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Borrelidin exhibits a wide spectrum of biological activities and has been considered as a non-competitive
inhibitor of threonyl-tRNA synthetase (ThrRS). However, the detailed mechanisms of borrelidin against
ThrRS, especially borrelidin binding site on ThrRS, are still unclear, which limits the development of novel
borrelidin derivatives and rational design of structure-based ThrRS inhibitors. In this study, the binding
site of borrelidin on Escherichia coli ThrRS was predicted by molecular docking. To validate our specula-
tions, the ThrRS mutants of E. coli (P424K, E458A, and G459A) were constructed and their sensitivity to
borrelidin was compared to that of the wild-type ThrRS by enzyme kinetics and stopped-flow fluores-
cence analysis. The docking results showed that borrelidin binds the pocket outside but adjacent to
the active site of ThrRS, consisting of residue Y313, R363, R375, P424, E458, G459, and K465. Site-directed
mutagenesis results showed that sensitivities of P424K, E458A, and G459A ThrRSs to borrelidin were
reduced markedly. All the results showed that residue Y313, P424, E458, and G459 play vital roles in
the binding of borrelidin to ThrRS. It indicated that borrelidin may induce the cleft closure, which blocks
the release of Thr-AMP and PPi, to inhibit activity of ThrRS rather than inhibit the binding of ATP and
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threonine. This study provides new insight into inhibitory mechanisms of borrelidin against ThrRS.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Aminoacyl-tRNA synthetases (aaRSs), the central enzymes in
protein translation, catalyze the covalent attachment of correct
amino acids to their cognate tRNAs, yielding the aminoacyl tRNAs
(aa-tRNA or charged tRNA) used for protein synthesis. Despite the
fact that all aaRSs share the same reaction mechanism and univer-
sally distribute in cellular organisms, the high level of phylogenetic
divergence between prokaryotic and eukaryotic enzymes implies
the potent development of selective inhibitors to discriminate
the aaRSs between pathogen and host. Once one of these enzymes
is inhibited, aminoacyl-tRNAs biosynthesis can be halted, which in
turn stalls elongation of growing polypeptide chains [1]. Due to the
pivotal role in protein synthesis, aaRSs have been considered as
some of the most promising targets for antibiotics development
in pathogenic species. Compounds that inhibit aaRSs have been
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successfully exploited, with at least one antibacterial drug, mup-
irocin A, currently the world’s leading topical antibiotic for the top-
ical treatment of methicillin-resistant Staphylococcus aureus
infections, which acts through the inhibition of the isoleucyl-tRNA
synthetase (IleRS) of gram-positive bacteria [2]. Other natural
product aaRS inhibitors consist of reveromycin A (targets IleRS),
borrelidin (targets ThrRS), indolmycin (targets TrpRS), ochratoxin
(targets PheRS), cispentacin (targets ProRS), and granaticin (targets
LeuRS) [1,3]. Besides, some synthetic aaRS inhibitors are also
developed as variants of the natural substrate or as non-hydrolyz-
able aa-AMP mimics [4], most of which act through competitive
binding to the aaRSs. Although the aa-AMP mimics demonstrated
low nanomolar binding affinities against their corresponding
aaRSs, the lack of selectivity and poor bacterial cell permeability
are the most prominent problems for this new potential class of
antibiotics.

Borrelidin, an 18-membered macrolide polyketide produced by
several actinomycete bacteria of the Streptomyces spp, exhibits a
wide spectrum of biological activities, such as antibacterial activity
[5], antiviral activity [6], anti-angiogenesis |7,8], antimalarial activ-
ity [9], and insecticidal and herbicidal activities [10]. Some of these
activities are associated with the inhibition of threonyl-tRNA
synthetase (ThrRS); however, in contrast to most of the aaRS
inhibitors, borrelidin is an allosteric inhibitor of ThrRS that can
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non-competitively and tightly bind to ThrRS [11]. The remarkable
bioactivities have prompted the development of synthetic
derivatives of borrelidin for use as pharmaceutically important
lead candidates. Screening of random Escherichia coli ThrRS borre-
lidin-resistant mutants suggested that borrelidin inhibits ThrRS by
binding to a unique hydrophobic patch proximal to a divalent Zn?*
binding site, leading to impair catalytic conformational changes
necessary for threonine and ATP binding [12]. However the
absence of a co-crystal structure of ThrRS in complex with borreli-
din precludes an exact description of the nature of the binding
interaction.

In order to further understand the antibacterial mechanism of
borrelidin, this compound was docked into ThrRS. Surprisingly,
the hydrophobic patch, which was previously considered as the
binding site of borrelidin, was found too small to accommodate
borrelidin. In this study, a suitable binding mode of borrelidin into
ThrRS was predicted, and the key amino acid residues involving the
binding of borrelidin were identified by molecular docking and fur-
ther confirmed by mutagenesis and enzyme kinetic assay.

2. Materials and methods
2.1. Borrelidin and ATP docking to E. coli ThrRS

Crystal structure of the E. coli threonyl-tRNA synthetase-
tRNA™" complex was obtained from PDB (PDB ID: 1QF6). Borreli-
din and ATP were taken from the PubChem database (Compound
ID: 6436801 and 5957, respectively). Considering induced fit of
ThrRS by borrelidin binding, flexible docking of borrelidin to E. coli
ThrRS was performed using the AutoDock Vina program [13], and
the ligands and receptor molecules were prepared using AutoDock
Tools 1.5.6 [14]. A grid map around cluster A reported by Ruan
etal. [12], was defined with a size of 30 A x 30 A x 30 A, a grid cen-
ter of 25.835 x 73.1 x 52.303, and spacing of 0.375 A between the
grid points. Thr307, His309, Cys334, Pro335, Leu489 and L493,
which consists of cluster A, were selected as flexible side-chain res-
idues. Maximum number of binding modes to generate and
exhaustiveness of the global search were 30 and 30, respectively.
For ATP, rigid docking was performed using AutoDock Vina, and
the grid center co-ordinate was adjusted to the ThrRS active site.
The docking conformation with the lowest binding free energy
was used for further analysis by AutoDock Tools 1.5.6.

2.2. Sequence alignments of E. coli ThrRS and other ThrRSs species

The sequences of ThrRSs from E. coli, Phytophthora sojae [15],
Sulfolobus solfataricus, Methanocaldococcus jannaschii, and Archaeo-
globus fulgidus [12] were aligned using the Clustalx 1.8 software
[16].

2.3. Site-directed mutagenesis

The gene ThrRS was amplified from genomic DNA of E. coli K-12
using a pair of primers P1 and P2 (Table 1). Amplification reaction
was conducted by standard procedure with an annealing tempera-
ture of 52 °C. The PCR products were digested with BamHI and Hin-
dlll and inserted into pET-21b (+) to give the expression plasmid
pET-21b-ThrRS. Mutagenesis of ThrRS was performed using
overlapping PCR [17]. The plasmid pET-21b-ThrRS was used as
template, and the primers listed in Table 1 were used for site-
directed mutagenesis to yield the desired mutants. Then, the
obtained mutants were inserted into pET-21b (+) to generate plas-
mid pET-21b-P424K, pET-21b-E458A, and pET-21b-G459A,
respectively.

Table 1
Primers used for PCR amplification of ThrRS and constructing the mutants.

Name of primer Sequence®

Forward primer (P1)
Backward primer (P2)
Forward primer for P424K
Backward primer for P424K
Forward primer for E458A
Backward primer for E458A
Forward primer for G459A
Backward primer for G459A

5'-GGAAGATCTATGCCTGTTATAACTCTTCC-3'

5-CCCAAGCTTTTCCTCCAATTGTTTAAGAC-3'
5’-CACTCGTAAAGAAAAACGTATTGGCAG-3'
5'-CGTTTTTCTTTACGAGTGGAGAGTTTG-3’
5-ACTGGGTGGCGCTTTCTACGGTCCGAA-3'
5-TAGAAAGCGCCACCCAGTTGATATTCA-3'
5'-GGGTGAAGCTTTCTACGGTCCGAAAAT-3’
5'-CCGTAGAAAGCTTCACCCAGTTGATAT-3’

2 Underlined sequence for restriction enzyme recognition sites.

2.4. Expression and purification of recombinant enzymes

After sequence confirmation, the constructed plasmid was
transformed into E. coli BL21 (DE3). After the cells harboring
recombinant plasmid were grown in LB medium at 37 °C to an
absorbance at ODggo of about 0.6 and induced by the addition of
0.5 mM isopropyl-B-p-thiogalactoside (IPTG), the cells were incu-
bated at 16 °C for an additional 20 h. The cells were harvested by
centrifugation at 6000xg for 10 min at 4 °C, washed with 25 ml
of 50 mM Tris-HCI buffer (pH 7.4), and then resuspended in 5 mL
of the same buffer. The obtained cell suspension was sonicated
and the supernatant was collected by centrifugation (12,000xg,
20 min) at 4 °C. His-tagged ThrRS fusion proteins were purified
by Ni?* affinity chromatography (Invitrogen) according to the
instructions of the manufacturer. The proteins were eluted by the
use of a series of elution buffers of imidazole (10, 50, 100, and
150 mM) in the above Tris-HCI buffer. The pure fractions were dia-
lyzed with a storage buffer (50 mM Tris-HCI buffer, pH 7.4) at 4 °C.
The purity of the protein was ascertained by sodium monododecyl
sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). Protein
concentration was determined by the method of Lowry et al.
[18]. The recombinant enzymes were stored at —80 °C prior to
use in experiments.

2.5. Circular dichroism

CD measurements were performed with a MOS-450 spectrom-
eter from BioLogic (BioLogic Science Instruments, Claix, France)
using a 0.1 mm quartz cell. Acquisition duration was 5 s, with a slit
of 2 nm. The readings of the blanks, which included the appropri-
ate solvents, were subtracted from the readings of the sample
solutions. CD spectra of protein were recorded in the range of
190-250 nm at 25 °C with 1 nm step size. The protein sample con-
centration was 0.5 mg/mL. The contents of different secondary
structures of protein were analyzed by the online SELCON3 pro-
gram [19,20].

2.6. Borrelidin inhibition of E. coli ThrRS at the step of threonine
activation in vitro

The borrelidin inhibition of E. coli ThrRS and its mutants at the
step of threonine activation was measured by the method
described previously [15]. For determining the steady state kinetic
constants Ky, and k., the enzymes were diluted to obtain linear
initial velocities. K, and k., were calculated in KaleidaGraph 3.0
using a Michaelis—-Menten equation fit. The initial velocities
obtained were plotted against borrelidin concentration to obtain
ICsq values. The apparent inhibition constant K\*” values were cal-
culated on the basis of the simplified equation (K\**” = ICs, — [E]/2,
where [E] represents the ThrRS concentration used in the experi-
ment) derived for non-competitive tight binding inhibition [21].
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2.7. Pre-steady state analysis

Stopped-flow fluorescence was performed using a SFM-300
mixing apparatus connected to a MOS-450 spectrometer (BioLogic,
Inc.) under controlled temperature. The reactions contained
20 mM phosphate-buffered saline, pH 7.4, 150 mM KCl, 15 mM
MgCl,, 1 uM ThrRS or mutants, and 10 pM borrelidin. The apparent
first-order rate constants (K,p,) were measured by rapidly mixing
enzyme with borrelidin at 30 °C.

3. Results
3.1. Borrelidin or ATP docking to wild-type E. coli ThrRS

Borrelidin and ATP were docked to ThrRS using AutoDock Vina,
respectively. The docking conformations of borrelidin and ATP
with the lowest binding free energy were generated on the ThrRS
using AutoDock Tools 1.5.6. Since cluster A was predicted as borre-
lidin bind pocket previously [12], the center of the search box was
defined from the center of mass of cluster A. Surprisingly, for all 20
binding modes generated, the cluster A is not large enough to
accommodate borrelidin. Instead, borrelidin binds adjacent to the
pocket of ATP binding as shown in Fig. 1A. The docking result in
Fig. 1A demonstrated different binding site of borrelidin and ATP
on ThrRS, since borrelidin was not overlapped by ATP, implying
that borrelidin and ATP could simultaneously bind to ThrRS to
form a ThrRS-ATP-borrelidin complex. Additionally, the docking
results in Fig. 1B showed that all the amino acid residues associ-
ated with borrelidin binding were outside but adjacent to the
active site, indicating that borrelidin is a noncompetitive inhibitor
of E. coli ThrRS with respect to threonine and ATP, which is consis-
tent with previous reports [22]. It should be noted that the binding
free energy of borrelidin (—9.1 kcal/mol) was higher than that of
ATP (—9.6 kcal/mol), suggesting that the binding of ATP is easier
than that of borrelidin. It means that ATP binds to ThrRS previous
to borrelidin, and ATP locates deeper than borrelidin in the active
pocket of ThrRS. Therefore, we speculated that borrelidin can
induce the cleft closure to block the release of Thr-AMP and PPi,

Fig. 1. Detailed stereo view of borrelidin and ATP in ThrRS. Borrelidin is shown in
red, and ATP is shown in green. Predicted binding mode of borrelidin docked with
ThrRS on molecular surface. (A) Borrelidin was not overlapped by ATP. (B)
Borrelidin was outside the pocket of ATP. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

rather than inhibits the binding of ATP and threonine. Additionally,
the docking results (Fig. 2A) showed that the residues within 3 A of
borrelidin were Y313, R363, R375, P424, E458, G459, and K465,
implying the important roles of these residues in the binding of
borrelidin to ThrRS. As shown in Fig. 2B, the main residues con-
sisted of cluster A (Thr307, His309, Cys334, Pro335, and Leu489)
reported by Ruan [12] were the residues within 10 A of borrelidin.

In an attempt to further identify the key residues involving bor-
relidin binding, the amino acid sequences of ThrRSs from E. coli,
Borrelidin-resistant species (M. jannaschii and A. fulgidus), and Bor-
relidin-susceptible species (S. solfataricus and P. sojae) were
aligned, since none crystal structures of M. jannaschii, A. fulgidus,
S. solfataricus and P. sojae were available. The results demonstrated
that residue R363, R375, and K465 are highly conserved in all the
ThrRSs, whereas other residues corresponding to Y313, P424,
E458, and G459 in E. coli ThrRS are variable. Interestingly, these
four amino acids are conserved in the Borrelidin-susceptible spe-
cies S. solfataricus and P. sojae but variable in Borrelidin-resistant
species M. jannaschii and A. fulgidus (Fig. 3). Since M. jannaschii,
A. fulgidus, and S. solfataricus are archaea, but their ThrRSs have dif-
ferent sensitivities to borrelidin. It seems that different sensitivities
to borrelidin are not relative to their species but the four different
amino residues. Thus, Y313, P424, E458, and G459 may be the
more important residues involving the binding of borrelidin, and
any change of these residues may affect the sensitivity of ThrRS
to Borrelidin.

3.2. Site-directed mutagenesis and kinetic analysis

Since Y313 has been identified as a key residue for borrelidin
binding [12], the roles of P424, E458, and G459 in the binding of
borrelidin were investigated by site-directed mutagenesis. The cor-
responding amino acids of E458 and G459 are absent in the borre-
lidin-resistant ThrRS, two mutants with the deletion of E458 and
G459 were then constructed respectively. As shown in Table 2,
the deletion of E458 or G459 in E. coli ThrRS did not affect enzyme
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Fig. 2. The interaction between borrelidin and ThrRS. The residues within 3 A (A)
and 10 A (B) of borrelidin were represented using line structures and the borrelidin
structure was represented using stick structures.
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E. coli 286 KEYQYQEVKGPFMMD KDAMFTTSSENREYC I KPMNC 334
P. sojae 389 RARGYTEV I TPNIFNMELWN I SGHAKHMKENMFVFDVEGQEYALKPMNC 437
S. sulfataricus 183 DSMGYQEVYTSHVLKTD IWK I SGHYTLMRDKL I VENMEGDEYGVKPMN C 231
A. fulgidus 240 IDYGAMEVETP IMYDRNHPTLRRYLERFHPARQY | | KGDKREFFLRFAAC 288
M. jannaschii 245VNMGAMPVETP IMYDLGNPAIREHADKEGERQYRFRQGNKELMLRFAAC 293
. 363 375
E. coli 335PGHVQIFNQGLKSYRDLPLRMAEFG-SCHRNEPSGSLHGLMRBVRGFTQD 382
P. sojae 438PAASLMFDFRQRSYRELPIRYADCG-VLHRNELSGALTGLTRVRRFQQD 485
S. sulfataricus 232 PAH I L | YKSKPRTYRDLP IRFSEFG-HVYRWEKKGELYGLLRVRGFVQD279
A. fulgidus 289 FGQFLMLSSSTITYRNLPLKIYELTRYSFRKEQRGELVGLRRLRAFTMP 337
M. jannaschii 294 FGQFMMKKDMYLLPRYLPLKLYELSTYSFRYEQRGELVGLKRLRCFTMP 342
E. coli 383DAHIFCTfEEQIRDEVNGCIRLVYDMYSTFGFEKff1VVKLSTF§2EKRI428
P. sojae 486DAH I FCR-DDQIKKEVLDFLSFMKYVYDVFGIE---FNLELSTRPEKAMS530
S. sulfataricus 280 DGH | FLK - EDQLKEE | KML I SKTVEVWHKFGFKDDD I KPYLSTRBDES | 327
A. fulgidus 338 DMHTVAKDMEQAKEEFFNQYRLSVEVLREIGLEPEDYEVAVR I TKDF YE 386
M. jannaschii 343DMHTVCLNLEQAMEEFEKQFWECLKTGDDLNLS---YSVIFRFTKDFFD3gs
. 4
E. coli 429GSDEMWDRAEADLAVALEENNIP--FEYQLGS EFYGI;"SIEFTLYDCLD475
P.sojae 531 GELDQWERAESQLAEALDEFVGAGKWVVNPGBEAFYGPKIDIMITDALKS579
S. sulfataricus 328 GSDELWEKATNAL | SALQESGLK- - FGIKEKEBAFYGPKIDFEIRDSLG374
A.fulgidus 387 ENREFVHSLVDILK----KPILIEMWDHRF-BBFYFVLKRFEFNFVDALD 428
M. jannaschii 389 EHRDWFFK | AKEYKNKYGKDV I LEILPKRK-BEBHYWVGKVDIAVIDSLG434

Fig. 3. Protein sequence alignment of E. coli ThrRS with Borrelidin-resistant species ThrRSs and Borrelidin-susceptible species ThrRS. The gray region indicates the residues
studied. The strictly conserved residues are residue R363, R375, and K465 in E. coli ThrRS. The ThrRSs of M. jannaschii and A. fulgidus exhibit a variable relationship with site
313, 424, 458, and 459 of the E. coli ThrRS. The ThrRS of P. sojae and S. solfataricus are conserved at these sites with respect to the E. coli ThrRS.

Table 2

Steady-state kinetic constants of wild-type E. coli ThrRS and mutants.
Source of ThrRS Ky, (Thr) [uM] keat [s7'] KP) [nM] Kapp [s71]

1

E. coli 105+5 35+23 34+0.2 69+3
P424K 1085 30+23 65.12+5.2 5.1+0.1
E458A 104 +5 34+25 19.1+£1.8 84102
G459A 1015 28+23 1114+6.6 2.7 £0.06

activity, but significantly increased the K\*” value approximately
5.3 and 30.1-fold, respectively. The same phenomenon was also
observed when P424 in E. coli ThrRS was substituted by the coun-
terpart amino acid Lys in the Borrelidin-resistant ThrRS.
Furthermore, the stopped-flow fluorescence studies showed
that borrelidin with a concentration of 10 LM can greatly quench
the intrinsic fluorescence of wild-type (WT) of ThrRS, but has lim-
ited effect on quenching of the intrinsic fluorescence of P424K,
E458A, and G459A (Fig. 4A). To elucidate the function of residue
P424, E458, and G459 upon borrelidin binding reaction, the appar-
ent first-order rate constants for borrelidin were determined
through stopped flow fluorescence experiments. As listed in
Table 2, P424K, E458A, and G459A ThrRSs exhibit decreased
apparent rate constants compared to WT ThrRS, implying that
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the change of these amino acids can decrease the affinity of borre-
lidin to ThrRS. On the other hand, the WT, P424K, E458A, and
G459A ThrRSs demonstrated similar CD spectra (Fig. 4B). Compar-
ison of the content of secondary structures (a-helix and p-sheet) in
WT ThrRS with those in the mutant ThrRS suggested that the
change of P424, E458, or G459 has no effect on the structure of
E. coli ThrRS. Therefore, we speculated that the decreased affinity
of borrelidin to P424K, E458A, and G459A ThrRSs may be caused
by the lower interactions between ThrRS and borrelidin rather
than the structural change of ThrRS.

4. Discussion

Aminoacyl-tRNA synthetases are central enzymes in protein
translation, providing the charged tRNAs needed for appropriate
construction of peptide chains. These enzymes have long been pur-
sued as drug targets in bacteria, fungi, and eukaryotic parasites. In
recent years, many inhibitors targeting on the synthetic and edit-
ing active sites of aminoacyl-tRNA synthetases are being developed
as antibacterials, antifungals and anti-parasitic drugs [23-27]. For
example, Mupirocin, an inhibitor targeting on the synthetic active
site of IleRS, has been approved by the US Food and Drug Adminis-
tration for the treatment of bacterial skin infections [28]; AN2690,

Mdeg

200 210 220 230

Wavelength(nm)

240 250

Fig. 4. (A) Intrinsic fluorescence of WT and mutated ThrRSs in the presence of borrelidin. The final concentration of borrelidin is 10 pM, and CK is the curve of enzyme without
Borrelidin. (B) Circular dichroism of WT and mutated ThrRSs. Line style of the curve for WT, P424K, E458A, and G459A ThrRS are solid, dash, dot, and dash dot, respectively.
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an inhibitor targeting on the editing active site of LeuRS, is cur-
rently in Phase 3 clinical trials for treating onychomycosis [29].
Notably, most of the inhibitors including mupirocin and AN2690
are competitive inhibitors. In contrast to the known aaRS
inhibitors, borrelidin is an allosteric inhibitor of ThrRS that can
non-competitively and tightly bind to ThrRS. The binding site of
borrelidin probably represents a new drug target, which will favor
the development of aaRS inhibitors. Moreover, it was reported that
combining allosteric and ATP-competitive inhibitors can overcome
resistance to either agent alone [30]. Therefore, it is necessary to
understand the detailed inhibitory mechanism of borrelidin
against ThrRS.

Herein, the borrelidin binding site on ThrRS was investigated
and the possible inhibitory mechanism of borrelidin against ThrRS
was also discussed. The molecular docking demonstrated that bor-
relidin binds to the region outside but adjacent to the active pocket
of ThrRS, which is consisted of residues Y313, R363, R375, P424,
E458, G459, and K465 (Fig. 2A). The sequence alignment showed
that the residues Y313, P424, E458, and G459 are not conserved
in Borrelidin-resistant ThrRSs but varied in Borrelidin-susceptible
ThrRSs, which indicated that these four residues may involve the
binding of borrelidin and confirmed the possible binding site of
borrelidin obtained by molecular docking. Among these four resi-
dues, Y313 has been identified as an important residue for borreli-
din binding by screening a library of random E. coli ThrRS mutants
[12]. In order to further validate the important roles of other three
residues in borrelidin binding, the mutant P424K, E458A, and
G459A was subsequently constructed by using site-directed muta-
genesis, respectively. The results showed that the change of these
residues did not affect the enzyme activity but reduced affinity
of ThrRS with borrelidin. Therefore, we believed that residues
P424, E458, and G459 play important roles in the binding of borre-
lidin to E. coli ThrRS.

Previously, Ruan et al. has proposed that residues L489 and
P296 are relevant to borrelidin inhibition, and a hydrophobic
region (cluster A) consisting of Thr307, His309, Cys334, Pro335,
Leu489 and L493 was predicted as the binding site of borrelidin
by in silico prediction using the CASTp-pocket/cavity predicting
program [12]. However, the relationship between borrelidin inhi-
bition and P296 is still unclear. Due to that P296 belongs to another
cavity (cluster C) that far away from cluster A, it is necessary to re-
evaluate the binding site of borrelidin. Furthermore, we found that
the cluster A is not large enough to accommodate borrelidin when
borrelidin was docked to ThrRS. According to the molecular dock-
ing results, borrelidin was considered to bind to the region (desig-
nated as cluster D) which was outside but adjacent to the active
pocket of ThrRS (Fig. 1B). Although cluster A and cluster D only
share one amino acid Y313, other amino acids in cluster A with
the exception of L493 were observed around cluster D when the
residues within 10 A were selected (Fig. 2B). When the residues
within 12 A were selected, P296 and L493 were then observed. It
indicated that cluster A and cluster D may be associated, and struc-
ture change of cluster A may induce the structure change of cluster
D, which may affect borrelidin binding to cluster D. Thus, it is rea-
sonable to explain why the mutagenesis of any amino acids located
in cluster A and cluster D can lead to the change of borrelidin
resistance.

Because the docking results may have some deviations, some
important residues involving the binding of borrelidin may be
missed. Additionally, the residues within 3 A were selected in this
study, which may reduce the number of residues around borrelidin
and lead to the loss of some residues non-contacted to borrelidin,
such as the residues in cluster A [12]. However, P424, E458, and
G459 of E. coli ThrRS were identified as the key residues responsi-
ble for borrelidin binding by the combination of molecular docking
and site-directed mutagenesis analyses. Moreover, the binding site

of borrelidin that close to and outside the active site pocket sug-
gested a possible inhibitory mechanism of borrelidin by inducing
the cleft closure to avoid release of the products rather than inhibit
ATP and threonine binding. In conclusion, the results presented
here will contribute to develop novel borrelidin derivatives and
accelerate rational design of ThrRS inhibitors.
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