is -
8.6 kcal-mol (standard deviation (SD): 0.7 kcal- fpfavoring the deprotonated state of uracil. Corntgrthis
value with the experimentakp of N3 of dUMP in a solution of 9.3 unitsthe total deprotonation free energy is
6.8 kcal-maof, which corresponds tokp of dUMP in ThyX of 3 units in agreement with theystallographic
experiments and previous NMR measuremé&htBhe unusually low K, of uracil of dUMP in ThyX is
explained by strong electrostatic interactions leetwthe guanidinium cations of Arg199 and Argl10@ tre
ionized uracil ring, as shown in Figure 1. Previguswas shown that the Argl74Ala mutation (Arg289 in
Mtb) increases the disassociation constant of dUM® fftnyX from T. maritima from 0.03 to 109 pM? This
corresponds to the binding free energy differerfo.® kcal- mof. However, the comparison of this value with
6.8 kcal-mot obtained in this work for the binding free enerdifference between the protonated and
deprotonated forms should be made with cautioredddthese values correspond to the different psesei.e.
the difference in the binding of two forms of thgaind to the same protein, and the differencenidibg of two
forms of the ligand to the wild-type protein and #hrgl74Ala mutant, which are obviously not equével

Table 1. Computed free energy in kcal-mdh the solvent and the ThyX complex using the afolzal free
energy/thermodynamic integration method. The stahderor was estimated from three forward-backwards
of 144 ns total.
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Solvent Protein

dUMP 3N-H- 3N (Arg199-H') -90.8+0.1 -99.4+0.7 -8.6+0.7
C8-C1 2-OH- 2-O (Arg199-H) -53.8+0.2 -61.90.2 -8.1+0.3
C8-C1 2-OH- 2-O (Arg199) -53.8+0.2 -52.240.7 1.60.7
Arg199-H — Arg199% (C8-C1 2-0) 32.740.3 38.3+2.4 5.6+2.5

Arg199-H . Arg199? (no C8-C1) 32.7+0.3 33.6+1.2 0.9+1.3

Figure 1. (A) A close-up view of the binding pocket of 5-dio-2'-deoxyuridine 5-monophosphate (5F-dUMP)
(crystal structure 3GW®) in theMtb ThyX enzyme, and (B) the 2-hydroxy-3-(4-methoxybdjmaphthalene-
1,4-dione«{C8-C1) ligand in the PBCV-1 enzyme, $taystructure 4FZB. The most important interactions are
indicated by dashed lines; the residue numberinthto structure with 5F-dUMP and C8-C1 correspdnds
ThyX from Mtb and PBCV-1, respectively. The corresponding ressdorMtb for the C8-C1 structure are
given in parentheses. Th&pvalues in the solvent for C8-C1 and 5F-dUMP weoenfthis work and réf,
respectively. The figure was prepared with the Pyand MarvinSketch progranis?°

5-fluoro dUMP and dUMP binding to ThyX

The significantly large protonation free energyoatlemonstrates that binding of the protonated fafrm
uracil to ThyX can be neglected. Based on this agien, we propose that a ligand similar to dUNSBt with
a lower X, of site N3, in principle, can bind more strongham the natural dUMP ligand, since less energy is
required for deprotonation upon binding to ThyX.eOof such dUMP analogs is 5-fluoro-2'-deoxyuridiie
monophosphate{5F-dYMP), which has a fluoro graupoaition 5, and thel, of the N3 site of 8 units To
experimentally compare the binding of dUMP and &8RP to Mtb ThyX, the dissociation constaKy was
measured using spectrophotometric titrations. htiqdar, the UV-vis absorbance spectrum changés@tnm
was recorded at different concentrations of thariyto investigate the nucleotide-binding, in agreet with
the previous stud}. The effect of the ligand addition on the absorigaat450 nm is shown in Figure 2. The
fitted K4 using Equation 1 and two independent measurenierit8.8 and 3.8 pM for dUMP and 5F-dUMP,
respectively: Using\AG = RTLn(K3F~4UMP /K {UMPY " whereR is the gas constant adis temperature, the
binding free energy differencAAG is 0.6 kcal-mat. This binding free energy difference includes two
contributions, first, due to the difference in iatetions of the ionized forms of the ligands witke fprotein, and
second, due to the difference in the deprotondiiea energy at N3 in the solvent. The binding feeergy
difference of the N3 deprotonated form of the lidgacomputed using the alchemical free energy methei8
(SD 0.2) kcal- mat favoring dUMP binding over 5F-dUMP. Combining tiislue with the difference in the free
energy needed to deprotonate dUMP and 5F-dUMPeisalvent, the total binding free energy differeiscel.0
kcal-mol* favoring 5F-dUMP binding in good agreement witle $pectrophotometric experiments. Thus, the
deprotonated form of 5F-dUMP binds weaker thanitimzed form of dUMP, but the stronger acidity d#-5
dUMP makes it a stronger binder to ThyX overall.



Figure 2. Upper panel: spectrophotometric titration of dUMiRd 5SF-dUMP. The flavin concentration was 16
puM. Data are averaged over two independent measmtemThe fittedKy averaged over two independent
measurements is 10.8 and 3.8 uM for dUMP and 5F-BUiMspectively. Lower panel: absorbance spectra of
C8-C1 in aqueous solution at different pH; insatgdathe fitted titration curve to the absorptidm@0 nm.

Theionization state of the C8-C1 inhibitor

By analogy to 5F-dUMP, we propose that a molecutk an increased acidity compared to dUMP, such
as 2-OH NQ@s, and having the same interactions WiyX should bind to ThyX more strongly than theurat
dUMP substrate. First, we used UV-vis spectrosdopgetermine the protonation state of the C8-Candyin
solution. In the previous study, we observed that €8-C1 ligand has a halochromic property asdhbstisn
changes the color with the pH charfigeigure 2 shows the absorption spectra of the m#e€8-C1 measured
at different pH. These optical spectra are in adgagreement with the published spectra experimgntal
determined for other derivatives of 2-hydroxy RiQ.o determine g, of C8-C1, the absorption intensity at 470
nm at different pH values was fitted to the Henderddasselbalch equation, as shown in Figure 2. The
experimental [§, of the C8-C1 inhibitor in solution was determinedcorrespond to 5.5+0.1 units. This value is
close to K, of 5.75 units reported previously for 2-hydroxy&methyl-1-butenyl)-1,4-naphthoquinone in
water: ethanol (1:1) solutioHs.

To determine the protonation state of the C8-Canlibound to the active site of the ThyX, we used
alchemical free energy simulations{(Fable 1). Témults are given in Table 1. The computed freeggnier the
protein relative to the solvent is -8.1 (SD 0.2alkmol" indicating that the protein strongly stabilizes tbnized
ligand. This value is very close to the deprotammafree energy computed for dUMP -8.6 kcal-framhd reflects
the fact that the O2 group of C8-C1, similar to ¥3IUMP, closely interacts with Arg199 in 100 ns lstular
Dynamics (MD) simulations as well as in the crystmlicture. The averaged distance between the @2 at
C8-C1 and the NH1 atom of Arg199 in MD simulation®.8 A, in agreement with the crystal structi® @A),
as shown in Figure 1. The ionic interaction betwden2-O group and Arg199 is strengthened by desolvation in
the binding pocket. Using Equation 1 and the expental K, value of 5.5 units in solventKp of the 2-
hydroxyl group of C8-C1 inside ThyX is estimatedo® ~ -0.5 units. In these calculations, it wasiaesd that
the protein does not change the conformation ugdrcigange. However, extreme pH variations can induce
strong conformational changes including proteiroldihg, but such changes are difficult to take iatgount in
simulations and are beyond the goal of the prestendty.

To rationalize the low Ig, value of C8-C1 in the ThyX complex, we computee tfeprotonation free



energy of the 2-OH group with Arg199 deprotonatad\#i1. The deprotonation free energy relative toesa

is 1.6 kcal-mot (SD 0.7 kcal-maf) with Arg199 deprotonated, in contrast to comput®d kcal-mof with
Arg199 protonated. Overall, the interaction withgA®9 strongly decreasekpof the 2-OH group in the ThyX
complex. We also computed the deprotonation freegynof Arg199 in the presence and absence ofttasged
C8-C1 ligand. The computed deprotonation free gnefgArg199 relative to solvent is 5.6+2.5 kcal-fhol
strongly favoring the protonated form. Thus, Argi®@lways in the cationic form, in agreement viftd notion
that arginines strongly prefer to be protonatedémehe hydrophobic environmeiitFinally, this deprotonation
free energy of Arg199 in the ThyX protein withotetC8-C1 ligand is 0.9+1.3 kcal-rifdhdicating that the
upshifted K, of Arg199 in the ThyX complex can be explainedtlg strong electrostatic interaction with C8-
C1 and without the bound ligand Arg199 has<ayalue as in the solvent.

I dentification of benzoate as a weak inhibitor of ThyX

Based on these insights we propose that a conweetithibitor to dUMP should be ionized in ThyX
similar to dUMP, 5F-dUMP, and C8-C1 to be able takmstrong electrostatic interactions with Arg188ch
an inhibitor should also be able to interact with tsoalloxazine group of FAD and fill the hydropi®cavity
next to it. As an example, we propose that a simméecule, benzoate, in principle, fulfills thesguirements.
This molecule was first tested in MD simulationswing that benzoate indeed makes stable interactiaring
the 100 ns MD simulations with Arg199 and stackimigractions with the flavin rings. Deprotonatechbaic
acid was manually positioned in place of 5F-dUMPhia model built using the crystal structure (PRrence
code 3GWC) as described in the Methods sectiothifnorientation, the carboxylic group interactshwtihe
guanidium group of Arg199, as shown in Figure 3ilevthe benzene group makes stacking interactidgtisthe
flavin group of FAD. The root mean square deviat{®&MSD) for the unrestrained protein backbone atoms
relative to the position in the experimental staet(PDB code 3GWC) was 0.59 A. The RMS deviatimrtlie
benzoate ligand relative to its average positiod.%8 A in the MD simulations and is comparabléh® RMS
deviations observed for the 5F-dUMP ligand in satiohs with ThyX (RMSD: 0.50 A), demonstrating the
convergence. Overall, the configuration shown iguFé 3 was stable in the 100 ns MD simulations. In
particular, the benzene ring made tier stacking interaction with the flavin rings. Theesage distances
between the oxygens of the benzoate ligand antlkheitrogens of Arg199 were 2.6-3.2 A demonstratimat
the strong ionic interactions with Arg199 were ntained during the MD simulations. Overall, the kiag
interactions between benzoate and flavin and igmieractions with Argl199 are similar to the observe
interactions for dUMP and C8-C1 in the crystal stves in complex with ThyX. To assess the stremjth
interactions between benzoate and ThyX, the binflieg energy difference between benzoate and C&#3l
computed using the Linear Interaction Energy (LiiSthod. The results of these calculations are givarable
S10. The computed free energy difference betwearndate and C8-C1 binding to ThyX frokfitb is 1.9 (SD:
1.2) kcal-mot favoring C8-C1 binding.



The binding of benzoate was further confirmed bgcsmphotometric titration experiments showing
that, similar to other ligands, the absorption loé protein decreases at 450 nm, as shown in Figufiehe
estimatedy over two independent measurements was 72.7 puMougnating that benzoate is a relatively weak
inhibitor of ThyX. Using the previous experimengdtimate for C8-C1 binding to ThyX of 4.5 uM, the
experimental binding free energy difference betw@8rC1 and benzoate to ThyX fravtb is 1.7 kcal-mat in
good agreement with the computed binding free gnelifierence of 1.9 kcal-mdl This weak inhibitory
activity could partly explain the fact that benzaicid in significant concentrations affects thevgio of Mth
cells as demonstrated previoudlyThese results encourage benzoate as the candidafiold for ThyX
inhibitors.

Figure 3. (A) Structure of the complex between benzoateTdnK observed in MD simulations with indicated
important distances averaged over MD simulatioBy Spectrophotometric titration of benzoate. Thacttral
figure was prepared with the Pyniol.

Discussion

Overall, the results of the present study indicatagreement with the earlier work, that ThyX dtaes
the ionized uracil of dUMP, while the protonateditnal form is unlikely to bind to ThyX. We propo#et the
acidity at the N3 atom of dUMP can affect interasti with ThyX, since the ionized form is more réadi
available for binding. Indeed, experiments and &nmns here demonstrate that 5SF-dUMP, which hHésab
the N3 atom of 8 units in solution, interacts sgrenwith ThyX. The experimental and simulation fsu
obtained in this work also show that the 2-OH-N®ikitor mimicking the natural dUMP is deprotonatgdD?2
in the ThyX complex and has a very similar modéntgraction with Arg199. The C8-CXKp value in solution
of 5.5 pH units is lower than theKp of N3 of dUMP (9.3 pH unif$). Thus, in the case of 2-OH
naphthoquinones, there is no free energy penaftgcéted with the deprotonation of the 2-OH groyporu
binding in contrast to the natural dUMP substriitesummary, the results obtained in this work shbat the
pK, of the natural dUMP substrate and 2-OH-NQs intgmiustrongly modulates their binding affinity tdnyix.
These novel atomistic details explain the selecthechanism of 2-OH-NQs to ThyX and will facilitatiee
rational design of new antibiotics exploiting th@que reaction mechanism of ThyX enzymes.

Based on these insights we propose that a conweetithibitor to dUMP should be ionized in ThyX
similar to dUMP, 5F-dUMP, and C8-C1 to be able takmstrong electrostatic interactions with Arg188ch
an inhibitor should also be able to interact with tsoalloxazine group of FAD. As an example, weppse that
a simple molecule, benzoate, in principle, fulfitese requirements. During the long MD simulatibeazoate
indeed makes stable interactions with Arg199 aadkatg interactions with the flavin rings. The himgl of
benzoate was further confirmed by spectrophotomdittiation experiments showing that benzoate bituds

ThyX from Mtb with K4 of 72.7 uM. This weak inhibitory activity could pig explain the fact that benzoic acid



in significant concentrations affects the growthvtib cells demonstrated previous?ﬁ/.'l'hese results encourage
benzoate as the scaffold for future ThyX inhibitdraportantly, using the spectrophotometric methibayas
shown thaK, for dUMP binding to ThyX fromMtb is at least two orders magnitude higher tkameported in

the previous study for dUMP binding to ThyX frof maritima.'® eins

alaala allala Nna me N alalllaa ala ala A0 Aran a v . 1 v 3.

Finally, the results of this work may also be pwestit to other flavoenzymes such as D-amino acid
oxidase, where similar to ThyX, ionic interactiomggh arginine and stacking interactions with flavérplain
inhibition by small molecules including benzoatattvas identified in this work as a weak inhibiedrThyX.*
Importantly, the results of this work also correlatith the molecular basis of the antimalarial dratpvagquone
inhibition of the cytochrome bcl complex, discowkta a very recent study.In particular, atovaquone, a
derivative of 2-OH-NQ with a substituent at positi@, is structurally very similar to C8-C1 and it
cytochrome bcl complex via strong ionic interacdignith a conserved protonated histidthepggesting that for

the class of molecules based on 2-OH-NQ ionic autiions with protein targets may be common.

METHODSAND MATERIALS

Protein expression and purification

The Mycobacterium tuberculosis ThyX enzyme was expressed ki coli BL21(DE3)/pLysS strains
containing the recombinant pET24d plasmid carryihg M. tuberculosis H37Rv thyX gene (Rv2754c) as
previously describetf. Before the purification step, 200 pM of flavin-aifee dinucleotide (FAD) cofactor was
added to the supernatant after the lysis stepce@se the amount of FAD bound to Mt ThyX protein. The
solubilized protein extract was loaded on a Hi-Tfajon 5 mL column (GE Healthcare) previously eitpudted
with 10-bed volumes of the equilibration buffer taining 30 mM Hepes and 300 mM NaCl at pH 8.0. The
column was subsequently washed with 10-bed voluofighe same equilibration buffer, and the His-tatjge
ThyX protein was eluted with 5-bed volumes eluttmrffer (30 mM Hepes pH 8.0, 300 mM NacCl, 500 mM
imidazole). The fractions containifgtb ThyX enzyme were pooled, buffer-exchanged on Econo-Bat(P
columns (Bio-rad) with the equilibration buffer,ramntrated to a final concentration of 480 pM, atmled at -
20°C for further use. The measured absorbance &f Bdund toMtb ThyX at 450 nm showed a ratio FAD to
ThyX of 1 to 3 for the purifiedAtb ThyX chain.

Spectrophotometric titrations

UV-vis spectra of the inhibitor C8-C1 in solutiamere obtained using a NanoDrop microvolume
spectrophotometer. Measurements were performekleirpid range between 4.2 and 7.2 with steps of .6 p
units. Different pH values were obtained by mixihg M citric acid and 0.2 M disodium hydrogen pHuese
solutions according to Mcllvairfé. The i, value for C8-C1 was determined by fitting the isi¢y of

10



absorption at 470 nm at different pH values toHlkeederson—Hasselbalch equation.

Spectrophotometric binding experiments were perfainusing a Shimadzu UV-Vis 1700 scanning
spectrophotometer at 298 K; 48 uM enzyme in 50 mBPHS at pH 8 with the NaCl concentration of 30 mM.
The FAD:ThyX concentration was 16 UM as calculatsthg the absorption at 450 nm and the extinction
coefficient of flavin. Absorbance spectra were nueas with a 2-5 minute delay after each additione Hata
were fitted to the tight-binding or Morrison's egpsion 1.

Aemax 1

AA === (Eo + Lo+ Kg — V(Eo + Lo + Kq)? — 4EgLo) , [Eq. 1]

whereAeg,, ., IS the maximal change in extinction coefficidn the path lengttf, andL, are the total enzyme

and ligand concentration, respectivély.

Molecular Dynamics simulations

The crystal structure of thymidylate synthase ThmwXcomplex with the inhibitor, 2-hydroxy-3-(4-
methoxybenzyl)naphthalene-1,4-dione (C8-C1) ankharf adenine dinucleotide (FAD) cofactor was ofbéal
from the Protein Data Bank (PDB), entry 4FZBhis ThyX protein is fronParamecium bursaria Chlorella
virus 1 (PBCV-1). Simulations of 5F-dUMP and dUM® domplex with ThyX were started using the PDB
structure, entry 3GWE, corresponding to 5F-dUMP in complex with ThyX frokitb. We use residue
numbering that corresponds to ThyX frawib; where needed the corresponding numbers for Thgxn f
PBCV-1 are also provided. The simulations inclugeatein residues within a 24 A sphere, centeredrm of
four FAD cofactors in the crystal structure. Prattion states of histidines were assigned by vigwsgection
and ideal stereochemistry; protonation states lérotesidues were assigned using PROPKAThus, Glu92
was in the neutral form, which is also consisteithwhe short distance of 2.6 A between the @®ygen of
Glu92 and the phosphate oxygen of 5F-dUMP observéite crystal structure 3aGWC. The dUMP or 5F-dUMP
ligands were assumed to be deprotonated at N&Xbraaevith previous NMR measuremeftsn all calculations
unless otherwise stated. Protein atoms betweenn#024 A from the sphere’s center were harmonically
restrained to their experimentally determined pasi. The spherical model allowed to focus on #levant
degrees of freedom around the ThyX binding site)emtistant groups beyond 24 A were not includedhay
were expected not to contribute to interactionshwite ligands. To test this conjecture, the countidn of
protein residues beyond 24 A to the binding freergy of C8-C1 was estimated using the Poisson-Buaitm
free energy as described in the Supporting InfaomaiOverall, the contribution of distant proteesidues to
ligand-binding free energy was found to be very lsnhess than 0.1 kcal-midl To model C8-C1 in complex
with ThyX from Mth, the C8-C1l ligand from the crystal structure frdMBCV-1 was retained after
superimposing the crystal structures from ThyX &BLCV-1, PDB entries 4FZB and 3GWC, using the protei
backbone atoms. The geometry of the ligand was dnengetically minimized with the protein and FADras
fixed to their experimental positions using the GRMM software?’

In addition to crystal waters, a 75-A cubic boxafter was overlaid, and waters overlapping thesfmot
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ligands, and crystal water molecules were remokediodic boundary conditions were assumed; i.eetttze
75-A box was replicated periodically in all diremis. All long-range electrostatic interactions weoenputed
efficiently by the particle mesh Ewald methcand the appropriate number of potassium counteneere
included to render the system electrically neutvl). simulations were performed at constant roomperature
and pressure, after 200 ps of equilibration. TheABMM36 force field was used for the prot&f° and the
TIP3P model for watet:* The 2-OH NQs were modeled using the force fieldlet@pecifically developed as
part of this work. In particular, lawsone, quinoBemethyl-2-hydroxy-1,4-naphthoquinone, C8-C1, 8himxy-
2-methyl-4H-chromen-4-one were parametrized. Detailthe parametrization and force field paramesees
given in the Supporting Information. The FAD cofactvas modelled using a recently developed forek fi
model>* Calculations were done with the NAMD and CHARMMbgrams.” > MD simulations of the protein

complexes were continued for 100 nanoseconds.

Protonation Free Ener gy Perturbation(FEP) calculations
The alchemical free energy-perturbation method wsasl to calculate protonation free energy of dUMP,

2-hydroxy naphthoquinone, and Arg199 in the ThyXnptex>® The protein system was the same as described
above. Solvent simulations included a compoundageti/in a cubic box of water so that the minimustatice
between the compound atoms and the edge of thensysas 12 A. With this setup, the protein or conmaisu
are well solvated, and thus the contribution offasts of the periodic boundary conditions to freeergy
changes due to perturbed solute charges are egipieche small as it was demonstrated in the preweork>®
The atomic charges of a specific group of inteveste linearly scaled using a coupling paramgtéiom the
charges of the protonated form to the charges efddprotonated form. To obtain the free energyhef t
protonated form relative to the deprotonated fomm performed MD simulations at a series.afalues: 0.0, 0.2,
0.4, 0.6, 0.8, and 1.0, called windows. Free endrgyvatives,0G/oL = (0U/OL),, were computed numerically
and averaged over 100 structures from a window Isitimn. The corresponding free energy was thenidda
by thermodynamic integration (TI). Each window slation continued for 4 ns. To estimate the numéeceor
of the simulations, three forward-backward runseneonsequently performed. Thus, to obtain a frerggn
value in solvent or in the protein complex, in tdtd4 ns of MD free energy simulations were perfednvith
the NAMD progrant’ The corresponding free energy change was comjmatiébdin the protein complex and for
the model compound alone in solution. Tlkg phift due to the protein environment has the form:

pKP"°t — pKSOW = (AGP™t — AGS°™)/2.303/RT , [Eq. 2]
whereAGP™t andAGS°Y are free energy change in the protein and solvespectivelyR is the gas constant
and T is temperature. Calculations were repeated in wacusing Langevin dynamics as implemented in
NAMD.* The free energies in vacuum were then subtracted fhe values in solvent and protein to remove

artificial contributions arising from the use oktforce field model-+tshould-be-noted-that-whaesnfree-energy

N-tha nrotaln-re e to-solven onsidereta on he aYaWalalaldalVETaILY m nee out.
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Binding Free Energy calculations

The alchemical free energy method was used talleadcthe binding free energy difference between
dUMP and 5F-dUMP. These calculations rely on tleerttodynamic cycle as described in the previous stk
* The corresponding work was derived from a thermadyic integration formul® The electrostatic
contribution due to perturbing charges on atoms tledvan der Waals (vdW) contribution were computed
separately. The vdW contribution was computed utliegfree energy method implemented in NAMDIhe
vdW potential was shifted with the coefficient ofif to ensure that the potential is finite for dmralues of the
decoupling parameter$.The electrostatic contribution to the binding fremergies was computed using the
same protocol described above for the protonates énergy calculations.

To calculate binding free energy differences betwdé¢he C8-C1 and benzoate ligands the linear
interaction energy approach was u8tt.In this method the binding free energy is appratid as the change
in the electrostatic and van der Waals interactioaergy between the ligand and its environment wuonplex
formation. The energy contributions to the bindiinge energy are scaled by weighting factors ushmgy t
following equation:

AG = a AEE"¢ + B AEVYW +y, [Eq. 3]
where a = 0.5, = 0.16; andy cancels out when binding free energy differencecasputed’®? The
electrostatic and vdW interaction energies wereramerl over 500 conformations total drawn from MD
simulations in the protein complex and in solveneegery 200 ps. The error was estimated as thelatdn
deviation of energies averaged over five conseeu®-ns simulations obtained from the entire 100413

simulation for each protein complex and ligandatvent.

Supporting Information

Details of the force field model development for §i@esults of binding free energy calculations it LIE
method, the computed effect of distant proteindiess on the ligand binding, and the force fielchpsaters
(PDF)
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