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Highlights

® Based on the pyrazinoic acid binding site and &staric binding site, molecular
docking was performed to discover potential Rpstagonists;

® Derivatives of 2-((hypoxanthine-2-yl)thio)acetic ichc and
2-((5-hydroxylflavone-7-yl)oxy)acetamide were sydlzed in satisfactory
yields;

® Six compounds showed good affinity to both RpsA amudant RpsA;

® The binding sites of the active compounds are steisi with the molecular
docking sites.



Discovery and Evaluation of New Compounds Tar geting
Ribosomal Protein S1 in Antibiotic-Resistant Mycobacterium

Tuberculosis

ABSTRACT

The emergence of antibiotic-resistaviycobacterium Tuberculosis (Mtb) infections
compels new treatment strategies, of which targetians-translation is promising.
During the trans-translation process, the ribosopratein S1 (RpsA) plays a key
role, and the Ala438 mutant is related to pyrazii@nGPZA) resistance, which shows
its effects after being hydrolysed to pyrazinoi@g®OA). In this study, based on the
structure of the RpsA C-terminal domain (RpsA-CT&nd POA complex, new
compounds were designed. After being synthesizesl,compounds were testéeu
vitro with saturation transfer difference (STD), fluoresce quenching titration
(FQT) and chemical shift perturbation (CSP) expents. Finally, six of the 17 new
compounds have high affinity for both RpsA-CTD atwl Ala438 deletion mutant.
The active compounds provide new choices for targdgtans-translation iMtb, and
the analysis of the structure-activity relationshvall be helpful for further structural
modifications based on derivatives of 2-((hypoxargk2-yl)thio)acetic acid and
2-((5-hydroxylflavone-7-yl)oxy)acetamide.

Keywords. anti-tuberculosis agents, pyrazinamide, ribosomaiotein S1,
trans-translation



I ntroduction

Antibiotic resistance is urging new strategiesréat bacterial infections,
of which tuberculosis is the leading cause of deatund the world[1].
Recently, the inhibition of the trans-translatiomogess of bacteria
appears to be an effective strategy, and compotangsting this process
show broad-spectrum antibiotic activity[2]. Compdanaffecting the
trans-translation process Blycobacterium Tuberculosis (Mtb) have also
been discovered[3, 4], showing that the trans-tatios process is a

viable target for developing anti-tuberculosis drug

In the trans-translation processhib, the ribosomal protein S1 (RpsA)
plays an important role. As shown in Figurévitb initializes the process
to release the stalled ribosome when stimulatef@ddtprs such as stress
and mRNA damage[5]. With other molecules, suchhasstmall protein B
(smpB) and the elongation factor thermo unstable Tk), RpsA helps
replace mRNA with tmRNA, which contains the infotioa that the
protein being produced is incomplete. After tratigskg the incomplete
protein has a tmRNA-encoded peptide label, whidhsheith the
targeted proteolysis of the protein. Without treng-translation process,
the incomplete protein may be toxic to & cell. Additionally, this
process also ensures tivib can successfully synthesize proteins that are

indispensable for survival in adversity[6].



Tagged
protein

After translation

Figure 1. The role of RpsA in trans-translatiorans-translation helps
Mtb degrade incomplete proteins which may be toxi@ giey
rectangles in the figure represent information thatprotein needs to be
degraded. The grey rectangle in tmRNA is an RNAisage, and the

grey rectangle in the protein is an amino acid sage.

Pyrazinamide (PZA), a first-line anti-tuberculodrsig, plays an
important role in the treatment bftb infections, and it is also related to
RpsA. Among the first-line anti-tuberculosis druBZA has the
irreplaceable function of shortening the treatnpertod, even though
there are several new drug candidates in clinieaébpment [7]. These
drug candidates, including the highly potent TMC2@tst be used with
PZA, and any combination of drugs without PZA isaitmsfactory[8-11].

PZA acts as pyrazinoic acid (POA), the productyshpinamidase



hydrolysis. Research suggests[12] that POA forcsnaplex with the
C-terminal domain of RpsA (RpsA-CTD) to interferéltw
trans-translation, and RpsA-CTD with Ala438 delgtiegsA-CTD
A438A) has weak affinity for POA. Meanwhile, mutanfRpsA are
phenotypically associated with PZA-resistitib[13-15]. By performing
molecular dynamic simulations, researchers fouat RpsA mutants
without A438, key amino acids including Phe307, 3t Arg355 and
Arg357 are too flexible to bind POA, which couldusa the PZA
resistance problem[14, 16]. To discover better difog treatingVitb
infections, further drug design not only needsépeahd on wild type
RpsA, but also should consider the flexible RpsB84ieletion mutant,
as well, so that the trans-translation proces®th Kitb and

PZA-resistanMtb can be inhibited effectively.

In our previous work, we found that a barrel of RjesA-CTD composed
of B-strands shows strong affinity for RNA[17]. It isa thep-strands
that approach POA in the complex structure (PDBzcdd\NI). These
help drug design by showing the potential bindigssof RpsA-CTD
and RpsA-CTM438A. Meanwhile, trans-translation is a unique
physiological mechanism of microorganisms. Themftargeting RpsA
for drug design should have good specificity[18prelimportantly, the

PZA-resistance problem is mainly caused by mutatiopncA gene



encoding pyrazinamidase[19]. Although PZA is a pugdwhich is
converted to POA by pyrazinamidase, the interadiietveen POA and
RpsA does not rely on the activity of pyrazinamala3esign of new
compounds directly interacting with RpsA avoids tleaversion process,
which indicates that targeting RpsA could be arative solution to the

PZA-resistance problem.

This research focuses on fhstrands of RpsA-CTD and RpsA-CTD
A438A to design novel inhibitors of RpsA. Moleculesre selected from
the docking results and synthesized. Then, saturétansfer difference
(STD) was used to preliminarily evaluate the efexftthe compounds,
followed by the determination of dissociation cams$ with fluorescence
guenching titration (FQT). Finally, chemical sipg&rturbation (CSP) was

applied to show the binding sites of the active pounds.

Results and discussion

Mirtual screening and synthesis

To discover molecules having effects on both RpdM@nd RpsA-CTD
A438A, both the complex structure of POA with RpsABC(PDB code:

4ANNI) and the structure of RpsA-CTA%38A (PDB code: 4ANNG) were
used for virtual screening. According to the com@&ucture shown in

ANNI, the basic Arg357 inside the binding site @sR-CTD can form an



electrostatic interaction with the acidic POA. Taigygests that Arg357
should be protonated before molecular docking. Mése, the scoring
functions used are more reliable than what was beéate[4]. The
re-docking results show that the protonated moddldnsmaller deviation
between the docked POA and the POA in 4NNI (Fiqae At the same
time, the protonated model distinguished betweeA B PZA more
clearly with the scoring functions shown in Fig@fe which explains the
fact that PZA is inactive before being hydrolysBdsed on these results,

we screened new compounds with the protonated Arg3idel.

(@) (b)

Total binding energy
-Cdocker_interaction_energy
-Cdocker”_energy

B

POA PZA POA PZA

Unprotonated RpsA (4NNI)  Protonated RpsA (4NNI)

Figure 2. Re-docking results of POA. (a) Resultsrfthe protonated and
the unprotonated models. POA in the complex stragtiin green, while
the docked poses of POA based on the protonatethandhprotonated
models are in cyan and yellow, respectively. (b3uRs described with
three functions. The difference between the tatading energy values of

POA and PZA is higher with the Arg357 protonated the difference of



the -CDocker_energy values is also more obvious.

After virtual screening based on RpsA-CTD and RI&SHD A438A,

2,500 compounds were retained for the bindingasweind the-strands,
which might be new solutions for PZA-resistanceoulm previous work,
ZRL15 showed the best affinity[4], and therefohes PXYC series of
compounds were selected due to their shared
2-((pyrimidine-2-yl)thio)-acetyl moiety (Figure 3\nother reason for
selecting the PXYC series is that their hypoxarghmoiety resembles the
purine of an RNA molecule, which has a high affiffar RpsA. From the
docking results of an allosteric binding site, fae derivatives were

tentatively selected, which comprise the PXYD serie

xﬁ />

ZRL15 PXYC1 PXYC2, PXYC5-PXYC13

Figure 3. Similarities between ZRL15 and the PX¥des. ZRL15 has
dissociation constants of 2.@M and 1.74uM with RpsA-CTD and

RpsA-CTDA438A, respectively.

As shown in Scheme 1, the 2-thioxanthine core (PX)Yas obtained in
five steps in satisfactory yield, and the functiaregion of the

2-thioxanthine brought about the PXYC series. Toredensation



between thiourea and ethyl cyanoacetate yielded
6-amino-2-mercaptopyrimidin-4(3H)-one (1), in whisH was further
substituted with a nitroso. The substituted prodRgivas then
deoxidized to obtain compound 3. A carbon was thioed to 3 through
the alkanoylation of the reduced amino to obtaifhk intramolecular

condensation of 4 gave the 2-thioxanthine core.
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Scheme 1. Synthesis of the PXYC series of compouReizction
conditions: (a) EtONa, 2 h, 75 °C; (b) Nah®I,O, AcOH, 20 h, room
temperature; (c) N&,O4, NaHCQ, 7 h, 0 °C; (d) AcOH, pH =5; (e)
HCOOH, 2 h, 101 °C; (f) formamide, 2 h, 178 °C; éhyl chloroacetate,
H,O, 70 °C; (h) 1 M NaOH, 70 °C; (i) AcOH:; (j) #, DCM, 0 °C to

room temperature; (k) Bl or K,CGO;, EtOH, 50 °C or room temperature.

During the functionalization of the 2-mercapto ofY3, the direct
introduction of completed side chains had highelda than stepwise
elongations. PXYC1 was first prepared by the alkgtaof the
2-mercapto with ethyl chloroacetate, and the hyaislof PXYC1
brought PXYC2. However, direct amination reactioh®XYC1 gave
many side products. Meanwhile, the condensatiowdsst PXYC2 and
the corresponding amines under HBTU and HATU catallgad low
yields. To overcome these obstacles, the comptatiedchains were
introduced directly, which were obtained by theaalylation of the
corresponding amines with chloroacetyl chlorideefthe alkyl chloride

products (5-13) were used to prepare PXYC5-PXYC13.

PXYD1-PXYD5 have the same side chains as some congsoin the
PXYC series, so some alkyl chloride products mewttbabove can also

be used. As shown in Scheme 2, PXYD1-PXYD5 werectly prepared



with 5,7-dihydroxyflavone as the core. An intrantliar hydrogen bond
can form between the 4-one and the 5-hydroxyl, Wwpiovides

regioselectivity for the alkylation of the 7-hydrdx
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Scheme 2. Synthesis of the PXYD series compouneksctidn conditions:

K.COs, DMF, 80 °C.

Preliminary tests with STD

The STD experiment is a fast method for identifyimiigcompounds[20],
which has been widely applied to ligand-based diegign[21-23]. After
the selective irradiation saturation of a receptoe,saturation can be
transferred to its nearby ligand, and their spstey will try to return to
equilibrium. Due to the different relaxation pattysaf the system, the
net spin populations belonging to the ligand mayease or decrease,
which is represented as higher or lower ligand peakits spectrum.
Based on the principle of STD, the satisfactoryltegreliminarily

showed that the drug design was successful.



For both RpsA-CTD (285-476) and RpsA-CTA38A (285-476), STD
experiments were performed to test if they intevatt the compounds.
As shown in the difference spectra (Figure 4), PXYEXYC2, PXYC12,
PXYC13, PXYD3 and PXYD4 have positive signals wbtiith

RpsA-CTD and RpsA-CT438A.
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Figure 4. Results of the STD experiments. The hyeing showing
signals on the difference spectra are labelle@dnDiff. andRef. in the
figure represent difference spectra and referepeetsa, respectivelyvt
andMut stand for RpsA-CTD and RpsA-CTAN38A, respectively. (a-f)
Spectra of PXYC1, PXYC2, PXYC12, PXYC13, PXYD3 drdYD4,

respectively.

Determination of dissociation constants with FQT

FQT experiments can be used to conveniently evalhat interactions
between biomacromolecules and small molecules[2§,The quenching
rate constants ({ and dissociation constantsjkof the active

compounds screened by STD are shown in Table lrArg to the
Stern-Volmer equation[26], all the,Kalues of the compounds are
greater than 2 x 1M ™ sec¢', which show that their quenching process is
static rather than dynamic. Namely, the compourad Ispecificity for

their targets. According to the number of bindilgguhds fitted by the



double logarithm regression curve[27], each aatmdecule combines
with one target, which also supports the spedcyficftthe interactions
between the compounds and their targets. Theakies fitted by the
double logarithm regression curve show that allatte/e compounds
have a stronger affinity to RpsA-CTD than POA. Nidyathe Ky values
of PXYC1 with the both targets are less tharVl, which shows that
PXYCL1 has the best affinity among the compoundentef in this work
and our previous work[4]. In our previous work[dgmpounds with
moderate affinity to RpsA-CTD and RpsA-CT238A show satisfying
results in drug susceptibility assays. Therefdre erformance of
PXYCL1 in biological tests is worth expecting. Adaitally, six
compounds show comparable affinity to RpsA-CALB8A, which

indicates their potential in antibiotic-resistadth infections.

Table 1. Results of the FQT experiments

Hill
Stern—Volmer 4 _
Compound Target , , Kq (M~ sec) equation Kg (uM)
equation Adj. R o,
Adj. R
PXYCL RpsA-CTD 0.989 337 x 1d 0.997 0.81
RpsA-CTDA438A 0.976 3.40x 18 0.997 0.31
XY Co RpsA-CTD 0.993 1.79 x 1® 0.986 6.35
RpsA-CTDA438A 0.990 1.91 x 18 0.997 5.11
RpsA-CTD 0.976 3.75 x 10 0.991 2.67
PXYC12
RpsA-CTDA438A 0.995 2.54 x 16 0.998 4.67
RpsA-CTD 0.977 4.09 x 19 0.956 7.61
PXYC13
RpsA-CTDA438A 0.998 3.68 x 18 0.994 8.50
BXYD3 RpsA-CTD 0.992 1.94 x 10 0.943 5.66
RpsA-CTDA438A 0.994 2.33 x 18 0.986 6.91

PXYD4 RpsA-CTD 0.997 6.45 x 19 0.992 3.24



RpsA-CTDA438A 0.989 6.64 x 18 0.996 1.64

POA RpsA-CTD 0.994 8.22 x tb 0.995 9.65

Analysis of Sructure-activity relationships based on STD and FQT

STD has shown its advantages in fragment-baseddirsign[23].
Because the saturation of proteins can only prdpagdragments within
a certain distance, fragments that are close tpribtein show signals.
These fragments can be important scaffolds foh&urstructural
modifications. Combined with thejKralues given by FQT, SAR can be

analysed for the active compounds.

For the PXYC series, appropriate side chains agthth the 2-mercapto
moiety are important. Most PXYC series differenpgedra show signals
belonging to methyl and methylene groups, indigptive importance of
the side chains. Similarly, PXYC3 shows no actiwiiyhout a side chain.
An acetic acid chain brings moderate activity, veaarits ethyl
esterification product shows the best affinitysdems that both
hydrophilic and hydrophobic chains can bring motiesadfinity. Because
the binding site for which the PXYC series was giesd is a surface
rather than a cavity, the hydrophobicity of theesathain may not be
important. Because the ester or acylamide derieatof PXYC3 show
activity, hydrogen bond acceptors are indispens&aethe acylamide

derivatives, the distance between the amide arathdmgroup has the



greatest influence on activity, from which it camibferred that around
the binding site there may be an amino acid comtgian aryl group.
Within the distance of one carbonz-& interaction may form. However,
this interaction looks unnecessary as the affioitihe acylamide
derivatives did not exceed PXYC1, which may be wuhe flexibility of
the amino acid aryl group. This one carbon distaise affects the
activity of the PXYD series, but the hydrophobiantfythe aryl groups
might be responsible for maintaining the affinitefPXYD3 and
PXYD4, as PXYD5 shows no signal with STD, which hasester

extension rather than an aryl group.

Validation of binding sites with CSP

CSP has been a successful method in fragment-basgalesign since
the proposal of “SAR by NMR”[23, 28]. The bindinfjlmands changes
the environment of nearby amino acids, which resualthe change in
peak shifts belonging to these amino acids. Basdti®@assignment of
RpsA 280-438 which has been reported[29], the hmdites of the

active compounds on RpsA-CTD can be found.

The change of peaks 0IN-"H heteronuclear single quantum coherence
(HSQC) spectra of RpsA (280-438) and its ligandwiscluded in Figure

5, and Figure 5a shows the spectrum of RpsA (2&)-d48d PXYCL1. As



shown in Figure 5b-5 g, for each compound, som&peeve and some
peaks become broader. In solution, proteins arhdlg form an
exchanging system, where ligands bind to or unbimiah proteins. When
ligands show low affinity, the peaks from the ngaaimino acids move
due to the fast unbinding of the ligand. For ligamdth high affinity, the
peaks get broader because the back reaction ahgirgslower than the
frequency difference between the bound and freeems{30]. The
broader peaks shown in Figure 5 mean that the congzohave a high
affinity for RpsA (280-438), which is in consistesith the Ky values
given by FQT. More importantly, considering moviagd broader peaks,
the visualized binding sites of the active compaucairespond to the
sites forin silico design (Figure 6). The PXYC1, PXYC2, PXYC12 and
PXYC13 sites are around tRestrand barrel that binds RNA. These four
strong compounds may compete with RNA. The PXYD& BKYD4
sites are between anhelix and thei-strand barrel, so they may be
successful allosteric inhibitors. Though the idéallmsteric inhibitors
needs further validation based on biological tektsy high affinity
makes them chemical tools for further evaluatioasé&l on these facts,

compounds with high affinities were successfullgigeed.
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Figure 5. Results of the CSP experiments. (a) $upesed spectrum of
PXYC1. The peaks in red, green and blue represanpound/protein
ratios of 1, 5 and 15, respectively. (b-g) Quatititadescriptions for
changes in the spectra belonging to PXYC1, PXYC/®12, PXYC13,
PXYD3 and PXYD4, respectively. d/Hcompexdescribes the changes in
intensity, and chemical shift perturbation desgitlee movement of
peaks. In each figure, the lower horizontal lingresents the mean value
of the corresponding changes, and the upper hdakbme represents the
mean value plus the corresponding standard dewmigiibange values

larger than the upper horizontal line indicate Bigant changes.
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Figure 6. Binding sites. (a) Predefined bindingsitor molecular
docking. The two spheres are binding sites. Theerstr the blue
B-strands was used to design the PXYC series, anadtkier site was used
to design the PXYD series. (b) Binding sites deteet by the CSP
experiments. Amino acids with shifts in the speet@in yellow, while

amino acids with broader peaks are in red.

Conclusion

Based on the complex structure of POA and RpsA-Clllocompounds
were screened and synthesized. With STD experilmgrtsompounds
were found to have effects on both RpsA-CTD andARp3D A438A,
and these interactions were further proven by HQE& FQT experiments
also helped to determine thg ¥alues between each protein and the

active compounds, of which PXYC1 showed the high#stity. The



SAR analysis of the PXYC and PXYD series can helgigh compounds
with higher affinity, and thus, better lead compdsifior treating
tuberculosis may be further developed. Finally, @18 experiments
validate the binding sites of the six compoundstdgeting the
trans-translation process Mith, PXYC1, PXYC2, PXYC12 and
PXYCL13 provide new leads for treatiMjb infections, and their effects
on both RpsA-CTD and RpsA-CTM38A may limit antibiotic
resistance. In addition, PXYD3 and PXYD4 can bemwical tools to

further study the feasibility of allosteric inhibrs of RpsA.

Experimental section

Molecular docking

Based on the complex structure of RpsA-CTD and PRI2B code:
4ANNI) and the structure of RpsA-CTA%38A (PDB code: 4ANNG)[12],
molecular docking was performed by CDocker[30], &fiebcker energy
and CDocker interaction energy were used as thingcfunctions to
screen the compound libraries of Antibacterial_5460
Antivriral_77260 in the ChemDiv commercial libraBrugbank and
Zinc. In 4NNI with Arg357 protonated, a coordingte12.681, y=3.955,
z=22.145) was set as the centre of a sphere wiHias of 7.0 A to
perform the first round of virtual screening. Thdocking was performed

in 4ANNG with Arg357 protonated and a coordinateg(¥65, y=16.396,



z=1.71) and a radius (7.7 A) were set. Then, theessettings in 4NNl
without the protonated Arg357 were used for thet nexnd of screening,
followed by screening based on the unprotonated@NMth the
following settings: x=-2.291, y=12.954, z=-11.13#aadius=7.0 A. The
compounds having scores better than POA (protormatetel:
-CDocker_energy > 20, -CDocker_interaction_ener@p>unprotonated
model: -CDocker_energy > 8, -CDocker _interactiorergn > 22) were
selected. For the allosteric site, the coordingtes5.553 y=-11.292
z=27.764) and (x=-8.378 y= -5.605 z=1.888) werd@e4NNI and
ANNG, respectively, and radii of 8.1 A and 8.2 dspectively, were set
tentatively. Antibacterial_5460 and Antivriral_712& the ChemDiv
commercial library and Drugbank were screened,taedompounds
with higher -CDocker energy and -CDocker interatmergy were

preferred.

Synthesis

Ethyl cyanoacetate was purchased from Energy Claigdhanghai,
China). Chloroacetyl chloride and ethyl chloroat®taere purchased
from Shaoyuan Technology (Shanghai, China). Reagemhmonly used
in the laboratory were all chemically pure. Theand"*C NMR spectra
were collected with Bruker Avance 300 or 850 MHe&pometers.

High-resolution mass spectra (HRMS) were collectedn Agilent



ESI-TOF mass spectrometer.

Synthesis of the PXYC series

Synthesis of 6-amino-2-mercaptopyrimidin-4(3H)-one (compound 1). The
reaction was carried out in a three-necked rountbivoflask, using the
two side necks for refluxing and purging nitrogeithva dry tube. To the
flask, 37.5 mL of absolute ethanol was added, asadaum block (1.13 g,
49.2 mmol) was slowly added with ice-cooling andgmetic stirring.
After the sodium block disappeared, thiourea (3§231.5 mmol) was
added and the system was purged with nitrogen| Eyfaynoacetate (5
mL, 46.9 mmol) was added slowly under the nitroggnosphere.
Initially, a yellow solid started to precipitatedafinally the solution
clarified. Then, a large amount of white solid aqueel, and the reaction
stirred at 75 °C for 2 h. The white solid was oiéa and then dissolved
in water (35 mL). The pH of the solution was adgasto 4 with acetic
acid, and the white precipitate was separatedltogtion and washed
with ethyl acetate and petroleum ether to obtainhie solid (5.84 g,
87%)."H NMR (300 MHz, DMSO-d6}p 11.64 (s, 1H), 11.54 (s, 1H),

6.38 (s, 2H), 4.69 (s, 1H).

Synthesis of 6-amino-2-mercapto-5-nitrosopyrimidin-4(3H)-one
(compound 2). Compound 1 (0.5 g, 3.5 mmol) was dissolved inlat®n

of 8.93 mL water and 1.8 mL acetic acid. At the edime, 0.446 g (6.5



mmol) of sodium nitrite was dissolved in 1.4 mLvedter. In an ice bath,
the aqueous sodium nitrite solution was slowly adadethe compound 1
solution with stirring. During the addition, thelstoon gradually turned
brick red. After 16 h of stirring at room tempern&uthe mixture was
filtered and the filter cake was washed with wated ethanol to give a
brick red solid (0.45 g, 76%). As the compound draly active
hydrogens, we have listed only #f€ NMR spectrum™C NMR (75

MHz, DMSO-d6)s 140.38, 142.60, 159.38, 176.43.

Synthesis of 5,6-diamino-2-mercaptopyrimidin-4(3H)-one (compound 3).
Compound 2 (0.45 g, 2.6 mmol) was dissolved in@ 0k aqueous
saturated sodium bicarbonate. Sodium dithionite6@ g, 7.8 mmol) was
slowly added to the reaction solution in an icenb@he reaction stirred
for 7 h, during which the solution turned from bdo@d to pale yellow
and then white. After the reaction was complete,@H of the solution
was adjusted to 5 with acetic acid, and the saturas placed in a
refrigerator for a few minutes. The solution wadkefed and the filter
cake was washed with water and ethanol to giveitewsblid (0.369 g,
89%)."H NMR (300 MHz, DMSO-d6} 5.68 (br, 6H)*C NMR (75

MHz, DMSO-d6)s 102.43, 104.56, 157.86, 167.45.

Synthesis of N-(4-amino-2-mercapto-6-oxo-1,6-dihydropyrimidin-5-yl)



formamide (compound 4). Compound 3 (2.85 g, 18 mmol) was dissolved
in 90% formic acid and the solution stirred at 2Q1for 2 h. During the
reaction, a dry tube was added to the reflux dewnd formic acid was
added to the reaction flask to avoid solidificatidfter the reaction, the
mixture was cooled to 0 °C. The mixture was théerd and the filter
cake was washed and dried to obtain a pale yelbwa .16 g, crude

yield: 94%).

Synthesis of 2-thioxanthine (compound PXYC3). Compound 4 (3.16 g, 17
mmol) was dissolved in 8 mL of formamide solutiand the solution
was allowed to stir at 178 °C. A large amount dblides were generated
and there was only a small amount of liquid leftha reaction flask at
the end of the reaction. After cooling to room temgture, a filter cake
was obtained by filtration, which was then dissdle 1 M sodium
hydroxide, producing a yellow liquid. The solutimas decolorized with
activated carbon, and the filtrate was retaineer diftration. The solution
was adjusted to acidic pH with acetic acid, anelsoow solid precipitated.
After filtration, the filter cake was washed witthgl acetate and
petroleum ether to give a pale yellow solid (2.36'g NMR (300 MHz,
DMSO-d6)s 8.05 (s, 1H)*C NMR (75 MHz, DMSO-d6}p 110.84,

141.97, 149.32, 153.90, 173.82; HRMS (ESI) m/z [N*H69.0175.

Synthesis of ethyl 2-((6-ox0-6,7-dihydro-1H-purin-2-yl)thio)acetate



(compound PXYC1). To 25 mL of water, PXYC3 (0.44 g, 2.6 mmol) was
added and the solution was heated to 70 °C, foliblyethe addition of
2.5 mL of 1 M sodium hydroxide with stirring. Acetacid was added to
disperse PXYC3 as white granules, and then 50.6418 g, 5.2 mmol)
of ethyl chloroacetate was added. The reaction masitored via TLC.
After the reaction was complete, the pH of the smfuwas adjusted to 5
and the solution was filtered. The filter cake washed with ethanol and
ethyl acetate and finally dried in vacuo to yield/ite solid (0.42 g)*H
NMR (300 MHz, DMSO-d6p 1.19 (t, J = 7.1 Hz, 3H), 4.07 (s, 2H), 4.13
(q, J = 7.1 Hz, 2H), 8.02 (s, 1H), 12.64 (s, 13,08 (s, 2H)*C NMR
(213MHz, DMSO-d6)6 14.47, 32.84, 61.66, 141.88, 149.38, 153.99,

168.84, 173.83: HRMS (ESI) m/z [M+H]255.0520.

Synthesis of  2-((6-ox0-6,7-dihydro-1H-purin-2-yl)thio)acetic  acid
(compound PXYC2). PXYC1 (0.42 g, 1.65 mmol) was dissolved in 6 mL
of 1 M aqueous sodium hydroxide. The reactionedirat 70 °C for 2 h,
during which the solution became pale yellow. Theaction was
monitored via TLC, and the mixture was cooled tomotemperature
after the reaction was complete. Acetic acid wadeddto the reaction
mixture to precipitate the product as a white sdlide solid was obtained
by filtration and dried to give a white solid powd®.3 g)."H NMR (300

MHz, DMSO-d6)§ 7.99 (s, 1H), 3.80 (s, 2H)C NMR (75 MHz,



DMSO-d6) 6 34.62, 116.65, 139.58, 153.02, 156.03, 155.56,.6P70

HRMS (ESI) m/z [M+H]: 227.0226.

General procedure for the synthesis of compounds 5-14. The
corresponding amine was dissolved in anhydroudatichmethane at

0 °C, and then triethylamine (1efj) was added under a nitrogen
atmosphere. Chloroacetyl chloride (&dq) diluted with anhydrous
dichloromethane was slowly added to the reactiofiure in an ice bath.
The reaction stirred at 0 °C for 30 min, after whike reaction slowly
warmed to room temperature overnight. TLC was tigedonitor the
reaction. After the reaction was complete, it wasrgghed with water and
extracted with dichloromethane. The organic phase netained and
washed with an aqueous hydrochloric acid solutimnaqueous saturated
sodium hydrogen carbonate solution, and brine ttinees. Anhydrous
sodium sulfate was used to dry the organic phdisr,ahich the solvent
was removed under reduced pressure with a rotayozator to obtain
crude product. The crude product was dissolvedhyl acetate and
recrystalized with petroleum ether to afford theafiproduct. Compounds

5-14 were in 58-86% vyield.

2-chloro-N-phenylacetamide (compound 5). 'H NMR (300 MHz,

DMSO-d6) 5 4.26 (s, 2H), 7.10 (t, J = 7.4 Hz, 1H), 7.34 (& 8.0 Hz,



2H), 7.59 (d, J = 7.9 Hz, 2H), 10.30 (s, 1H).

Methyl 4-(2-chloroacetamido)benzoate (compound 6). 'H NMR (300
MHz, DMSO-d6)6 3.83 (s, 3H), 4.31 (s, 2H), 7.74 (d, J = 8.4 H4),2

7.95 (d, J = 8.4 Hz, 2H), 10.65 (s, 1H).

2-chloro-N-(3-methoxyphenyl)acetamide (compound 7). *H NMR (300
MHz, CDCk) 6 2.34 (s, 3H), 4.16 (s, 2H), 6.98 (d, J = 7.5 H#),17.23

(t, J = 7.8 Hz, 1H), 7.41-7.29 (m, 2H), 8.24 (s)1H

2-chloro-N-(thiazol-2-yl)acetamide (compound 8). *H NMR (300 MHz,
CDCl) 6 5.13 (s, 2H), 7.91 (d, J = 3.5 Hz, 1H), 8.10 ¢3),18.36 (d, J =

3.6 Hz, 1H).

2-chloro-N-phenethylacetamide (compound 9) '‘H NMR (300 MHz,
CDCl;) 6 2.87 (t, J = 7.0 Hz, 2H), 3.59 (g, J = 6.9 Hz, 2#p4 (s, 2H),

6.65 (s, 1H), 7.41-7.28 (m, 2H), 7.33-7.18 (m, 3H).

N-benzyl-2-chloroacetamide (compound 10). *H NMR (300 MHz,
DMSO-d6)6 4.12 (s, 2H), 4.51 (d, J = 5.8 Hz, 2H), 6.89 (3),17.28 (d,

J=6.0 Hz, 1H), 7.32 (s, 2H), 7.44-7.30 (m, 2H).



2-chloro-N-(2-chlorophenyl)acetamide (compound 11). *H NMR (300
MHz, CDCk) 6 4.24 (s, 2H), 7.11 (td, J = 7.7, 1.6 Hz, 1H), 7¢dd, J =
8.0, 1.5 Hz, 1H), 7.40-7.23 (m, 1H), 8.37 (dd, 8.3, 1.5 Hz, 1H), 8.94

(s, 1H).

2-chloro-N-(3-methylbenzyl)acetamide (compound 12). *H NMR (300
MHz, CDCk) 6 1.63 (s, 3H), 4.10 (s, 2H), 4.45 (d, J = 5.8 H#),%6.84

(s, 1H), 7.10 (m, 3H), 7.28-7.20 (m, 1H).

2-chloro-N-(4-methylbenzyl)acetamide (compound 13). Used as a crude

product for its next reaction.

Ethyl (2-chloroacetyl)glycinate (compound 14). Used as a crude product

for its next reaction.

General procedure for the synthesis of compounds PXYC5-PXYC13. To
an absolute ethanol solution of the correspondimdproacetamide
derivatives, triethylamine or potassium carbondt€ €q) was added,
followed by the addition of PXYC3 (1.4q) at room temperature. The
reaction stirred overnight. When the reaction wastl to be slow via
TLC, the reaction temperature was slowly increasefl0 °C. After the

reaction was complete, the solution was acidifigdhe addition of acetic



acid. Then, the mixture was filtered and the fiteake was washed with
water, ethanol and ethyl acetate. A dilute sodiyardixide solution was
added to dissolve the filter cake in an ice batid &he solution was
adjusted to acidic pH to precipitate the correspamngroduct. After the

mixture was filtered, the filter cake was washedhwiyclohexane and
dried. When the purity was low, purification wasfpemed with column

chromatography (DCM:methanol 20:1, triethylamindexd). Compounds

PXYC5-PXYC13 were in 64-90% yield.

2-((6-0x0-6,7-dihydro-1H-purin-2-yl)thio)-N-phenylacetamide

(compound PXYC5). *H NMR (300 MHz, DMSO-d6p 4.17 (s, 2H), 7.30
(t, J = 7.7 Hz, 2H), 7.05 (t, J = 7.4 Hz, 1H), 7(88J = 8.0 Hz, 2H), 8.05
(s, 1H), 10.36 (s, 1H}’C NMR (213MHz, DMSO-d6p 35.70 119.60
123.94 129.26 139.32 166.18 124.60 130.79 143.70 166.23

166.82; HRMS (ESI) m/z [M+H] 302.0675.

Methyl 4-(2-((6-ox0-6,7-dihydro-1H-purin-2-yl)thio)acetamido)benzoate
(compound PXYC6). *H NMR (300 MHz, DMSO-d6}p 3.81 (s, 3H), 4.20
(s, 2H), 7.72 (d, J = 8.5 Hz, 2H), 7.91 (d, J =84 2H), 8.06 (s, 1H),

10.74 (s, 1H), 12.98 (s, 1H); HRMS (ESI) m/z [M+H360.0734.

N-(3-methoxyphenyl)-2-((6-ox0-6, 7-dihydro- 1H-purin-2-yl)thio)acetamid



e (compound PXYC7). *H NMR (300 MHz, DMSO-d6) 2.26 (s, 3H),
4.15 (s, 2H), 6.87 (d, J = 7.5 Hz, 1H), 7.18 @& 2.8 Hz, 1H), 7.56-7.26
(m, 2H), 8.07 (s, OH), 10.27 (s, 1H), 12.59 (s, 1¥ NMR (213MHz,

DMSO-d6) 6 35.70, 116.79, 120.12, 124.63, 129.09, 138.45,2B39

142.06, 166.08, 173.86.

2-((6-0x0-6,7-dihydro-1H-purin-2-yl)thio)-N-(thiazol-2-yl)acetamide
(compound PXYC8). *HNMR (300 MHz, DMSO-d6¥ 4.18 (s, 2H), 7.21

(s, 1H), 7.46 (s, 1H), 7.96 (s, 1H), 12.88 (br, 3H)

2-((6-0x0-6,7-dihydro-1H-purin-2-yl)thio)-N-phenethyl acetamide

(compound PXYC9). *H NMR (300 MHz, DMSO-d6) 2.70 (t, J = 7.0
Hz, 2H), 3.90 (t, J = 6.9 Hz, 2H), 3.90 (s, 2H}&7.00 (m, 5H), 8.07 (s,
1H), 8.28 (s, 1H), 12.22 (s, 1H), 13.39 (s, 1L NMR (213MHz,
DMSO-d6) 6 34.45, 35.38, 41.15, 110.72, 126.50, 128.77, 1IR8.7
129.05, 139.70, 142.06, 149.45, 153.86, 167.37,8673HRMS (ESI)

m/z [M+H]": 330.0981.

N-benzyl-2-((6-ox0-6,7-dihydro-1H-purin-2-yl)thio)acetamide
(compound PXYC10). 'H NMR (300 MHz, DMSO-d6) 4.00 (s, 2H),
4.31 (d, J = 5.9 Hz, 2H), 7.24 (d, J = 13.4 Hz, 58406 (s, 1H), 8.68 (s,

1H), 12.16 (s, 1H)*C NMR (213MHz, DMSO-d6)5 34.45, 42.95,



127.15, 127.48, 128.68, 139.49, 141.92, 149.38,4B6HRMS (ESI)

m/z [M+H]": 316.0832.

N-(2-chlorophenyl)-2-((6-o0xo-6,7-dihydro-1H-purin-2-yl)thio)acetamide
(compound PXYC11). *H NMR (300 MHz, DMSO-d6) 4.20 (s, 2H),
7.17 (t, 3 = 7.7 Hz, 1H), 7.32 (t, J = 7.7 Hz, 1HX7 (d, J = 7.9 Hz, 1H),
7.81 (d, J = 8.1 Hz, 1H), 8.14 (s, 1H), 9.86 (s),112.64 (s, 1H), 13.40
(s, 1H);**C NMR (213MHz, DMSO-d6} 35.01, 125.63, 126.23, 126.70,

129.89, 127.96, 135.13, 166.97; HRMS (ESI) m/z [N:1336.0277.

N-(3-methylbenzyl)-2-((6-0x0-6, 7-dihydro-1H-purin-2-yl)thio)acetamide
(compound PXYC12). 'H NMR (300 MHz, DMSO-d6)% 2.20 (s, 3H),
3.98 (s, 2H), 4.30-4.21 (m, 2H), 7.01 (s, 3H), 7(831H), 8.06 (s, 1H),
8.66 (s, 1H), 12.19 (s, OH), 12.56 (s, 1HYC NMR (213MHz,
DMSO-d6) & 21.36, 34.45, 42.93, 110.72, 124.67, 128.62, 18.0
127.82, 137.76, 139.38, 142.06, 149.45, 153.86,4057.67.45, 173.86;

HRMS (ESI) m/z [M+H]: 330.0859.

N-(4-methylbenzyl)-2-((6-oxo-6, 7-dihydro-1H-purin-2-yl)thio)acetamide
(compound PXYC13). 'H NMR (300 MHz, DMSO-d6)% 2.24 (s, 3H),
3.98 (s, 2H), 4.24 (d, J = 5.9 Hz, 2H), 7.08 (t 12.4 Hz, 4H), 8.06 (s,

1H), 8.67 (s, 1H), 12.20 (s, 1HYC NMR (213MHz, DMSO-d6p 21.12,



34.48, 42.73, 110.81, 127.51, 129.23, 136.20, P36142.01, 149.38,

153.91, 154.31, 167.42, 173.86; HRMS (ESI) m/z [N:1330.0971.

General procedure for the synthesis of compounds PXYD1-PXYD5.
5,7-Dihydroxyflavone was dissolved in anhydrous Diefter which
potassium carbonate (1e8) was added, and the mixture stirred for 1 h,
during which the solution became yellow. Then,¢beesponding
chloroacetamide derivatives (1eQ) was added, and the reaction stirred
at 80 °C for 5 h, during which TLC was used to nanihe reaction.
When the reaction was complete, the mixture wasqubunto cold water,
and the pH was adjusted to be acidic. Then, théunaxvas extracted
with ethyl acetate and the organic phase was exfaand washed with
brine three times. The organic phase was dried avieydrous sodium
sulfate, and then the solvent was removed undeiceztpressure with a
rotary evaporator to obtain crude product. The eqmebduct was mixed
with silica gel and purified by column chromatodmgdPE:EA 2:1).

Compounds PXYD1-PXYDS5 were in 43-80% yield.

2-((5-hydroxy-4-oxo-2-phenyl-4H-chromen-7-yl) oxy)-N-phenethyl acetami
de (compound PXYD1). *H NMR (300 MHz, DMSO-d6p 2.76 (t, J = 7.4
Hz, 2H), 3.49 (q, 2H), 4.63 (s, 2H), 6.44 (d, J.2 Bz, 1H), 6.80 (d, J =

2.3 Hz, 1H), 7.07 (s, 1H), 7.32-7.10 (m, 5H), 7(61J = 6.7, 6.2 Hz, 3H),



8.15-8.05 (m, 2H), 8.26 (t, J = 5.5 Hz, 1H), 12(821H);**C NMR
(213MHz, DMSO-d6) 35.49, 40.46, 67.67, 93.99, 99.31, 105.76,
105.90, 126.52, 126.92, 128.73, 129.06, 129.62,0P31.32.65, 139.71,
157.65, 161.56, 164.09, 164.02, 167.15, 182.56; SRESI) m/z

[M+H]": 416.1462.

N-(2-chlorophenyl)-2-((5-hydroxy-4-oxo-2-phenyl-4H-chromen-7-yl ) oxy)
acetamide (compound PXYD2). *H NMR (300 MHz, DMSO-d6p 4.74 (s,
2H), 6.50 (d, J = 2.3 Hz, 1H), 6.61 (t, J = 2.6 HH), 6.72 (s, 1H), 7.10

(td, J = 7.7, 1.6 Hz, 1H), 7.39-7.26 (m, 1H), 7(dd, J = 8.0, 1.5 Hz, 1H),
7.62-7.47 (m, 4H), 7.96-7.85 (m, 2H), 8.93 (s, 119.82 (s, 1H)**C

NMR (213MHz, DMSO-d6Y 67.65, 94.22, 95.38, 99.26, 105.85, 105.94,
126.37, 126.95, 127.02, 127.29, 128.12, 129.66,0830.30.97, 131.03,

132.70, 134.53, 157.69, 161.75, 164.03, 164.10556482.61.

2-((5-hydroxy-4-oxo-2-phenyl-4H-chromen-7-yl) oxy)-N-(3-methyl benzyl)
acetamide (compound PXYD3). *H NMR (300 MHz, CDCJ) § 2.32 (s,

3H), 4.53 (d, J = 5.8 Hz, 2H), 4.62 (s, 2H), 6.89 = 2.2 Hz, 1H), 6.52
(d, J = 2.3 Hz, 1H), 6.69 (s, 1H), 6.79 (s, 1HDI7(d, J = 6.0 Hz, 3H),
7.23 (s, 1H), 7.64-7.46 (m, 3H), 7.88 (dd, J = 1.5,Hz, 2H), 12.75 (s,
1H); °C NMR (213MHz, DMSO-d6} 21.22, 42.26, 67.68, 94.02, 99.40,

105.75, 105.88, 126.89, 128.57, 130.99, 124.82,/63128.22, 139.54,



132.65, 129.60, 127.87, 157.63, 161.56, 164.01,1P6467.34, 170.78,

182.54; HRMS (ESI) m/z [M+H] 416.1471.

2-((5-hydroxy-4-oxo-2-phenyl-4H-chromen-7-yl ) oxy)-N-(4-methyl benzyl)
acetamide (compound PXYD4). *H NMR (300 MHz, DMSO-d6p 2.15 (s,
3H), 3.99 (s, 2H), 4.14 (d, J = 5.9 Hz, 2H), 6.d1X = 2.1 Hz, 1H), 6.41
(d, J = 2.1 Hz, 1H), 6.84 (s, 1H), 7.16-6.95 (m) 4H55-7.38 (m, 3H),
7.94 (dt, J = 6.6, 1.8 Hz, 2H), 8.57 (s, 1H), 1Ag21H);*C NMR
(213MHz, DMSO-d6) 21.12, 43.12, 67.69, 94.58, 99.49, 104.44,
105.64, 126.86, 127.73, 127.78, 129.22, 129.32502931.18, 132.46,
136.25, 136.32, 136.47, 136.61, 157.92, 161.94,626364.91, 166.35,

182.3; HRMS (ESI) m/z [M+H] 416.1447.

Ethyl (2-((5-hydroxy-4-oxo-2-phenyl-4H-chromen-7-yl ) oxy)acetyl ) gl ycinat

e (compound PXYD5). 'H NMR (300 MHz, CDCJ) § 1.32 (t, J = 7.1 Hz,
3H), 4.16 (d, J = 5.3 Hz, 2H), 4.27 (q, J = 7.1 BH), 4.64 (s, 2H), 6.45

(d, J = 2.3 Hz, 1H), 6.58 (d, J = 2.3 Hz, 1H), 6(F21H), 7.05 (s, 1H),

7.56 (d, J = 7.1 Hz, 3H), 7.91 (d, J = 7.0 Hz, 219.79 (s, 1H)**C NMR
(213MHz, DMSO-d6) 14.52, 40.99, 61.01, 67.51, 94.13, 99.39, 105.81,
105.92, 126.93, 129.64, 131.02, 132.69, 157.67.556164.03, 164.06,

167.98, 170.01, 182.59; HRMS (ESI) m/z [M+H}98.1213.



Protein expression and purification. RpsA-CTD (285-476) and
RpsA-CTDA438A (285-476) were prepared as described before[4]
>N-labelled wild-type RpsA (280-438) was preparedescribed

previously[29].

STD experiments. The proteins were dissolved in 10 mM PBS 6.0
solution containing 150 mM NacCl, and the compoundse dissolved in
DMSO-d6 with a concentration of 100 mM. A soluticontaining 50QuL
of 20uM RpsA-CTD or RpsA-CTM438A, 500uM compound and 10%
D,O was prepared, and the solution was added to aR Nilde. A Bruker
Advance 850 MHz spectrometer was used to perfoensiiD
experiments. The saturation frequency for diffeeesigectra was set at
-800 Hz, while the frequency for reference spesiaa set at 42500 Hz.

The collected data was processed with Bruker Top32.

FQT experiments. The Stern-Volmer equation was first used to deiteem
whether quenching was static[26]:

Fo/F = 1+ Kqto[Q].
In this equation, f-and F are the fluorescence intensity before ated af
the addition of quenching agent, respectively,igkdhe concentration of

guenching agent ang is the fluorescence lifetime, whose average value



for biomacromolecules is 1 x £@ec. With these values, the quenching
rate constant (§ can be calculated, and g ¥alue larger than 2.0 x 10

M*sec! indicates static quenching.

The dissociation constant {Kand the number of binding sites (n) were
then calculated by the double logarithm regressiomne[27]:
log[(Fo-F)/F] = logK; + nlog[Q].

In this equation, Kis the binding constant, and, ks the reciprocal of K

For FQT experiments, 100 mM compound solutions 9D and 10
mM protein solutions in PBS 6.0 containing 150 mielQN were prepared.
Then, 20QuL of a solution containing a compound, 17% DMSO aad
uM of RpsA-CTD or RpsA-CTIA438A was prepared. The
concentrations of the compounds weneM) 5 uM, 10 uM, 20 uM, 30
uM, 40 uM, 50 uM, 70 uM, 80 uM, 90 uM, 110uM, 130uM, 150 uM,
160uM, 170uM, 250uM, 350uM or 500uM. POA was used as a
control. An F-7000 fluorescence spectrophotomé#€TACHI, Japan)
was used to obtain the fluorescence intensity @tr38. For each group
of one protein and one compound, the determinatidluorescence
intensity was repeated three times, and the avensgesity was used to

calculate the Kvalue.



CSP experiments. One hundred millimolar compound solution in
DMSO-d6 and a 10 mM protein solution in PBS 6.0taoring 150 mM
NaCl were prepared. Then, 500 of a solution was added to an NMR
tube, which contained 2QM of °N-labelled RpsA (280-438) and 10%
D,0. The'H-"N HSQC spectra were acquired on a Bruker Avance 850
MHz spectrometer at 25 °C. Before acquisition, couma in DMSO-d6
was added to the NMR tube, and the solution wagaix

The volume of the added PXYC2 solution wad Q1 pL, 1 uL, 3L, 2
uL and 8uL. The volumes for PXYC1 wereyd, 1 uL, 1 uL, 3uL and 2
uL, while the volumes for PXYC12, PXYC13, PXYD3 aRXYD4 were
Opl, 1 uL, 1 uL and 3uL. Equivalent volumes of DMSO-d6 containing
no compound were used as controls to deduct teeenénce of

DMSO-d6.

The moving of peaks belonging to acylamide grodpa N—H) were
calculated by the following equation[30, 32]

AB3N-H=( (AdH)*+ (A 3N/5)HY2.
In this equation)A 6 H andA & N represent the chemical shift changes of

the protons and nitrogens belonging to the acylargrdup, respectively.

The broadening of peaks belonging to acylamideggauas described as

the intensity changes of the peaks (IPI):



IPl = Hyed Hping:
Here, Hing and Hee represent the height of the peaks in the presande

absence of compound, respectively.

The acquired data was first processed by the NM#&Bg]) software
package, and the chemical shifts and intensityasalere obtained with

Sparky[34].
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