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Abstract

Background: Infections caused by metallo-(-lactamases (M3Ls)-producing antibiotic-resistant bacteria pose a severe threat to pub-
lic health. The synergistic use of current antibiotics in combination with MAL inhibitors is a promising therapeutic mode against
these antibiotic-resistant bacteria.

Objectives: The study aimed to probe the inhibition of MSLs and obtain the active component, P1, in the degradation product after
imipenem was hydrolyzed by ImiS.

Methods: The hydrolysis of two carbapenems with MBL ImiS was monitored by UV-Vis in real-time, and the degradation product
from the leaving group produced after imipenem was hydrolyzed (but not for faropenem) was purified by HPLC to give one compo-
nent, P1.

Results: Kinetic assays revealed that P1 exhibited a broad-spectrum inhibition against VIM-2, NDM-1, ImiS, and L1, from three sub-
classes of MfSLs, with ICs, values of 8 - 32, 13.8 - 29.3, and 14.2 - 19.2 uM, using imipenem, cefazolin, and nitrocefin as substrates,
respectively. Also, P1 showed synergistic antibacterial efficacy against drug-resistant Escherichia coli producing VIM-2, NDM-1, ImiS,
and L1, in combination with antibiotics, restoring 16 to 32-fold and 32 to 128-fold efficacies of imipenem and cefazolin, respectively.
Spectroscopic and Ellman’s reagent analyses suggested that P1, a mercaptoethyl-form imidamide, is a mechanism-based inhibitor,
while faropenem has no substrate inhibition, due to the lack of a leaving group.

Conclusions: This work reveals that the hydrolysate of imipenem, a carbapenem with a good leaving group, can be used in screen-

ing for broad-spectrum inhibitors of MfLs.
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1. Background

The discovery and development of several classes
of safe and efficacious antibiotics, especially S-lactams,
markedly reduced mortality from bacterial infections in
the pastdecades. However, the overuse and misuse of these
antibiotics, in both medicine and agriculture, have driven
the rapid evolution and dissemination of antibiotic resis-
tance (1). [-lactam antibiotic resistance is most often a
consequence of the bacterial production of S-lactamases.
[-Lactamases hydrolyze the §-lactam ring of antibiotics,
causing them to become ineffective in treating bacterial in-
fections (2).

So far, more than 2,000 distinct S-lactamases have
been identified, and these enzymes have been categorized
into four classes, A, B, C, and D, based on their amino acid
sequence, mechanism of action, and other biochemical

characteristics (3, 4). Class A, C, and D enzymes are collec-
tively called serine B-lactamases (SSLs). Class B enzymes,
also called metallo-3-lactamases (M/3Ls), have been further
sub-grouped into sub-classes of Bi-B3, depending on their
amino acid sequence homologies and Zn (II) content (4).
Enzymes from the Bl and B3 sub-classes have broad sub-
strate profiles and require two Zn (II) ions for maximal
enzymatic activity. In contrast, the sub-class B2 enzymes
exhibit maximal activity when bound to only one Zn (II)
(5), and have a relatively narrow substrate profile, almost
exclusively hydrolyzing carbapenems (4, 5). Despite re-
ports suggesting that mercaptan (6), dicarboxylic acid (7),
biphenyl tetrazole (8), and ebselen (9) have inhibitory ac-
tivity against MSLs, there has been no inhibitor available
clinically to date; therefore, the development of MSL in-
hibitors is urgently needed.
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ImiS, a representative of B2 sub-class MfLs, from
Aeromonas sobria, exhibits full activity with one Zn (II) ion
bound and preferentially hydrolyzes carbapenems, includ-
ing imipenem and faropenem (10), which have been called
“last resort” antibiotics (11). Therefore, a large amount
of effort has been made into spectroscopic, mechanistic,
and inhibition studies of the enzyme (12). Spectroscopic
studies show that the catalytic activity of ImiS requires a
Zn (II) ion, which is bound through a cysteine, histidine,
and aspartic acid residue (12), and the reaction of ImiS
with imipenem leads to a product-bound species (13). Site-
directed mutagenesis studies revealed that Lys224 of ImiS
plays a catalytic role, while side-chain Asn233 has no role
in catalysis. Inhibition studies indicated that dicarboxylic
acid derivatives competitively inhibit ImisS (14).

Generally, the hydrolysate of carbapenems by M{Ls
is a ring-open product of S-lactam (15). Steady-state ki-
netic studies indicated that the hydrolysis of carbapen-
ems, including imipenem and meropenem, by ImiS results
in a significant substrate inhibition, based on Michaelis-
Menten plots. Crowder et al. reported that the hy-
drolysates of imipenem with ImiS and L1 (a B3 sub-class
MfL) inhibited both ImiS and L1 and exhibited different
inhibitory activities although there were no differences
in the mass spectra or the NMR spectra of the two prod-
ucts, suggesting that the product of biapenem hydrolysis,
which occurred after C-N bond cleavage, is a bicyclic prod-
uct (16).

2. Objectives

To identify whether the hydrolysate of carbapenem in-
hibits MfLs, in this study, two antibiotics (imipenem and
faropenem) were hydrolyzed with ImiS and monitored by
UV-Vis. The active component of hydrolysates was con-
firmed, and the inhibitory activity of the active compo-
nent was evaluated with MSLs. Furthermore, the antibac-
terial activity of the active component against Escherichia
coli with MBLs was evaluated in combination with antibi-
otics. In addition, the cytotoxicity of the active component
against L-929 mouse fibroblastic cells was tested.

3. Methods

3.1. General Information

General chemicals were purchased from TCI (Tokyo
Chemical Industry, Tokyo, Japan) and used without fur-
ther purification. All antibiotics used were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The real-time monitor-
ing of imipenem and faropenem hydrolysis and inhibition
evaluation of M3Ls were performed using an Agilent-8453
UV-visible spectrometer (Santa Clara, CA, USA). The 1H NMR

and 1H-13C COSY NMR spectra were recorded on a Bruker
DRX 600 MHz spectrometer (Bruker Daltonics Inc., Biller-
ica, MA, USA).

3.2. Preparation of Escherichia coli with ImiS

The plasmid pET26b (+) with the ImiS gene was trans-
formed into E. coli BL21. The kanamycin resistance gene ex-
isted in the plasmid. The monoclone of E. coli with ImiS was
inoculated into 5 mL of Luria-Bertani media in the pres-
ence of 25 ug/mL of kanamycin and grown with shaking
(150 rpm) at 37°C until the cells reached ODggo = 0.5 - 0.6.
At that time, 100 Mm of IPTG was added for ML induc-
tion, and cells were grown for 2 hours at 37°C with shak-
ing (150 rpm). Cell cultures were centrifuged at 5,500 g for
10 min at 4°C, the supernatant was discarded, and the cell
pellets were washed thoroughly by re-suspending them in
1mL of buffer (50 mM Tris at pH =7.0). They were then pel-
leted again by centrifugation (5,500 g for 10 min at 4°C).
This process was repeated three times, and finally, the cells
were re-suspended in buffer with an ODgq, of 0.10 for UV-
Vis studies (17, 18).

3.3. UV-Vis Monitoring of Antibiotics Hydrolysis

Either 10 pL of imipenem (12 mM) or 10 ul of
faropenem (8 mM) was titrated into the sample cell filled
with 990 pL of ImiS enzyme (0.2 M) or E. coli with ImiS
with OD600 of 0.10. Then, the variation of the UV spectrum
in the reaction process was monitored at room tempera-
ture. This measurement continued until the UVabsorption
held steady on the Agilent UV8453 UV-Vis spectrometer (17,
18).

3.4. Determination of Minimum Inhibitory Concentration

The minimum inhibitory concentration (MIC) values
of the antibiotics alone and in the presence of the enzyme
inhibitor against antibiotic-resistant bacteria were deter-
mined using the broth micro-dilution method (19). Sin-
gle colonies of E. coli-DH10B containing plasmids pBCSK(+)-
VIM-2, pBCSK(+)-NDM-1, pBCSK(+)-ImiS, or pBCSK(+)-L1, in
lysogeny broth agar plates were transferred into 5 mL of
Mueller-Hinton liquid medium. Strains, grown in Mueller-
Hinton medium to OD600 = 0.45, were used as inoc-
ula after 84-fold dilution to 1 x 10° CFU/mL in Mueller-
Hinton medium. Cefazolin was dissolved in Mueller-
Hinton medium to prepare 4096, 2048, 1024, 512, 256, 128,
64, 32,16, and 8 ug/mL stock solutions, and imipenem was
dissolved in Mueller-Hinton medium to prepare 256, 128,
64, 32,16, 8, 4, 2,1, and 0.5 ug/mL stock solutions. As an in-
hibitor, P1 was dissolved in Mueller-Hinton media to pre-
pare a 160 pg/mL stock solution. The prepared solutions,
with different antibiotic concentrations (50 L), were di-
luted to 100 L with a 50 pL inhibitor solution. Then, 100
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pLinoculum was added sequentially into the prepared so-
lutions to yield a quarter of the initial concentrations. The
mixtures were incubated at 37°C for 16 h. The MIC results
were taken as the lowest concentration that completely in-
hibited visible growth. Each measurement was performed
in duplicate, and the average value was recorded.

3.5. Cytotoxicity Evaluation

A cytotoxicity assay was performed to evaluate the tox-
icity of P1in mouse fibroblast cells (L-929). The cells were
seeded into 96-well plates at a cell density of 1.0 x 10*
cells/well in 100 pL of culture medium and maintained
for 24 h. Then, the inhibitors with various working con-
centrations (7.8, 15.6, 31.25, 62.5, 125, 250, and 500 ug/mL)
were added to the 96-well plates and incubated for another
48 h. Three wells containing only cells were suspended
in a mixture solution of 98 uL complete medium, as the
control for cell viability without the inhibitor. Three wells
containing only the complete medium were used as blank
control. Next, the medium was removed, and 100 uL of
fresh culture medium and 10 uL of MTT were added to each
well. After incubation for 4 h, the trays were then vigor-
ously shaken to solubilize the formed product, and the ab-
sorbance at a wavelength of 490 nm was read on a mi-
croplate reader and analyzed. All experiments were con-
ducted in triplicate, and the data are expressed as mean +
standard deviation.

4. Results and Discussion

4.1. UV-Vis Monitoring of Antibiotics Hydrolysis

To investigate the inhibition component of car-
bapenem hydrolysates, initially, the hydrolysis of
imipenem and faropenem was monitored by UV-Vis
on an Agilent UV8453 UV-Vis spectrometer in a wavelength
range of 200 - 600 nm at 25°C, as previously reported (17,
18). The enzymatic and antibiotic samples were prepared
with 50 mM Tris buffer, pH = 7.0. In a standard mode,
0.2 uM enzyme solution was used as control. Besides, 10
pL of imipenem (12 mM) or faropenem (8 mM) solution
was added into the sample cell filled with 990 uL of ImiS
enzyme solution, and the hydrolysis of the antibiotic
was monitored until the characteristic absorption of the
hydrolysates of the antibiotic had no changes in UV-Vis.
The collected UV-Vis spectra are shown in Figure 1. It is
clear that imipenem was hydrolyzed quickly in around 50
s, and the maximum absorption of the antibiotic at 300
nm disappeared (Figure 1A). With monitoring for about1h,
a species with maximum absorption at 310 nm appeared,
and with monitoring up to about 48 h, the absorbance of
the species reached its maximum.
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Under the same test conditions, the UV-Vis spectra
monitoring of faropenem hydrolysis with the ImiS en-
zyme is shown in Figure 1B. It shows that faropenem was
slowly (compared to imipenem) but surely hydrolyzed, in
about 5 min. The difference in the hydrolysis rate was due
to the structural differences between the two carbapen-
ems (Appendix 1in Supplementary File). However, further
monitoring, up to 36 h, showed that the absorption of
faropenem hydrolysate at 300 nm had no more decreases.
Also, the hydrolysate had no absorption at any other wave-
lengths, except for 300 nm, unlike the hydrolysate of
imipenem. This suggests that the hydrolysate was ring-
opened faropenem, while the hydrolysate of imipenem
was not a ring-opened product.

To investigate the hydrolysate of carbapenems by ImiS
inside bacterial cells, the hydrolysis of imipenem and
faropenem by E. coli cells with ImiS (E. coli with ImiS) was
monitored by UV-Vis (Figure 2). The concentrations of the
two antibiotics (imipenen and faropenem)were 120 and 80
1M, respectively, and E. coli with ImiS with an ODg(, of 0.1
was used for the evaluation. As expected, imipenem was
completely hydrolyzed in E. coli cells, corresponding to a
new absorption peak at 310 nm (Figure 2A), in around 15
min, which was longer than the time (5 min) of antibiotic
hydrolysis by the ImiS enzyme. This difference may be due
to a certain time required for the diffusion of the substrate
across the bacterial outer membrane into the periplasm
where ImiS was located (20). Meanwhile, the hydrolysis
of faropenem by E. coli with ImiS was also monitored (Fig-
ure 2B). It can be observed that the antibiotic initially was
hydrolyzed in around 20 min, corresponding to the ab-
sorption peak at 300 nm, just like the hydrolysis with the
ImiS enzyme (Figure 1B), and the absorbance at 300 nm re-
mained stable for 20 min. The imipenem-generated prod-
uct was distinct from the faropenem-generated product;
therefore, the hydrolysates of imipenem with the ImiS en-
zyme were purified, and their inhibitory activities against
M{5Ls were tested.

4.2. Inhibitory Activity Evaluation of Active Competent

To ascertain whether the ring-opened product, hy-
drolyzed carbapenem, was the resulting hydrolyzed and
active component, we hydrolyzed imipenem with ImiSs,
and the resulting hydrolysate was analyzed. A saturated
aqueous solution of imipenem was hydrolyzed with ImiS
for 60 h at 4°C (it was observed that the solution gradually
changed from colorless to yellowish-brown). Then, ImiS
was removed from the solution by ultrafiltration (molecu-
lar weight cutoffat10 KD), and the solution was lyophilized
overnight to yield a brown powder. The powder was puri-
fied on an LC-2010 CHT high-pressure liquid chromatogra-
phy (HPLC) equipped with a Prep Ci8 column (10 X 150 mm,
5 uM particle size; Waters), using a gradient running from
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Figure 1. The monitored UV-Vis spectra of 120 M imipenem (A) and 80 ;«M faropenem (B) hydrolyses in the presence of 0.2 M purified ImiS. Both antibiotic and enzymatic

samples were prepared with 50 mM Tris buffer, pH =7.0.
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Figure 2. The monitored UV-Vis spectra of 120 ;M imipenem (A) and 80 ;«M faropenem (B) hydrolysis in the presence of E. coli cells (ODgoo = 0.10) expressing ImiS. Both

antibiotic and Escherichia coli samples were prepared with 50 mM Tris buffer, pH =7.0.

5% to 10% water over 20 min with a flow-rate of 1 mL/min,
to give one component (P1).

To identify whether P1was the active competent, the in-
hibitory activity of P1was tested against the purified MSLs
from different subclasses by UV-Vis via the determination
of ICs values (inhibitory concentration causing 50% de-
crease in enzyme activity). It was observed that M3Ls VIM-
2, NDM-1, ImiS, and L1 from B1, B2, and B3 sub-classes were
overexpressed and purified as previously described (21-24),
respectively (see the Supporting Information). The concen-
tration of P1 ranged from 1 to 50 M, and the concentra-
tions of imipenem, cefazolin, and nitrocefin (25) as sub-
strates were 40 M. The enzyme and the inhibitor were pre-
incubated for 20 min before adding the substrate and were
then monitored at 300, 265, or 390 nm, in sequence, to de-
termine the initial velocity.

The initial reaction rates were determined in triplicate,
and the average value was recorded. We tested different
pre-incubation times (10 - 120 min) and did not find any
difference in residual activity, concluding that P1 is a time-
independent inhibitor. The results summarized in Table 1
indicate that P1 exhibited a broad-spectrum inhibition on
all enzymes tested (except for ImiS using imipenem as sub-
strate), with an ICs, value in the range of 8 - 32,13.8 - 29.3,
and 14.2 - 19.2 uM, using imipenem, cefazolin, and nitro-
cefin as substrates, respectively, and the standard devia-
tions of IC50 values were less than 0.17.

4.3. Structure Determination of P1

To characterize the active molecule, a sample of 10
mg P1 in 500 pL of D,O was run through 1H and 1H-13C
COSY NMR (600 MHz, Bruker), suggesting that P1 could
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Table 1. Inhibitory Activity (ICso, 1£M) of Component P1 from the Imipenem Hy-
drolysate Against Metallo-3-lactamases (M/3Ls) from Three Sub-Classes in 50 mM
Tris, pH=7.0"""

Imipenem Cefazolin Nitrocefin
VIM-2 17.8 0.2 215+ 0.2 174 £ 03
NDM-1 32.0 £ 0.1 293402 19.2 4+ 0.1
ImiS 8.0+ 03
L1 153 £ 0.1 3.8+ 0.1 142+ 02

Values are expressed as mean =+ SD.

blmipenem, cefazolin, and nitrocefin were used as enzymatic substrates; “":
the ICso value was not determined due to ImiS exclusively hydrolyzing the car-
bapenems (o < 0.17).

be a mercaptoethyl-form imidamide. As shown in the Ap-
pendix1in Supplementary File, the single peak at 7.95 ppm
is assigned to a proton of an imine, and the two triple
split peaks at3.47 and 2.76 ppm are assigned to two methy-
lene protons. Further, the '"H-2C COSY spectra showed that
there are cross-peaks of hydrogen directly bonding to each
carbon. Each cross-peak occurs at the point where each
carbon atom intersects the chemical shift of the hydro-
gen on that carbon. Based on the information from the
above characterizations, we proposed a hydrolysis process
of imipenem by ImiS, as shown in Figure 3, in which P1isa
degradation product of the ring-opened imipenem.

To check whether the active molecule has sulfhydryl, P1
was tested with Ellman’s reagent (26). A series of solutions
of P1, with concentrations ranging from 12.5-100 M, were
incubated with 1 mM of Ellman’s reagent for 5 min, to de-
termine the absorbance of TNB (2-nitro-5-thiobenzoicacid)
at412 nm. It can be observed (Appendix 1in Supplementary
File) that with the increase of P1 concentration, the solu-
tion turned yellow, and the corresponding absorbance of
TNB increased linearly from 0.1 to 0.69, confirming that P1
does contain a sulfthydryl, which differs from the product
of imipenem hydrolysis by class D 5-lactamases (Appendix
1in Supplementary File) (15). The assays suggested that P1
exists in the mercaptan form under the above activity test
conditions.

4.4. Docking Studies

To explore the binding of the imipenem hydrolysate
to ImiS, we performed molecular docking of inhibitor P1
into the active sites of CphA (instead of ImiS, which has
not been crystallized yet, and with which it shares 96% se-
quence identity), using the same procedure as reported
previously (27). The possible reasonable conformations
(shown in Figure 4) are the lowest-energy conformations
of those clusters. The sulfur atom of P1 was bound to Zn
(I1) ion (2.4 A), the nitrogen atoms of imine and secondary
amine formed two hydrogen bonds with carboxylate oxy-
gen and the amino group of Asp120 (2.4 and 2.0 A), tightly
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anchoring the inhibitor in the active site, revealing why P1
exhibited a low IC;, value against ImiS.

4.5. Minimum Inhibitory Concentration Determination

Given the broad-spectrum inhibition of imipenem hy-
drolysate against MSLs, the antibacterial activity of P1was
investigated by determining MIC values of [-lactam an-
tibiotics in the presence and absence of P1. Four bacterial
strains, E. coli-DH10B cells harboring plasmids pBCSK(+)-
VIM-2, pBCSK(+)-NDM-1, pBCSK(+)-ImiS, and pBCSK(+)-L1,
were used in the assays. The antibiotics imipenem and ce-
fazolin (except for the test with E. coli with ImiS, because
ImiS exclusively hydrolyzes carbapenems) were used for
the assays. The MIC data (Table 2) indicated that a dose
of 40 pg/mL of the degradation product P1 restored, by
16 - 32 folds and 8 - 128 folds, the antibacterial activities of
imipenem and cefazolin against drug-resistant E. coli with
MLs, respectively. Additionally, P1 exhibited the best syn-
ergistic antibacterial efficacy against E. coli with ImiS and
L1, resulting in a 32-128-fold decrease in the MIC of these two
antibiotics, which is consistent with its inhibitory activity
on the ImiS and L1 enzymes, as shown in Table 1. This assay
revealed a means for the development of M/5Ls inhibitors,
or even antibacterial reagents, from the hydrolysates of
carbapenems.

4.6. Cytotoxicity Evaluation of P1

The potential toxicity of enzymatic inhibitors is a ma-
jor concern for their biomedical applications. To deter-
mine the maximum non-toxic concentrations of the prod-
uct inhibitor against mammalian cells, different concen-
trations of P1(7.8 - 500 ug/mL) were incubated with L929
mouse fibroblast cells, and cell viability was evaluated us-
ing the MTT reagent. The results were expressed as the per-
cent viability of each sample, compared with that of un-
treated control cells (PBS, pH = 7.4). The cell viability was
over 94% in the presence of P1 at a dose up to 500 uM, in-
dicating that the product inhibitor had little influence on
cell proliferation (Appendix 1in Supplementary File).

5. Conclusions

Drug-resistant bacterial infections caused by MfLs
have grown into an emerging threat, where screening the
inhibitors, specifically, the broad-spectrum inhibitors of
M/3Ls, has proven to be challenging. In this work, we mon-
itored the hydrolysis of imipenem and faropenem by ImiS
and found that the hydrolysate of imipenem exhibited ab-
sorption at 310 nm, which is different from that of the
antibiotic (300 nm), and the hydrolysate was separated
by HPLC to give one component P1. The kinetic assays re-
vealed that P1 exhibited a broad-spectrum inhibition on
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Imipenem

Ring-opening Product

NH

J

HN

SH

Active Component (PI)

Figure 3. The proposed hydrolysis process of imipenem with ImiS.

Table 2. Antibacterial Activities (MICs, ;+/mL) of Imipenem and Cefazolin Against Escherichia coli-DH10B with M3Ls in the Absence and Presence of the Degradation Product,

P1, of Imipenem Hydrolysate with ImiS*

Imipenem Alone Imipenem + P1 Cefazolin Alone Cefazolin +P1
Escherichia coli with VIM-2 64 4 512 16
E. coli with NDM-1 64 4 512 64
E. coli with ImiS 64 2
E. coli with L1 64 2 512 4

*Imipenem and cefazolin were used as enzymatic substrates; the concentration of P1is 40 pzg/mL. “-”: the MIC value was not determined due to ImiS exclusively hydrolyz-

ing the carbapenems.

Figure 4. The conformations of P1 docked into the active site of CphA (PDB code
2QDS). The enzyme backbone is shown as a green cartoon and selected residues are
shown as sticks, colored by atom (C, green; N, blue; O, red; S, yellow). The Zn (1I) ion
is shown as a gray sphere. The key residues displayed and interactions between the
P1and protein residues are indicated by dashed lines.

tested VIM-2, NDM-1, ImiS, and L1, from three sub-classes
of M{Ls, with an ICs, value ranging from 8 - 32, 13.8 - 29.3,
and 14.2 - 19.2 uM using imipenem, cefazolin, and nitro-
cefin as substrates, respectively. Further, P1 showed syn-
ergistic antibacterial efficacy against drug-resistant E. coli
with MfLs, restoring by 16-32-fold and 32-128-fold activities
of imipenem and cefazolin, respectively.

Spectroscopic characterization and Ellman’s reagent

analysis suggested that P1, a mercaptoethyl-form imi-
damide from the leaving group produced after imipenem
is hydrolyzed, is a mechanism-based inhibitor, while
faropenem has no substrate inhibition, probably due to
the lack of a good leaving group. Docking studies revealed
that the sulfur atom of P1 was bound to the Zn (II) ion at
the active site, and the nitrogen atoms of the imine and
secondary amine formed two hydrogen bonds with the
carboxylate oxygen and amino groups of Asp120. Toxicity
tests indicated that P1 had little influence on cell prolifera-
tion at a dose up to 500 M. This work reveals that the hy-
drolysates of carbapenems with good leaving groups can
be useful in screening for broad-spectrum inhibitors of
MfLs.

Supplementary Material

Supplementary material(s) is available here [To read
supplementary materials, please refer to the journal web-
site and open PDF/HTML].
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