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ABSTRACT: We successfully developed a fluorescent drug sensor from clinically relevant New Delhi metallo-β-lactamase-1
(NDM-1). The F70 residue was chosen to be replaced with a cysteine for conjugation with thiol-reactive fluorescein-5-maleimide to
form fluorescent F70Cf, where “f” refers to fluorescein-5-maleimide. Our proteolytic studies of unlabeled F70C and labeled F70Cf
monitored by electrospray ionization−mass spectrometry (ESI-MS) revealed that fluorescein-5-maleimide was specifically linked to
C70 in 1:1 mole ratio (F70C:fluorophore). Our drug sensor (F70Cf) can detect the β-lactam antibiotics cefotaxime and cephalothin
by giving stronger fluorescence in the initial binding phase and then declining fluorescence signals as a result of the hydrolysis of the
antibiotics into acid products. F70Cf can also detect non-β-lactam inhibitors (e.g., L-captopril, D-captopril, DL-thiorphan, and
thanatin). In all cases, F70Cf exhibits stronger fluorescence due to inhibitor binding and subsequently sustained fluorescence signals
in a later stage. Native ESI-MS results show that F70Cf can bind to all four inhibitors. Moreover, our drug sensor is compatible with
a high-throughput microplate reader and has the capability to perform in vitro drug screening.

■ INTRODUCTION
Since the discovery of β-lactam antibiotics, they have been
widely used in antimicrobial chemotherapies.1 The overuse
and sometimes abuse of β-lactam antibiotics, however, have led
to the increasing emergence of antibiotic-resistant bacteria
capable of producing β-lactamases to destroy β-lactam
antibiotics through efficient β-lactam hydrolysis (Scheme 1),2

thus making the β-lactam ring-opened antibiotics no longer
able to inhibit penicillin-binding proteins (PBPs) in bacteria to
build cell walls for survival.3

To date, more than 400 clinically relevant β-lactamases have
been identified. Such bacterial enzymes can efficiently open the

four-membered β-lactam ring through hydrolysis, thus making
the antibiotics clinically inactive (i.e., unable to bind to PBPs).4

β-Lactamases can be classified into four classes according to
their amino acid sequences: classes A−D.5 In general, the
hydrolytic action of β-lactamases is presented by the following
catalytic pathway (Scheme 2).6,7

Class A, C, and D β-lactamases are serine-type β-lactamases;
they cleave the β-lactam ring by forming a covalent linkage
between the −OH group of serine within the enzyme’s active
site and the β-lactam carbonyl group through acylation. Class
B β-lactamases are metallo-β-lactamases (MBLs) that are
dependent on two Zn(II) ions to initiate the reactions.8 The
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Scheme 1. β-Lactam Hydrolysis by β-Lactamase
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New Delhi metallo-β-lactamase 1 (NDM-1) is one of the
carbapenemases produced by carbapenem-resistant Enter-
obacteriaceae.2 It can hydrolyze a wide range of β-lactam
antibiotics, including carbapenems,9 and most β-lactamase
antibiotics (except for monobactams).10 More worryingly,
changes of amino acids through gene mutations in NDM-1
have resulted in the notorious NDM family containing various
NDM-type β-lactamase variants with different substrate and
kinetic profiles.11−13 Thus, bacteria acquiring NDM-type β-
lactamases represent a major threat to human health and are
generally regarded as “superbugs” because only limited
antibiotics are available for treating such bacteria.1 To the
best of our knowledge, there is currently no clinically useful
NDM-1 inhibitor against NDM-1 in the past decades.1,14

Because of their serious threat to human health,15 there is an
urgent need for searching potent drugs against NDM-type β-
lactamases. To this end, effective drug sensors based on NDM-
type β-lactamases must be available for the discovery of new
drug candidates and for antibiotic/inhibitor screening in vitro.
NDM-1 is regarded as the ancestor of members in the NDM
family and shares a common tertiary structure to other NDM-
type β-lactamases.14,16 Thus, NDM-1 represents an excellent
protein model to develop a fluorescent drug sensor (by
attaching a thiol-reactive fluorophore to a cysteine at the active
site)17 for studying its ability to perform drug discovery and
antibiotic/inhibitor screening in vitro. More importantly, such
information is particularly crucial for extending the develop-
ment of tailor-made fluorescent drug sensors based on
clinically relevant NDM-type variants to speed up future
drug design and development as well as in vitro drug screening.
The wild-type NDM-1 β-lactamase itself has a cysteine

residue at the 208th position, which is responsible for binding
to Zn2+ for catalyzing the hydrolysis of β-lactam antibiotics.18

C208 is buried within the active site such that fluorophore
labeling at C208 is more difficult due to its binding to Zn2+ and
the buried environment around C208. These structural
properties largely prevents unwanted labeling C208 with a
thiol-reactive fluorophore at C208, which would otherwise lead
to the loss of the hydrolytic activity of NDM-1.19 We reasoned
that if we replaced an amino acid (more exposed) close to the
active site with a cysteine and then attached the cysteine
residue to a thiol-reactive fluorophore, the fluorophore can be
specifically attached to the chosen cysteine residue and
fluorescently sense the binding of antibiotics/inhibitors.20−25

We replaced F70 with a cysteine and then labeled it with thiol-
reactive fluorescein-5-maleimide in a carefully adjusted 1:1.3
mole ratio (to avoid nonspecific conjugation at C208) to form
fluorescent F70Cf. F70 was chosen for replacement with a
cysteine because (1) F70 (more exposed) lies close to the
active site and, therefore, attaching F70 with the fluorescein
label is likely to detect antibiotic/inhibitor binding, and (2)
F70 is highly conserved in the NDM family13,16 and, therefore,
construction of a class of fluorescent NDM variants as drug
sensors becomes feasible. The entry and leaving of β-lactam

antibiotics/inhibitors can cause the fluorescein label to move in
and out of the active site (which is relatively hydrophobic and
may contain amino acid quenchers). Such subtle movements
can induce the fluorescein label to give fluorescence changes in
response to drug binding.

■ MATERIALS AND METHODS
Materials. L-Arginine, DL-thiorphan, L-captopril, and

kanamycin were obtained from Sigma-Aldrich (St. Louis,
MO). Thanatin (GSKKPVPIIYCNRRTGKCQRM) was pur-
chased from GL Biochem (Shanghai, CN). D-Captopril was
purchased from TLC Pharmaceutical Standards (Pony Dr,
CA). Fluorsecein-5-maleimide was obtained from Invitrogen
(Carlsbad, CA, USA).

Expression Vector Cloning and Mutation. The NDM-1
sequence was cloned into a pET-3k vector (a modified pET-3a
vector with the replacement of ampicillin by kanamycin). The
NDM-1 mutant (F70C) was constructed by the replacement
of phenylalanine located at the 70th position by a cysteine
using the QuikChange Site-Directed Mutagenesis Kit (Stra-
tagene, CA, USA). The mutagenic forward and reverse primers
are 5′ GAC ATG CCG GGT TGC GGG GCA GTC GCT
TCC 3′ and 5′ GGA AGC GAC TGC CCC GCA ACC CGG
CAT GTC 3′, respectively.

Recombinant Protein Expression and Purification.
For protein expression, a single colony of Escherichia coli
BL21(DE3) inserted with a designed vector was incubated into
10 mL of Lysogeny broth (LB) medium with 50 μg/mL
kanamycin and cultured at 30 °C with shaking at 250 rpm
overnight. Two milliliters of this LB medium was transferred
into 200 mL of LB medium. When the OD600 of the culture
reached 0.6, isopropylthiogalactoside (IPTG) with a final
concentration of 0.2 mM was added and incubated at 16 °C at
250 rpm overnight.
For protein purification, to avoid any unwanted divalent

metal ions, nickel(II) and cobalt(II) ions were inserted into
metalloprotein NDM-1 during the purification process, which
may affect the downstream assays. No purification tag
including (His)6-tagged is used. Cells were harvested by
centrifugation at 8000 rpm at 4 °C for 30 min. The cell pellet
was resuspended in lysis buffer (50 μM ZnCl2 and 20 mM
Tris−HCl buffer, pH 7.4) and lysed with an ultrasonic
homogenizer (QSonica sonicators). The supernatant was
harvested by centrifugation at 13,000 rpm at 4 °C for 1 h.
The filtered supernatant was applied into the HiTrap Q HP
(GE Healthcare) column with washing buffer (20 mM Tris−
HCl buffer, pH 7.4) and elution buffer (1 M NaCl and 20 mM
Tris−HCl buffer, pH 7.4). Impurities were removed in flow-
through, and targeted proteins were collected in 10% elution.
The targeted proteins were buffer-exchanged into a labeling
buffer (50 μM ZnCl2 and 20 mM Tris−HCl buffer, pH 7.0)
and stored at −80 °C.

Enzyme Labeling (F70Cf). F70C enzymes were diluted
into 1 mg/mL by labeling buffer. Different folds of molar
excess (1:1.3 and 1:3) of fluorescein-5-maleimide were added
to the enzyme solution. The mixtures were reacted at room
temperature (22 °C) at different time points (from 30 min to 2
h). Amicon (MWCO = 10k Da) was used to remove excess
dye using a labeling buffer. All labeled F70C (F70Cf) enzymes
were stored at −80 °C.

Circular Dichroism (CD) Spectroscopic Analysis. A
JASCO J-1500 Circular Dichroism Spectrophotometer was
used to determine the secondary structure of F70C, F70Cf,

Scheme 2. Catalytic Pathway of β-Lactamases toward β-
Lactam Antibiotics

where E is the free enzyme (β-lactamase), S is the substrate (β-lactam
antibiotic), ES is the non-covalent enzyme−substrate complex, ES* is
the covalent enzyme−substrate complex, and P is the carboxylic acid
product.
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and wild-type NDM-1 under 10 mM potassium phosphate
buffer at pH 7.5 with a final concentration of 5 μM. Each CD
spectrum was collected from an average of 3 scans, and the CD
signals were expressed as molar ellipticity (deg cm2 dmol−1).

Specific Activity. The specific activities (U/mg) of wild-
type NDM-1, F70C, and F70Cf were measured by ultraviolet−
visible spectroscopy. Enzymes (final concentration: 0.001 mg/
mL) were incubated with 100 μM of different antibiotics,
cefotaxime, ceftazidime, penicillin G, ampicillin, and Mer-
openem in 500 μL of buffer (50 μM ZnCl2 and 20 mM Tris−
HCl buffer, pH 7.0). Antibiotic hydrolysis was monitored at
264 nm (cefotaxime), 260 nm (ceftazidime), 240 nm
(penicillin G), 235 nm (ampicillin), and 297 nm (Merope-
nem). The molar extinction coefficients were used as follows:
cefotaxime = −7250 M−1 cm−1, ceftazidime = −8660 M−1

cm−1, penicillin G = −560 M−1 cm−1, ampicillin = 900 M−1

cm−1, and Meropenem = −10940 M−1 cm−1.
Determination of Molecular Mass, Purity, and Label-

ing Efficiency. Liquid chromatography−electrospray ioniza-
tion−mass spectrometry (LC-ESI-MS) experiments were
performed with an Agilent 6540 QTOF mass spectrometer
coupled with an Agilent 1290 Infinity UHPLC system. Purified
wild-type NDM-1 enzymes, F70C enzymes, and labeled F70Cf
enzymes were injected into a C4 LC column and eluted with a
linear gradient from 95% solvent A:5% solvent B to 5% solvent
A:95% solvent B, where solvent A was Milli-Q water and
solvent B was acetonitrile, each with 0.1% formic acid. The
mass spectrometer was operated in positive ion mode. ESI-MS
data was acquired with an m/z range of 600−1600, from which
multiply-charged mass spectra were obtained. The multiply-
charged mass spectra were deconvoluted by the MassHunter
BioConfirm program to obtain the molecular mass of proteins.
The calculated molecular mass values of NDM-1 F70C and
NDM-1 F70Cf are 25637 and 26064 Da, respectively.

Studies of the Interactions of Fluorescein-Labeled
F70C Enzyme (F70Cf) with Inhibitors. The interactions of
intact F70Cf and the inhibitors (L-arginine, L-captopril, D-
captopril, DL-thiorphan, and thanatin) were detected by native
ESI-MS on a Waters Synapt G2-Si Quadrupole-Ion Mobility-
Time-of-flight Mass Spectrometer. Prior to ESI-MS analysis,
the protein was buffer-exchanged into 20 mM ammonium
acetate with 50 μM ZnCl2 buffer with ultrafiltration devices.
Equal volumes of F70Cf and inhibitors were mixed in a molar
ratio of 1:20 for 10 min, and the mixture was directly loaded
into metal-coated glass capillaries, which were subsequently
mounted onto the nano-ESI source for MS analysis.

Determination of the Labeling Site on F70Cf. F70C
and F70Cf enzymes were first buffer-exchanged into 50 mM
ammonium bicarbonate, and subsequently, sequencing grade
trypsin (Progema V5111) was added to the enzymes in a
trypsin:enzyme ratio of 1:50 (w/w). Protease digestions were
conducted at 37 °C for 16 h. Digested enzymes were analyzed
by an Agilent 6540 QTOF mass spectrometer coupled to an
Agilent 1290 Infinity UHPLC system. Peptides were separated
and eluted in a C18 LC column with a linear gradient elution
from 95% solvent A:5% solvent B to 5% solvent A:95% solvent
B, where solvent A was Milli-Q water and solvent B was
acetonitrile, each with 0.1% formic acid. Peptide assignment
was performed with Agilent Masshunter-BioConfirm software.

Fluorescence Measurements. Fluorescence measure-
ments for the detection of labeled F70C (F70Cf) inhibitors
(L-captopril, D-captopril, DL-thiorphan and thanatin) were
performed on an Agilent Cary Eclipse Fluorescence

Spectrophotometer (Agilent). Time-course fluorescence meas-
urements were recorded at 518 nm by exciting F70Cf (final
concentration: 0.13 μM) at 494 nm with different concen-
trations of inhibitors arginine, D-captopril, L-captopril, DL-
thiorphan, and thanatin (0, 2, 20, and 200 μM) in labeling
buffer (50 μM ZnCl2 and 20 mM Tris−HCl buffer, pH 7.0) in
a quartz cuvette. Triplicate measurements were performed for
each inhibitor.
For high-throughput inhibitor screening experiments, the

fluorescence signal changes were recorded by adding 10 μL of
each inhibitor (final concentration: 200 μM) automatically
into 250 μL of F70Cf (final concentration: 0.13 μM) in a 96-
well plate containing 50 μM ZnCl2 and 20 mM Tris−HCl
buffer (pH 7.0) using a Thermo Scientific Varioskan LUX
Multimode Microplate Reader (Thermo Fisher Scientific) (n =
3). The excitation and emission wavelengths were 494 and 520
nm, respectively. The injection of each inhibitor was started at
0.5 min.
For the proteolytic study of F70Cf, the mass ratio of F70Cf

and trypsin was 20 to 1 in 50 μM ZnCl2 and 20 mM Tris−HCl
buffer (pH 7.0). The fluorescence spectra of these trypsinized
samples were recorded by excitation at 494 nm at various time
intervals (after 0, 1, 3, 9, and 18 h of trypsinization) and
recorded by an Agilent Cary Eclipse Fluorescence Spectropho-
tometer (Agilent) (n = 3 measurements).

■ RESULTS AND DISCUSSION
Protein Purification and Fluorophore Labeling. NDM-

1 is a superbug enzyme that chelates two Zn2+ ions as
cofactors. It can hydrolyze a wide range of β-lactam antibiotics
in the world. To study the action of naturally occurring Zn2+
on β-lactam antibiotics and inhibitors, wild-type NDM-1 (with
a molecular mass of 25681 Da, Figure S1c) and its mutant
(F70C) without (His)6-tags were produced to avoid any
replacement of other divalent cations, such as Ni2+ and Co2+,
during purification.26,27 The wild-type NDM-1 was mutated at
the 70th amino acid (phenylalanine) into a cysteine residue for
specific labeling with fluorescein-5-malemide (F5M) close to
the active site. F70C (with a molecular mass of 25637 Da) was
highly expressed in E. coli after the induction of IPTG (Figure
S1a) in high purity by using an anion exchange column in a
10% elution buffer (Figure S1b). F70C shows a similar
secondary structure (Figure S2) and specific activity as
compared to the wild-type NDM-1 against different β-lactam
antibiotics, indicating that the F70C mutation does not
significantly weaken the activity as compared to wild-type
NDM-1 (Table S1). A decrease in the activity of NDM-1 after
labeling with F5M was observed since F5M at the active site
hindered the hydrolytic activity of NDM-1 to some extent
(Table S1). However, this did not affect the generation of
fluorescence signal intensity upon NDM-1 binding to anti-
biotics and inhibitors.
After labeling F70C with F5M to become F70Cf (where “f”

refers to fluorescein-5-maleimide), F70Cf shows fluorescence
signals on a SDS-PAGE gel (Figure S3). To further confirm
the attachment of F5M on F70C, the molecular mass of F70C
before (25637 Da) and after (26064 Da) labeling was detected
by electrospray−ionization mass spectrometry (ESI-MS).
Since there are two cysteine residues in F70C (Figure 1; one
is buried inside the active site (C208) and bound to Zn2+,
whereas the other (C70) lies close to the active site but with
higher exposure to the external aqueous environment), it is
important to optimize the fluorophore labeling ratio so as to
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avoid unwanted labeling at C208 (at the active site). We tried
different mole ratios of F70C to F5M (1:1.3 and 1:3) and
incubated them for different time intervals (Figure 1). We
found that labeling F70C to F5M at a mole ratio of 1:1.3
resulted in site-specific labeling at C70 only, presumably due to
the high exposure of F70C to the external aqueous
environment and the buried environment around C208 (also
bound to Zn2+) within the active site, making F5M difficult to
approach C208 (Figure 1b). When the mole ratio of F70C to
F5M further increases to 1:3, fluorophore labeling at both C70
and C208 appears to occur (Figure 1c; molecular mass =
26490 Da). The measured molecular mass values of F70C and
F70Cf are 25637 and 26064 Da, respectively, which are
consistent with the calculated molecular mass values of F70C
and F70Cf (25636 and 26063 Da, respectively, calculated by
the Expasy program). Moreover, the mass difference between
the labeled and unlabeled F70C mutants is consistent with the
molecular mass of F5M (427 Da).
The labeling site of F70C was further studied by trypsin

digestion of F70Cf analyzed by ESI-MS. After trypsin
digestion, peptide fragments (Figure 2) including C208 and
C70 were VFYPGPGHTSDNITVGIDGTDIAFGGCLIK
(mass to charge rat io , m/z = 1022.1746) and
QLAPNVWQHTSYLDMPGCGAVASNGLIVR (m/z =
1033.1849), respectively. Moreover, m/z values of digested
peptide fragments including C208 and C70 with F5M were

1170.5363 and 1181.5397, respectively. The results proved
that virtually all F5M was labeled at C70, as revealed by the
dominant peak. Only a minor mass peak is associated with
C208 attached to F5M (Figure 2).

Fluorescence Detection of β-Lactam Antibiotics.
Fluorescent F70Cf can specifically respond to β-lactam
antibiotics. When F70Cf is mixed with β-lactam antibiotics
(cefotaxime and cephalothin), the fluorescence signals increase
and then decrease gradually as a function of time (Figure 3a).
Our previous studies have shown that binding of β-lactam
antibiotics to the enzyme’s active site induces the fluorophore
to depart from the active site so that the fluorescein label
(F5M) becomes well exposed to an external aqueous
environment and/or stays away from amino acid quenchers
in the active site.24,25 When the antibiotic is hydrolyzed to the
acid product, the fluorescein label (F5M) returns to the active

Figure 1. LC-ESI-MS spectra of F70C and F70Cf. (a) Molecular
mass of F70C. (b) Molecular mass of F70Cf after incubating 1.3-fold
molar excess of fluorescein-5-maleimide at different time intervals. (c)
Molecular mass of F70Cf after incubating a 3-fold molar excess of
fluorescein-5-maleimide at different time points.

Figure 2. ESI-MS spectra of trypsin-digested F70C and F70Cf. (a)
The peptide fragment showing the amino acid sequence from the
position of 53 to 81 (QLAPNVWQHTSYLDMPGCGAVASN-
GLIVR) with an m/z value of 1033.1849 indicates the position of
cysteine-70 (target site, highlighted in purple), while the fragment
showing the amino acid sequence from the position of 182 to 211
displays the position of cysteine-208 (active site, highlighted in
green). (b) The m/z values of peptide fragments of cysteine-70 with
F5M (highlighted in yellow) and cysteine-208 with F5M are
1181.5397 and 1170.5363, respectively.
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site, thus restoring its weak fluorescence signal.24,25 To
demonstrate that fluorescent F70Cf is compatible with a
high-throughput microplate reader, which is common in in
vitro drug screening, F70Cf was placed on a microplate reader
and injected with cefotaxime and cephalothin (Figure 3b). In
both cases, the antibiotics cause F70Cf to give stronger
fluorescence signals and then decline fluorescence signals as a

function of time, similar to the results recorded with the
spectrofluorometer (Figure 3a). These results indicate the
capability of F70Cf in in vitro drug screening with a high-
throughput microplate reader. Unlike another method that
uses about 2−3 h to detect antibiotics by NDM-1,28 F70Cf
could detect antibiotics in just a few minutes and was more
time-efficient.

Figure 3. Fluorescence measurements of F70Cf with antibiotics. Time-course fluorescence and fluorescence microplate reader measurements of
F70Cf with two β-lactam antibiotics, cefotaxime and cephalothin, are shown in panels (a) and (b), respectively. (a) For time-course fluorescence
measurements, the mole ratios of F70Cf to cefotaxime and cephalothin antibiotics are 1:0 (black), 1:150 (green), and 1:1500 (blue). (b) For
fluorescence microplate reader measurements, the molar ratio of F70Cf to cefotaxime and cephalothin antibiotics is 1:1500.

Figure 4. Time-course fluorescence measurements of F70Cf with various inhibitors. The fluorescence profiles for L-captopril, D-captopril, DL-
thiorphan, thanatin, and L-arginine are shown in panels (a)−(e), respectively. The mole ratios of F70Cf to each inhibitor are 1:0 (black), 1:15
(red), 1:150 (green), and 1:1500 (blue).
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Fluorescence Detection of Non-β-Lactam Inhibitors.
We then studied the ability of fluorescent F70Cf to detect non-
β-lactam inhibitors (L-captopril, D-captopril, DL-thiorphan, and
thanatin),29−37 which are able to bind to NDM-type β-

lactamases. As shown in Figure 4, the fluorescence signals of
F70Cf increase with the dose of the inhibitors (Figure 4). The
sustained fluorescence increases imply that the inhibitors
continuously occupy the active site of F70Cf. Among the

Figure 5. Fluorescence measurements of F70Cf with various inhibitors using a fluorescence microplate reader. The fluorescence profiles for L-
captopril, D-captopril, DL-thiorphan, thanatin, L-arginine, and 50 μM ZnCl2 and 20 mM Tris−HCl buffer (pH 7.0) are shown in panels (a)−(f),
respectively. The mole ratio of F70Cf to each inhibitor is 1:1500.

Figure 6. Binding studies of F70Cf with different inhibitors by native ESI-MS. The molecular mass of F70Cf in its native state was measured to be
26189 Da (a). The binding profiles for L-captopril, D-captopril, DL-thiorphan, thanatin, and L-arginine are shown in panels (b)−(f), respectively.
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inhibitors, L-captopril shows a gradual increase in fluorescence
in the initial phase, whereas D-captopril, DL-thiorphan, and
thanatin virtually do not (Figure 4a−d). These findings
indicate that D-captopril, DL-thiorphan, and thanatin bind
much faster to F70Cf as compared to L-captopril (Figure 4a−
d). To trace the initial binding phases of the fast inhibitors (D-
captopril, DL-thiorphan, and thanatin), we used a microplate
reader to monitor the fluorescence signals as a function of
time. As shown in Figure 5a−d, the initial increases in
fluorescence signal for D-captopril, DL-thiorphan, and thanatin
are much faster than those for L-captopril, implying that D-
captopril, DL-thiorphan, and thanatin are likely to have higher
binding affinity to F70Cf compared to L-captopril. These
results are consistent with the IC50 values of these inhibitors to
NDM-1; the IC50 values of L-captopril, D-captopril, DL-
thiorphan, and thanatin were found to be 157.4,29 20.1,29

1.8,36 and 3.21 μM,37 respectively. These observations reveal
that F70Cf is capable of screening for noncovalent small
molecules/peptides in vitro. To verify that F70Cf is specific to
active-site binders only, we performed control experiments
with buffer and L-arginine (Figures 4e and 5e,f). In both cases,
F70Cf shows no significant fluorescence changes with these
nonbinders (Figures 4e and 5e,f).

Studies of Binding Interactions of F70Cf with
Inhibitors by Native Mass Spectrometry. To further
verify that F70Cf can bind to the non-β-lactam inhibitors
noncovalently, native ESI-MS measurements were performed.
Figure 6 shows the ESI mass spectra of F70Cf with the
inhibitors, where E and EI represent the F70Cf and F70Cf−
inhibitor complexes, respectively. In general, the inhibitors can
form noncovalent complexes with F70Cf in a significant
population, whereas the nonbinder L-arginine virtually cannot
form an F70Cf−L-arginine complex in a significant population.
These results support the fact that the fluorescence enhance-
ments of F70Cf with the inhibitors arise from the binding of
the inhibitors to the active site (Figures 4a−d and 5a−d).

Molecular Modeling of F70Cf with Inhibitors. The
mechanism of F70Cf fluorescence enhancement after binding
to inhibitors was investigated by molecular modeling. F70Cf
has the fluorophore-labeled C70 side chain (in gray) buried
and occupying the substrate-binding site, which experiences a
hydrophobic environment that may also contain amino acid
quenchers, resulting in a weaker fluorescence signal (Figure
7a). When L-captopril (orange sticks) binds to the F70Cf
active site, it displaces the fluorescein label attached to C70
into the external aqueous environment (now shown in bright
green), leading to a stronger fluorescence signal (Figure 7b).
When thanatin (orange cartoon, Figure 7c) and cefotaxime
(orange cartoon, Figure 7d) bind to F70Cf’s active site, they
also displace the C70f-labeled side chain (bright green) into
the solvent and lead to a stronger fluorescence signal (Figure
7c,d). To confirm the molecular modeling results, a proteolytic
study on F70Cf was performed. After 1−18 h of trypsin
digestion, digested fragments with the fluorescein label are
exposed to the external aqueous environment, leading to an
increase in fluorescence in a time-dependent manner (Figure
7e). These findings are consistent with the molecular modeling
results.

■ CONCLUSIONS
We have successfully constructed a fluorescent drug sensor
from NDM-1 through structural analysis, protein engineering,
and fluorophore labeling that is capable of sensing β-lactam

antibiotics and non-β-lactam inhibitors. This functional drug
sensor can identify impotent β-lactam antibiotics by exhibiting
characteristic fluorescence profiles (an increasing fluorescence
signal in the initial phase due to antibiotic binding followed by
a declining signal as a result of β-lactam hydrolysis to the acid
product). Upon binding to non-β-lactam inhibitors (L-
captopril, D-captopril, DL-thiorphan, and thanatin), the NDM-
1 drug sensor gives stronger and sustained fluorescence signals.
These exciting results highlight the great potential of the
fluorescent NDM-1 drug sensor in in vitro drug screening for
potent inhibitors. More importantly, our study of the
fluorescent NDM-1 drug sensor has paved the way to further
develop a class of tailor-made fluorescent drug sensors from
clinically significant NDM-type variants to search for potent

Figure 7. Molecular models of F70Cf with inhibitors. (a) The F70Cf
fluorophore-labeled at the C70f side chain is indicated in gray. The
model was created with Coot and JLigand, both of the CCP4
suite.38,39 (b) The complex of F70Cf with L-captopril (orange sticks)
enhanced the fluorescence signal (bright green). (c) The complex of
F70Cf with thanatin (orange cartoon) enhanced the fluorescence
signal (bright green). (d) The complex of F70Cf with cefotaxime
(orange cartoon) enhanced the fluorescence signal (bright green). (e)
Fluorescence spectra of F70Cf in the presence of trypsin were
recorded at different time intervals. The protein traces are shown as
cartoon models (gray), with zinc ions as spheres. The apo model was
constructed from PDB ID 3SPU (B chain),40 whereas the L-captopril
complex was from PDB ID 4EXS (B chain).34 The NDM-1:thanatin
complex was created with the help of ColabFold (“AlphaFold2 with
MMSeq2” notebook using the “PDB70” template).41 The model with
cefotaxime was built with Coot, referencing PDB ID 4RL0,17 the
structure of NDM-1 with hydrolyzed cefuroxime. The R2 group of
cefotaxime was grafted from the corresponding fragment of substrate
in PDB ID 6C79.42 The figures were created with PyMOL.
Photograph courtesy of Yu Wai Chen. Copyright 2024 (panels a−d).
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and new inhibitors. Such work is particularly important to fight
against superbugs acquiring NDM-type β-lactamases.
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