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Metal ions may functionally inhibit metalloproteins via either replacement of intact metal cofactors or binding
to allosteric sites via metalloallostery. Despite extensive studies, until now, it has not been fully understood how
silver inhibits its authentic protein targets, particularly at the atomic level, largely owing to the lack of knowledge
on the authentic protein targets of silver as well as the limited structures available. Herein we show that malate
dehydrogenase (MDH) serves as a vital target of antimicrobial Ag* against E. coli. Ag* binds MDH at multiple
sites and inhibits its activity via a non-competitive mechanism. Importantly, we successfully captured the
Ag*-mediated “open-to-closed” conformational change of the active-site of MDH by X-ray crystallography.
Combined with the enzyme kinetics and mutagenesis data, we unambiguously unveil that the allosteric
inhibition of MDH by Ag™ is attributable to its binding to the cysteine residue (Cys251), consequently leading

to the closure of the active-site loop of MDH, which disrupts the substrate and coenzyme binding, and
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Accepted 19th September 2025 ultimately inhibiting the activity of MDH. Our studies provide the first structural glimpse of an

unprecedented allosteric inhibition of authentic target enzymes by silver. These findings not only enhance

DOI: 10.1039/d55c05183e our understanding of the mechanism underlying silver inhibition of its protein targets at the atomic level, but
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Introduction

Metal ions, e.g, silver (Ag"),"” bismuth (Bi**),*** and gallium
(Ga*"),>*> have been widely used as antimicrobial agents for
decades.*>'**® In particular, silver and silver nanoparticles (AgNPs)
are the most widely used antibacterial agents in healthcare and
the food industry,"**** whereas their molecular targets have
remained largely concealed throughout history.>*?¢ It is
commonly believed that silver (Ag") toxicity is due to the binding
of silver to enzymes via the thiolate or thioester of cysteine or
methionine residues, resulting in subsequent substitution of the
cognate ions in the catalytic sites of metalloenzymes.>** Given
that metal ions could regulate metalloprotein functions via
binding to allosteric sites through metalloallostery,” it remains
elusive whether silver could also inhibit enzymes via allosteric
sites, which has been recognized as an emerging approach for
drug discovery and development.?*® Owing to the fact that Ag" is
isoelectronic to Cu', most studies feature binding of silver to
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also offer a novel allosteric targeting site in MDH for the design of new antibiotics.

copper transporters**® and transcriptional regulators,*>** and

the active site of copper enzymes,* leading to disruption of
copper homeostasis.**** However, the binding of silver to its
authentic protein targets and the bio-coordination chemistry of
silver remain poorly understood due to the limited silver-binding
protein structures determined, a consequence of the technical
challenges involved.** This scarcity has hindered a comprehen-
sive investigation into the targeting sites and residues of silver, as
well as its inhibitory mode of action, particularly at the atomic
level.

Malate dehydrogenase (MDH) is a core metabolic enzyme
that catalyzes the reversible oxidation of malate to oxaloacetate
with the concomitant reduction of NADH."™® It has been
proposed to be a drug target due to its crucial role in cellular
metabolism and its involvement in various diseases.” Using
a home-made platform, we have identified E. coli malate dehy-
drogenase (EcMDH) as one of the silver-binding proteins in the
bacteria.®*®* ECMDH is an enzyme that has no metal ion cofac-
tors in central carbon metabolism, and possesses three cysteine
residues and several methionine-histidine pairs. All these
cysteine sites are neither adjacent to the active site nor directly
involved in the catalytic process. These properties render
EcMDH an exceptional model to investigate silver and its
protein targets at the molecular level, e.g., targeting sites or
residues of silver ions in proteins, the mechanism underlying
silver inhibition of enzymes, and the coordination geometry of
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silver ions and its relationship with the inhibition mode. Such  oxidative branch of the TCA cycle and an adaptive metabolic
studies will yield new information on the biological and divergence to the reductive glyoxylate shunt, subsequently
medicinal chemistry of Ag”, and uncover new targeting sites for damaging the adaptive glyoxylate shunt, and leading to the
development of new antibacterial agents. death of the bacterium.® Among the five identified silver-
Herein, we show that MDH serves as a vital target of Ag' in  binding proteins in the TCA cycle and glyoxylate shunt, ie.,
cells for its antibacterial activity against E. coli. Our systemic isocitrate dehydrogenase (IDH), succinyl-CoA synthetase
biochemical characterization demonstrates that Ag' binds to subunit alpha (SucD), malate dehydrogenase (MDH), malate
MDH at multiple sites and inhibits MDH in a non-competitive lyase (AceA), and malate synthase A (AceB), MDH is the only
mode. Importantly, we captured the Ag'-mediated “open” to enzyme involved in both pathways (Fig. 1A), indicative of its
“closed” conformational change of the MDH active-site by X-ray ~ importance in mediating the antibacterial activity of Ag" against
crystallography. Binding of Ag" to the Cys251 residue at the E. coli. MDH. The enzyme has aroused great interest due to its
allosteric site led to the closure of the active site by the move- vital role as a key enzyme in the central oxidative pathway and
ment of a loop (residues 79-91), resulting in an unprecedented other metabolic activities, including aspartate biosynthesis, the
allosteric inhibition of MDH by Ag". malate-aspartate shuttle, gluconeogenesis, and lipogenesis.**~>*
In view of the multiple roles of MDH in various biological

Results and discussion processes, vze hypothesize t‘hat MDH may serve as an important

target of Ag" against E. coli.

MDH serves as a vital protein target of antibacterial Ag” To verify whether MDH is an authentic Ag*-binding protein,
against E. coli we extracted cytosolic proteins from both wild-type (WT) E. coli
We identified 34 silver-bound proteins in E. coli via a home- MG1655 and gene knockout strain Amdh after treatment with

made platform.®® We delineated that Ag" primarily damages AgNO; and compared the GE-ICP-MS profiles of Ag'-binding
multiple enzymes in the TCA cycle, leading to the stalling of the ~ Proteins in the molecular weight (MW) window at around 32
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Fig. 1 Malate dehydrogenase (MDH) as a vital protein target of antimicrobial silver ions against E. coli. (A) Scheme of TCA cycle (green) and
glyoxylate shunt (orange) in E. coli. The identified silver-binding proteins in our previous study are shown in blue. (B) GE-ICP-MS electrophe-
rograms (107Ag) for WT E. coli, Amdh mutant, and Amdh strain transformed with the plasmid (pMDH) that expresses MDH. Soluble proteins were
extracted from bacterial cells (ODggg of 0.3) after treatment with 4 ng ml=* AQNOs for 1 h and further analyzed by LC-GE-ICP-MS. 1%7Ag profiles
of proteins with isoelectric points in the range of 5 to 6 are shown. The presence or absence of MDH was verified by western blotting. (C) GE-ICP-
MS profiles of the soluble proteins extracted from WT E. coli and pHisgMDH strain (HisgMDH being overexpressed by IPTG induction). (D) Cellular
thermal shift assay (CETSA) of WT E. coli with or without treatment of 4 pg ml=* AgNOs (n = 3, £SEM). The intracellular MDH protein in the soluble
fractions was quantified by western-blotting. The band intensities at different temperatures are normalized to that of 48 °C. (E) The activity of
MDH in E. coli after treatment with 0, 2, 4, and 8 ug mli™* AgNOs3 (n = 3, +SEM). The abundance of MDH under different conditions was quantified
by western blotting with GAPDH as internal standard. (F) Growth of WT E. coli and Amdh variant with or without treatment of 4 pg mi=t AgNOs (n
= 3, £SEM). All experiments were performed in triplicate. One representative of three replicates is shown (B, C, and F). Results are shown as mean
+ SEM (D and E). *P < 0.05, **P < 0.01 and ***P < 0.001.
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kDa. The results showed that the peaks corresponding to Ag'-
MDH at around 32 kDa disappeared in the Amdh strain, but
reappeared when the plasmid containing mdh was transformed
into a Amdh mutant (Fig. 1B). The presence or absence of MDH
in the extracted cell lysates was confirmed by western blotting
(Fig. 1B). We further examined the GE-ICP-MS profile of cell
lysate from E. coli with Hiss-MDH being overexpressed by IPTG
induction. A distinct and intense peak of '°’Ag at around 45 kDa
(the observable MW of Hise-MDH is around 45 kDa) was
observed compared to that of WT E. coli (Fig. 1C), indicating
that Ag" binds to the overexpressed Hisc-MDH. These data
collectively demonstrate that MDH is an authentic Ag'-binding
protein in E. coli.

We next examined whether Ag" binds to MDH in cellulo by
a cellular thermal shift assay (CETSA).*>®* E. coli cells after
treatment with 4 pg ml~" (IC5, value) AgNO; for 1 h in Luria-
Bertani (LB) medium were harvested and subjected to the
CETSA analysis pursuant to the standard protocol.®»** As shown
in Fig. 1D, the treatment of Ag" yielded a shift in the apparent
aggregation temperature (T,g,) of intracellular MDH from 55.6 °
C to 52.6 °C, confirming that Ag* binds to MDH and destabilizes
the thermal stability of MDH in cellulo.

We further studied the effect of Ag* binding on the function
of MDH in cellulo by extracting the lysate of E. coli cells after
treatment with various concentrations of Ag" and measured the
MDH activity. The expression level of MDH was quantified by
western-blotting using GAPDH as an internal standard to rule
out the alteration of MDH activity induced by a distinct
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abundance of MDH. After normalizing MDH abundance, the
activity of MDH was found to decrease significantly from 1.8 U
mg " (nontreated) to 1.5, 1.1 and 0.37 U mg ™" in the cell lysates
of E. coli upon treatment with 2, 4 and 8 pg ml~' of AgNO;
respectively (Fig. 1E), demonstrating that binding of Ag" to
MDH inhibits its activity without affecting its expression level in
cellulo.

We also explored whether the Ag'-mediated inhibition of
MDH activity could contribute to the antibacterial activity of Ag"
against E. coli. We examined the growth of the wild-type (WT)
and Amdh E. coli strains upon treatment with 4 pg ml~* AgNO;.
As shown in Fig. 1F, the WT and Amdh strains exhibited nearly
identical growth curves in the absence of Ag'. In contrast,
addition of Ag' resulted in distinct growth curves for the two
strains, with WT culture displaying a much longer lag phase
and slower growth than the Amdh strain, suggesting that the
deletion of mdh contributes to the silver tolerance of E. coli. The
fact that Amdh mutant culture is less sensitive to Ag" suggests
that targeting of MDH by Ag" contributes to its antibacterial
activity against E. coli, consistent with a recent report.>® Taken
together, we demonstrate that Ag" binds to MDH and inhibits
MDH activity in cellulo, which could be attributed to its anti-
microbial activity against E. coli.

Ag"* binds to MDH cysteine residues at the non-active site

We next studied how Ag” binds to MDH in vitro; we overex-
pressed and purified the MDH protein. The identity of MDH
was characterized by MALDI-TOF MS (Table S1). Purified MDH
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Fig.2 Ag*ions bind to MDH mainly via three cysteine sites and inhibit MDH in a non-competitive mode. (A) SDS-PAGE of purified MDH and GE-
ICP-MS electropherograms (*°’Ag) of MDH with or without treatment of Ag* (n = 3). (B) MALDI-TOF mass spectra of apo-MDH and MDH after
incubation with 4 and 8 eq. of Ag™ (n = 3). (C) Free thiol contents in MDH measured by Ellman’s assay (n = 3). The absorbance at 412 nm is plotted
against Ag*/MDH ratios. (D) Dose dependent inhibition of MDH by Ag* (n = 3, SEM). (E) Lineweaver Burk plots (n = 3). (F) Normalized residual
activity of WT MDH and MDH variants (n = 3, £SEM). One representative of three replicates is shown (A and C).
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was incubated with 4 molar equivalents (eq.) of Ag" and then
subjected to GE-ICP-MS analysis.®* A single peak of '“Ag at
a MW of ca. 32 kDa corresponding to a monomer of Ag-bound
MDH was observed (Fig. 2A), indicative of the binding of Ag" to
MDH in vitro. Binding of Ag" to MDH (monomer) was further
examined by ICP-MS. The binding ratio of Ag" to the WT MDH
was measured to be 3.36 £ 0.14 by quantifying the amounts of
the protein and the metal by the BCA assay and ICP-MS
respectively (Fig. 2B).

Given that silver is highly thiophilic, we then examined
whether the three cysteine residues (Cys109, Cys113, and
Cys251) of MDH are involved in Ag" binding. The contents of
free thiols of MDH pre-incubated with different molar ratios of
Ag" were measured by Ellman's assay. As shown in Fig. 2C, Ag"
treatment led to loss of the same amount of free thiol with 3 eq.
Ag" completely depleting the free thiols in MDH. We subse-
quently mutated the three Cys residues to Ser individually, and
the Ellman's assay showed that 2 eq. of Ag" could completely
deplete the free thiols in the three single Cys variants (Fig. S1A-
C). We then prepared the double Cys mutants, and found that
incubation of 1 molar eq. of Ag" with the double Cys mutants
could deplete the free thiols (Fig. S1D-F). Consistent with the
Ellman's assay, the ICP-MS results showed that MDH®'*%
MDH®""*S and MDH“***® bind one Ag" ion less per monomer
than WT MDH, whereas the triple Cys mutant only binds 0.26 +
0.07 Ag" ion per monomer, indicating the fourth weak binding
site of Met227/His177. These data collectively demonstrate that
the three cysteines are involved in Ag" binding. Our combined
data from ICP-MS and Ellman's assay show that Ag" ions bind to
MDH mainly via cysteine residues and each cysteine site binds
one Ag' ion.

We further investigated Ag" inhibition of MDH in vitro by
measuring the activity of MDH upon incubation with various
amounts of Ag" ions. A dose-dependent inhibition of enzymatic
activity of purified MDH by Ag" with an ICs, of 8.5 + 1.3 nM was
observed (Fig. 2D). We then examined the effects of Ag" at
different concentrations on the enzyme kinetics of MDH with
the malate varying from 0.13 to 4 mM without changing the
NAD" level. The apparent V., decreased from 5.3 to 1.3 Umg ™"
with the increase of Ag" from 0 to 16 nM, whereas the Ky, values
of Ag'-inactivated MDH for malate were similar to that of the
native enzyme (Fig. 2E). The corresponding Lineweaver Burk
plots indicate that Ag" exerts the inhibitory effect via a non-
competitive inhibition mode.

Given that Ag" exhibits strong inhibition towards MDH with
90% of the MDH activity being inhibited by 16 nM of Ag", such
a strong inhibition is unlikely to be achieved through binding of
Ag' to the weakest site,*? although it is the active site. Moreover,
enzyme kinetics show a non-competitive inhibition of MDH
activity by silver ions; we therefore hypothesize that the inhi-
bition of MDH by silver ions is largely due to its binding to the
three cysteine sites at the non-active site. To further investigate
the targeting site of Ag" in MDH, we compared the enzyme
activity of WT MDH and MDH mutants with or without treat-
ment of Ag®. Similar to the WT MDH, the activity of MDH'%%®
and MDH®"**® could be completely inhibited by 16 nM Ag",
while only ca. 20% and 5% decreases in the activity of MDH®>'S

21382 | Chem. Sci., 2025, 16, 21379-21385

View Article Online

Edge Article

and MDH>“® were observed respectively (Fig. 2F). The results
demonstrate that the mutation of Cys251 to Ser renders the
enzyme much less sensitive to silver, indicating that Ag" inhi-
bition on MDH might be attributed to its binding to Cys251 at
the non-active site.

Our combined data from enzyme kinetics and site muta-
genesis showed that silver ions inhibit MDH activity in a non-
competitive mechanism with its binding to the non-active
Cys251 site being a major contributor to the inhibition. Thus, it
is possible that the binding of silver ions to Cys251 site induces
a conformational change of MDH and subsequently inactivates
the enzyme through an allosteric regulation.

X-ray crystallography reveals allosteric inhibition of MDH by
silver

We further explored the mechanism underlying Ag" inhibition
of MDH through binding to Cys251 at the atomic level. We
obtained Ag-bound MDH (Ag-MDH"7) through co-crystalizing
MDH with Ag" and solved its structure at the resolution of 2.22 A
(Fig. 3A, S2, and Table S4). In the Ag-MDH™" structure, two Ag"
ions were observed with one at the Cys113 site and another one
at the Cys251 site. Ag" was identified from the significantly
positive peaks (=18¢) in the mFo-DFc (difference Fourier) map
(Table S5). At the Cys251 site, the Ag" ion coordinated with the
thiolate of Cys251 and a water molecule in a quasi-linear
geometry (O-Ag-S 143.0°) (Fig. 3B, Tables S6 and S7). At the
Cys113 site, the Ag" ion binds to the thiolate group of Cys113
and, surprisingly, to the NH, group of a Tris molecule, with
a nearly linear coordination geometry as well (N-Ag-S 156.1°)
(Fig. 3C, Tables S6 and S7). The hydroxyl group of the Tris ligand
was further stabilized by the side chains of two adjacent resi-
dues (Tris/O1---Lys142/N¢ 2.4 A, Tris/O3---Asp71/031 2.6 A).
Superimposition of Ag-MDH"" with Ag-bound MDH"" ob-
tained by soaking showed that the two silver ions in Ag-MDH""
overlap with one of the two silvers at Cys251 (near Glu250) and
Cys113 (near Lys142) sites in Ag-MDH (soaking) (Fig. S3).
Based on previously reported E. coli MDH structures, the
active-site loop comprising residues 79-91 can be either in an
open or a closed conformation.****¢* In the presence of a malate
analogue (e.g., citrate and sulfate), the active-site loop closes
over the substrate binding cavity,***** otherwise, the two
monomers (one per dimer) adopt an open conformation with
one of the monomers' loops comprising residues 79-91 shifting

RNy
: o
C118 . 251

Fig. 3 Crystallographic analysis of Ag* binding to MDH. (A) Overall
structure of Ag-MDH™T. The coordination geometry of Ag* at Cys251
(B) and Cys113 (C) sites. Silver, water and 2mFo-DFc map are shown as
grey spheres, red spheres, and cyan mesh (contoured at 1.09),
respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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position to expose the substrate-binding pocket with the other
being disordered.*® Similarly, the active-site loops of the apo-
MDH structures at 1.54 A we determined were disordered in all
monomers.

Unexpectedly, in the Ag-MDH™" structure, we observed the
electron density for the full length MDH including the active-
site loop. Superimposition of 298 C, atoms (excluding residues
of 79-91) of Ag-MDH™" with those MDH structures with the
open (PDB ID: 1IE3) and closed (PDB ID: 1IB6) active-site loop
conformations gave rise to RMSDs of 0.386 and 0.338 A
respectively (Fig. S4A). Significant conformational changes of
the active-site loop were noted. In the Ag-MDH"" structure, the
loop not only bent over the substrate and NAD" binding sites
compared to that in an open conformation (PDB ID: 1IE3)
(Fig. 4A), but also closed even more “completely” than the
closed state (PDB ID: 1IB6) (Fig. 4B, S4B and C). More specifi-
cally, the C,, atom of Ag-MDH"" Gly84 (located in the middle of
the loop) shifted by 10.8 and 5.7 A compared to the MDH
structures with the active-site loop open (PDB ID: 1IE3) and
closed (PDB ID: 1IB6) respectively (Fig. 4B). In addition,
superimposition of Ag-MDH™" and MDH with the closed
conformation (PDBID: 1IB6) showed that the residues of Alag80
and Arg81 of A&-MDH " occupy the position of the ribose ring
and the nicotinamide of the NAD" as well as one of the substrate
analogues SO,>~ in 1IB6 (Fig. 4C). These observations collec-
tively demonstrate that Ag" induced closure of the active-site
pocket of MDH hinders the binding of the substrate and
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cofactor NAD",
MDH.

We next investigated which silver binding site is responsible
for the conformational change. Given that mutation of Cys251
to Ser led to the enzyme being less sensitive to silver (vide supra),
we therefore speculate that the binding of Ag" to Cys251 might
be correlated with the movement of the active-site loop. To
confirm this, we obtained the Ag-bound MDH®***S crystals (Ag-
MDH®***S) under the identical crystallization conditions to Ag-
MDH™T and solved its structure by X-ray crystallography at the
resolution of 1.56 A (Fig. S5A). In Ag-MDH“**'S) one Ag' ion
coordinated to the thiolate group of Cys113 and H,O, which is
further stabilized by the main-chain oxygen of Lys111
(H,0341---Lys111/0 3.0 A) (Fig. S5B, Tables S6 and S7) while no
Ag" at the Ser251 site was observed. Superimposition of 296 C,,
atoms (excluding residues 79-91) of Ag-MDH®**'S and Ag-
MDH™" shows an RMSD of 0.299 A, indicative of no significant
conformational change between Ag-MDH“***S and Ag-MDH "
for 296 C, atoms. However, different from Ag—MDHWT, the
active-site loop of Ag-MDH®**' is disordered with no electron
density being observed in all of the four chains in the unit-cell
(Fig. S5A), indicating that the active site loop of MDH is in the
open conformation, and Ag" binding to Cys251 induces the
movement of the active-site loop and subsequent closure of the
active-site cavity, which consequently disrupts the substrate and
cofactor binding.

thereby resulting in allosteric inhibition of
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Active-site loop
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Fig. 4 Crystallographic analysis reveals that binding of Ag* to Cys251 at the allosteric site induces the closure of the MDH active site. (A) Overlay
of the active-site loop of apo-MDH (PDB ID: 1IE3, in cyan) and Ag-MDH T (in orange). The catalytic pocket is shown on the surface. (B) The
distance shifted between Ag-MDH T and active-site closed 1IB6 or opened 1IE3. The movements of residue Gly84 located in the middle of the
loop are shown. (C) Comparison of the residues in the catalytic pocket of MDH. NAD* and SO42~ are from MDH with the active-site closed (PDB
ID: 11B6). (D) The scheme shows how Ag* induces closure of the MDH active site. Silver, water and 2mFo-DFc map are shown as grey spheres,
red spheres, and cyan mesh (contoured at 1.00), respectively.
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Conclusions

In summary, we demonstrate that Ag' binds and inhibits
EcMDH in cellulo, which contributes to the antibacterial activity
of Ag" against E. coli. We show by systemic biochemical char-
acterization that Ag" ions bind EcMDH at multiple sites and
inhibit MDH in a non-competitive mode. Significantly, we
successfully captured the Ag'-mediated “open-to-closed”
conformational change of MDH active-site (Fig. 4D), leading to
the allosteric inhibition of MDH upon binding of Ag" to the
Cys251 residue. This appears to be the first structural glimpse of
allosteric enzyme inhibition by Ag’, representing a new para-
digm for Ag" inhibition of its authentic protein targets. We also
demonstrated that Ag" targets Cys149 and His176 at the active
site of GAPDH (an essential enzyme in the glycolysis pathway
without using a metal ion as the cofactor), leading to abolish-
ment of its enzymatic activity via a mix-type inhibition.*® These
findings challenge the widely accepted hypothesis that silver
toxicity is largely attributed to its ability to substitute the
cognate ions in the catalytic sites of metalloenzymes. The
inhibitory mechanism provides novel insights into the mode of
action of antimicrobial silver and in turn, offers a new strategy
for the design of new antibiotics via inhibition of key enzymes at
the allosteric site. Our study may serve as a starting point for
further drug development by targeting MDH, which serves as an
important target for anticancer and antibacterial drug
discovery.*” Moreover, our strategy to identify hidden allosteric
sites at the atomic level offers an exemplified approach to target
the “untargetable” sites of a protein.
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