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A B S T R A C T   

Metallo-β-lactamases (MBLs) are enzymes that are capable of hydrolyzing most β-lactam antibiotics and all 
clinically relevant carbapenems. We developed a library of reversible fluorescent turn-on probes that are 
designed to directly bind to the dizinc active site of these enzymes and can be used to study their dynamic 
metalation state and enzyme-inhibitor interactions. Structure-function relationships with regards to inhibitory 
strength and fluorescence turn-on response were evaluated for three representative MBLs.   

1. Introduction 

For the past century, antibiotics have revolutionized public health 
and saved millions of lives. However, despite the dramatic success of this 
innovation, numerous pathogens have developed a variety of resistance 
mechanisms. [1,2] This has led to a growing antibiotic resistance crisis: 
across the world, more than 700,000 patients lose their lives annually to 
drug-resistant infections. [3] The threat of multi-drug resistant patho
gens is even greater in the Global South, where the infrastructure 
required to identify and combat multi-drug resistance is less developed. 
[4] Thus, there is an urgent need for our collective engagement with the 
threat of antibiotic resistance, especially to protect those communities 
that are most vulnerable to infectious disease. 

One notable mechanism of resistance that has emerged in the past 
two decades is a new class of enzymes, β-lactamases, which catalyze the 
hydrolysis of the β-lactam ring in β-lactam-containing antibiotics. There 
are four different classes of these enzymes, of which three (classes A, C, 
and D) are serine β-lactamases whereas class B enzymes, metallo-β-lac
tamases (MBLs), require divalent metal ions such as Zn(II). Within the 
most clinically relevant B1 subgroup, these enzymes contain a dizinc 
active site and have an impressive substrate scope – they are capable of 
hydrolyzing nearly all β-lactam-containing antibiotics, including last- 
resort carbapenems. [5–7] 

MBLs are rapidly evolving enzymes and their resistance genes are 

included in mobile plasmids in the form of gene cassettes, granting them 
the ability to horizontally transfer between bacteria. [6,8,9] In the mere 
decades that have passed since MBLs were first observed in pathogenic 
bacteria, they have been detected in dozens of countries around the 
world. [2,10] Moreover, MBL producers commonly have multiple 
additional drug resistances, which limits treatment options. [11] 
Accordingly, it is crucial to gain an increased understanding of these 
enzymes and the inhibitors needed to disable them. While there has been 
a great effort in the scientific community to develop inhibitors for these 
enzymes, there are none that are currently FDA-approved. [12] 

We recently described [13] a reversible fluorescent probe, DMAP- 
COOMe (Fig. 1) that reversibly coordinates to the dizinc active site of 
one of the most prominent MBLs, New Delhi metallo-β-lactamase-1 
(NDM-1). This probe consists of a solvatochromic fluorophore, 4-N,N- 
dimethylaminophthalimide (DMAP), coupled to a thiol-containing 
moiety, a widely-exploited group for MBL inhibition, [14] though 
limited in therapeutic applicability due to potential cross-reactivity with 
human metalloenzymes. [15] In the presence of NDM-1, the probe ex
hibits up to a 17-fold increase in fluorescence intensity suitable for live- 
cell imaging. Importantly, this probe can be displaced by either zinc 
chelation or active site inhibitors, making it potentially useful for the 
study of new antibiotic resistance therapies and nutritional immunity 
mechanisms. 

Herein, we describe the development of a library of fluorescent 
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probes related to DMAP-COOMe (Fig. 1) and investigate the effects of 
structural modifications on probe affinity and fluorescence turn-on 
response for NDM-1 and two other widespread MBLs: Verona integrin- 
encoded metallo-β-lactamase-2 (VIM-2) and imipenemase-1 (IMP-1). 
[16,17] Previously, we evaluated the interactions of probes DMAP-H, 
DMAP-COOH, and DMAP-COOMe with NDM-1. While DMAP-COOH 
produced the largest fluorescence turn-on, it exhibited only partial in
hibition, and therefore DMAP-COOMe was chosen for further studies in 
bacteria. However, we found that DMAP-COOMe is rapidly processed 
by esterases in mammalian cells, and therefore would exhibit a large 
non-specific response when applied to host-pathogen studies. With this 
in mind, we designed probes that expanded upon this general scaffold by 
varying the ester moiety from methyl to ethyl and isopropyl esters, as 
well as substituting primary and secondary amides for the esters with 
the intention of slowing mammalian esterase activity or evading it 
entirely. These are commonly utilized strategies for reduction of esterase 
metabolism at metabolically vulnerable sites. [18] We also evaluated 
the impact of steric bulk directly adjacent to the metal-binding thiol by 
conjugating penicillamine to DMAP. Finally, we substituted a similar, 
bulkier fluorophore, 4-N,N-dimethylamino-1,8-naphthalimide (DMN), 
[19] with the three metal-binding groups originally reported (Fig. 1). 

2. Materials and methods 

2.1. Materials 

All synthetic reagents were purchased from commercial sources and 
used without further purification unless otherwise noted. All reactions 
were run under N2 atmosphere unless otherwise noted. All reverse-phase 
purification was performed using a Biotage Isolera One Flash Chroma
tography Instrument. NDM-1, VIM-2, and IMP-1 were expressed and 
purified as described previously. [20–22] Bovine carbonic anhydrase II 
and alkaline phosphatase were purchased from Sigma Aldrich. Phos
photriesterase was kindly provided by Prof. Frank Raushel from Texas 
A&M University. For all spectroscopic studies, 50 mM 4-(2-hydrox
yethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.0 containing 10 
μM ZnSO4 was prepared as the buffer. 1H and 13C NMR spectra were 
recorded on a 400 MHz Agilent MR Spectrometer or a 400 MHz Bruker 

AVANCE NEO400 Spectrometer, prepared in deuterated acetonitrile, 
acetone, or methanol. The residual solvent peaks were used as an in
ternal standard. Spectroscopic studies were performed using an Agilent 
Cary 60 UV–Vis spectrophotometer. Fluorescence spectroscopic mea
surements were made using an Agilent Cary Eclipse fluorescence spec
trofluorometer. Confocal imaging was performed on a Zeiss 710 Laser 
Scanning Confocal Microscope. Data analysis was performed using 
GraphPad Prism Version 8.4.3. 

2.2. Synthesis of compounds 

Chromacef, [23] 4-N,N-dimethylaminophthalic anhydride, [24] and 
4-N,N-dimethylamino-1,8-naphthalic anhydride [19] were synthesized 
according to literature procedures. DMAP-H, DMAP-COOH, and 
DMAP-COOMe were all synthesized according to the previously re
ported procedure. [13] 

DMAP-COOEt. To a solution of DMAP-COOH (25 mg, 0.080 mmol) 
in ethanol (2 mL) at 0 ◦C under N2 atmosphere was added thionyl 
chloride (100 μL, 1.40 mmol) dropwise. The reaction was allowed to 
reach room temperature, then was heated to reflux and left to react for 
2.5 h. The volatile reagents were evaporated off, then the crude product 
was redissolved in 2:1 ethanol:H2O (6 mL) and tris(2-carboxyethyl) 
phosphine (TCEP) (106 mg, 0.420 mmol) was added. The reaction 
was allowed to run overnight before the solvent was evaporated on a 
rotary evaporator, and the product was purified using reverse phase 
chromatography (50% MeCN/0.1% FA in H2O) to yield the product as a 
yellow solid (17 mg, 0.050 mmol, 63% yield): 1H NMR (400 MHz, 
CD3CN) δ 7.65 (d, J = 8.57 Hz, 1H), 7.09 (d, J = 2.44 Hz, 1H), 6.94 (dd, 
J = 2.47, 8.58 Hz, 1H), 4.82 (dd, J = 5.12, 10.37 Hz, 1H), 4.14 (q, J =
7.35 Hz, 2H), 3.27 (m, 2H), 3.11 (s, 6H), 1.16 (t, J = 7.11 Hz, 3H) ppm; 
13C (100 MHz, CD3CN) δ 169.3, 155.9, 135.2, 130.5, 125.8, 117.4, 
116.2, 106.4, 62.7, 55.3, 40.7, 24.3, 14.3 ppm; HRMS ESI+ m/z calc’d 
for [C15H18N2O4S + H]+ (323.1064, observed; 323.1060, expected). 

DMAP-COOiPr. To a solution of DMAP-COOH (15 mg, 0.050 mmol) 
in isopropyl alcohol (2 mL) at 0 ◦C under N2 atmosphere was added 
thionyl chloride (100 μL, 1.40 mmol) dropwise. The reaction was 
allowed to reach room temperature, then was heated to reflux and left to 
react for 2 h. The volatile reagents were evaporated off, then the crude 
product was redissolved in 2:1 isopropyl alcohol:H2O (6 mL) and TCEP 
(22 mg, 0.09 mmol) was added. The reaction was allowed to run for 72 h 
before the solvent was evaporated on a rotary evaporator, and the 
product was purified using reverse phase chromatography (60% MeCN/ 
0.1% FA H2O) to yield the product as a yellow solid (4.0 mg, 0.012 
mmol, 23% yield): 1H NMR (400 MHz, (CD3)2CO) δ 7.63 (d, J = 8.3 Hz, 
1H), 7.07 (d, J = 2.4 Hz, 1H), 7.00 (dd, J = 8.5, 2.4 Hz, 1H), 4.99 (hept, 
J = 6.3 Hz, 1H), 4.83 (dd, J = 10.4, 5.1 Hz, 1H), 3.34 (m, 1H), 3.24 (m, 
1H), 3.17 (s, 6H), 1.16 (dd, J = 19.4, 6.2 Hz, 6H) ppm; 13C (100 MHz, 
CD3CN) δ 169.2, 168.9, 168.6, 155.9, 135.3, 125.8, 117.4, 116.2, 106.4, 
70.6, 55.5, 40.8, 24.4, 21.8 ppm; HRMS ESI+ m/z calc’d for 
[C16H20N2O4S + H]+ (337.1221, observed; 337.1217, expected). 

DMAP-CONH2.D-cysteine methyl ester hydrochloride (88 mg, 0.51 
mmol) was placed in a vial that was then purged by vacuum and 
backfilled with N2 gas 3×. Subsequently, ammonium hydroxide (1 mL) 
was added and the reaction was allowed to run at room temperature for 
2.5 h before the solvent was evaporated off by high vacuum overnight. 
Separately, DMAP (30 mg, 0.15 mmol) was dissolved in acetic acid (3 
mL); the flask was purged by vacuum and backfilled with N2 gas several 
times. The resulting cysteine amide derivative was dissolved in meth
anol (0.5 mL) and transferred before the reaction was heated to 120 ◦C 
and allowed to run for 3 h. The solvent was evaporated by rotary 
evaporator and the crude mixture was purified by reverse phase chro
matography (30% MeCN/50 mM NH4OAC H2O) to yield the product as a 
yellow solid (5.0 mg, 0.017 mmol, 11% yield): 1H NMR (400 MHz, 
CD3CN) δ 7.65 (dd, J = 0.42, 8.58 Hz, 1H), 7.10 (d, J = 2.39 Hz, 1H), 
6.94 (dd, J = 2.46, 8.60 Hz, 1H), 6.42 (s, 1H), 5.84 (s, 1H), 4.69 (dd, J =
5.21, 10.54 Hz, 1H), 3.25 (m, 2H), 3.12 (s, 6H) ppm; 13C NMR (100 

Fig. 1. Fluorescent probe library for metallo-β-lactamases including fluo
rophores (top box) and metal binding groups (bottom box). 
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MHz, CD3CN) δ 170.8, 169.5, 155.9, 135.6, 125.7, 118.0, 116.2, 106.3, 
56.4, 40.8, 24.4 ppm; HRMS ESI+ m/z calc’d for [C13H15N3O3S + H]+

(294.0913, observed; 294.0907, expected). 
DMAP-CONHMe.D-cysteine methyl ester hydrochloride (88 mg, 

0.51 mmol) was placed in a flask that was then purged by vacuum and 
backfilled with N2 gas 3×. Subsequently, methylamine (1 mL) was 
added and the reaction was allowed to run at room temperature for 2.5 h 
before the solvent was evaporated off by high vacuum overnight. 
Separately, DMAP (29 mg, 0.15 mmol) was dissolved in acetic acid (3 
mL); the flask was purged by vacuum and backfilled with N2 gas several 
times. The resulting cysteine amide derivative was dissolved in meth
anol (0.5 mL) and transferred before the reaction was heated to 120 ◦C 
and allowed to run for 3 h. The solvent was evaporated by rotary 
evaporator and the crude mixture was purified by reverse phase chro
matography (60% MeOH/50 mM NH4OAC H2O) to yield the product as 
a yellow solid (14 mg, 0.045 mmol, 29% yield): 1H NMR (400 MHz, 
CD3CN) δ 7.65 (d, J = 8.5 Hz, 1H), 7.10 (d, J = 2.5 Hz, 1H), 6.94 (dd, J =
8.6, 2.5 Hz, 1H), 6.60 (s, 1H), 4.66 (dd, J = 10.7, 5.1 Hz, 1H), 3.34 (m, 
1H), 3.18 (m, 1H), 3.11 (s, 6H), 2.63 (d, J = 4.7 Hz, 3H) ppm; 13C (100 
MHz, CD3CN) δ 168.9, 155.5, 135.1, 125.4, 117.3, 115.8, 105.9, 56.3, 
40.4, 26.0, 24.0 ppm; HRMS ESI+ m/z calc’d for [C14H17N3O3S + Na]+

(330.0890, observed; 330.0883, expected). 
DMAP-PCA. DMAP (105 mg, 0.520 mmol) and D-penicillamine (235 

mg, 1.570 mmol) were dissolved in acetic acid (4 mL), the reaction was 
heated to 120 ◦C, and was left to react for 3 h. The solvent was evapo
rated by rotary evaporator and the product was purified by preparatory 
thin-layer chromatography (5% MeOH/DCM) to yield the product as a 
yellow solid (23 mg, 0.072 mmol, 14% yield): 1H NMR (400 MHz, 
(CD3)2CO) δ 7.59 (d, J = 8.50 Hz, 1H), 7.06 (d, J = 2.37 Hz, 1H), 6.89 
(dd, J = 2.38, 8.55 Hz, 1H), 3.08 (s, 6H), 1.88 (s, 3H), 1.61 (s, 3H) ppm; 
13C (100 MHz, CD3OD) δ 170.8, 156.1, 135.8, 125.7, 118.3, 116.1, 
106.4, 64.8, 40.5, 31.5, 30.8, 23.7 ppm; HRMS ESI+ m/z calc’d for 
[C15H18N2O4S + Na]+ (345.0889, observed; 345.0879, expected). Note 
that one expected proton signal is missing from 1H NMR; it is obscured 
by solvent peak at 4.84 ppm. 

DMN-H. To a solution of DMN (51 mg, 0.21 mmol) in DMF (3 mL) 
was added pyridine (50 μL, 0.62 mmol), cysteamine (290 mg, 3.76 
mmol), and 4 Å molecular sieves. The reaction was heated to 90 ◦C, then 
left to run overnight. The reaction mixture was then diluted with ethyl 
acetate (50 mL), washed with DI H2O (3 × 10 mL) and brine (2 × 10 
mL), then dried over sodium sulfate and concentrated by rotary evap
orator. The crude residue was purified by reverse phase chromatography 
(70% MeCN/50 mM NH4OAc H2O) to yield the product as a yellow solid 
(12 mg, 0.040 mmol, 19% yield): 1H NMR (400 MHz, CD3CN) δ 8.49 (td, 
J = 1.19, 6.00 Hz, 2H), 8.38 (d, J = 8.25 Hz, 1H), 7.69 (dd, J = 7.31, 
8.50 Hz, 1H), 7.17 (d, J = 8.29 Hz, 1H), 4.23 (m, 2H), 3.09 (s, 6H), 2.80 
(m, 2H) ppm; 13C (100 MHz, CD3CN) δ 165.3, 164.6, 158.2, 133.3, 
132.6, 131.6, 126.0, 125.9, 123.9, 118.3, 115.2, 114.2, 45.1, 43.5, 22.7 
ppm; HRMS ESI+ m/z calc’d for [C16H16N2O2S + H]+ (301.1009, 
observed; 301.1005, expected). 

DMN-COOH. To a solution of DMN (100 mg, 0.415 mmol) in DMF 
(5 mL) was added pyridine (100 μL, 1.24 mmol), COMU (355 mg, 0.829 
mmol), D-cysteine (456 mg, 3.73 mmol), and 4 Å molecular sieves. The 
reaction was heated to 90 ◦C and allowed to proceed overnight before 
being diluted with ethyl acetate (50 mL), washed with DI H2O (3 × 10 
mL), and washed with brine (2 × 10 mL), then dried over sodium sulfate 
and concentrated by rotary evaporator. The crude residue was purified 
by reverse phase chromatography (30% MeCN/50 mM NH4OAc H2O) to 
yield the product as a yellow solid (44 mg, 0.13 mmol, 31% yield): 1H 
NMR (400 MHz, MeOD) δ 8.70 (m, 2H), 8.61 (d, J = 8.61 Hz, 1H), 7.89 
(t, J = 7.9 Hz, 1H), 7.39 (d, J = 8.3 Hz, 1H), 5.86 (dd, J = 9.9, 5.4 Hz, 
1H), 5.18 (s, 6H), 3.72 (dd, J = 13.9, 5.4 Hz, 1H), 3.53 (m, 2H), 2.19 (d, 
J = 0.8 Hz, 3H) ppm; 13C (100 MHz, CD3CN) δ 176.2, 166.1, 165.6, 
158.7, 134.0, 132.9, 132.1, 131.7, 126.3, 125.9, 124.1, 115.4, 114.2, 
58.7, 45.0, 25.1 ppm; HRMS ESI+ m/z calc’d for [C17H16N2O4 + H]+

(345.0907, observed; 345.0904, expected). 

DMN-COOMe. Acetyl chloride (20 μL, 0.28 mmol) was added 
dropwise to an oven-dried flask containing anhydrous methanol (20 mL) 
at 0 ◦C. After 30 min, DMN-COOH was transferred (25.6 mM in meth
anol, 5 mL) to the solution, and the reaction was left to run for 72 h. The 
solvent was evaporated by rotary evaporator and the crude residue was 
purified by reverse phase chromatography (70% MeOH/0.1% FA H2O) 
to yield the product as a yellow solid (18.4 mg, 0.0510 mmol, 40% 
yield): 1H NMR (400 MHz, CD3CN) δ 8.55 (ddd, J = 14.1, 7.9, 1.2 Hz, 
1H), 8.42 (d, J = 8.3 Hz, 1H), 7.73 (dd, J = 8.5, 7.3 Hz, 1H), 7.20 (d, J =
8.4 Hz, 1H), 5.80 (dd, J = 9.1, 5.6 Hz, 1H), 3.65 (s, 3H), 3.45 (m, 1H), 
3.20 (m, 1H), 3.14 (s, 6H) ppm; 13C (100 MHz, CD3CN) δ 170.6, 165.1, 
164.3, 158.7, 134.0, 133.3, 132.3, 131.4, 125.9, 125.8, 123.2, 114.1, 
114.0, 56.1, 53.0, 45.1, 24.1 ppm; HRMS ESI+ m/z calc’d for 
[C18H18N2O4S + H]+ (359.1068, observed; 359.1060, expected). 

2.3. Fluorometric titrations and selectivity studies 

To a 10 μM solution of probe in 50 mM HEPES, pH 7.0 with 10 μM 
ZnSO4 was added up to three equivalents of protein. For fluorometric 
titrations with NDM-1, VIM-2, and IMP-1, this was followed by an 
addition of 40 μM ZnSO4 for a total volume of 105 μL. For selectivity 
studies with alkaline phosphatase, up to two equivalents of protein were 
added to a 2 μM solution of probe. Probe stock solutions were made in 
acetonitrile at either 2 mM or 4 mM concentration. All studies were 
conducted at room temperature with λex = 420 nm and λem = 430–800 
nm. Turn-on was calculated by integrating the area under each curve 
from 435 to 800 nm, subtracting the buffer baseline from all data, and 
then taking the ratio of fluorescence intensity for probe-protein versus 
the probe only. Each experiment was performed in triplicate, with the 
exception of values for DMN-H, all values for VIM-2, and all selectivity 
experiments, which were performed in duplicate if error bars are shown. 
The final fold-turn-on values after addition of 3 equiv. protein and 
supplementary ZnSO4 were averaged. Values for DMAP-COOMe for 
NDM-1 were used as previously reported. [13] 

2.4. Determination of IC50 values 

IC50 values for each probe were determined for NDM-1, VIM-2, and 
IMP-1 using the colorimetric substrate chromacef. Assays were per
formed in 50 mM HEPES, pH 7.0 with 10 μM ZnSO4, and organic solvent 
(acetonitrile or methanol) was kept at a constant 1% of assay volume. 
Additionally, 120 μM TCEP was included to decrease probe disulfide 
formation. Each reaction was performed with 50 nM protein and 25 μM 
substrate, with 8–14 probe concentrations varying between 0.015 and 
32 μM for IMP-1, 0.03–64 μM for VIM-2, and 0.1–72 μM for NDM-1. 
Inhibitor and enzyme were pre-incubated for 26 min (750 μL) before 
the reaction was initiated by the addition of chromacef for a total assay 
volume of 1 mL. Absorbance at 442 nm was followed continuously for 
0.5 min at room temperature, after which the slope of the linear portion 
(0.5 min for NDM-1, 0.1 min for IMP-1, VIM-2) was taken. The IC50 
values were determined by plotting fractional activity versus probe 
concentration, where activity = 1 when no probe is added and the 
minimum activity is defined as Y = 0, with each value determined in 
triplicate. The resulting points were fit to a one-phase exponential decay 
on GraphPad Prism to determine the IC50. These were then averaged 
between trials. See Figs. S9-S11. 

2.5. Calculation of Ki values 

For each IC50 value determined as described above, the average and 
standard deviation was converted to Ki assuming competitive inhibition 
according to the following equation: 

Ki =
IC50

1 + [S]/Km 
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where [S] was 25 μM for all trials, and Km was 0.55 μM for NDM-1, [22] 
8 μM for VIM-2, [25] and 4.8 μM for IMP-1. [26] 

2.6. PLANTS docking simulations 

Docking was carried out using v1.1 of PLANTS with the chemplp 
scoring function. The binding site center was defined as the coordinates 
of Zn2 with the binding site radius defined as 20 Å. Ten structures were 
generated for each run, with the cluster rmsd being set to 2.0. A distance 
constraint between the metal-binding thiol and each zinc ion was set 
(between 1.0 and 3.0 Å) where distances within this range add a weight 
of − 3.0 to the score of the binding mode. 

2.7. Evaluation of hydrolytic stability 

Hydrolytic stability of the probes was evaluated by HPLC over 32 h, 
where the presence of the intact probe over time was monitored by peak 
area. A Kinetex C18 LC column (2.6 μm, 100 Å, 150 × 4.6 mm) was used 
to separate the intact ester from its hydrolysis product. The mobile phase 
was acetonitrile and water with 0.1% trifluoroacetic acid; a gradient 
from 10% acetonitrile to 90% acetonitrile was run over 8 min, then held 
at 90% acetonitrile for 2 min with a flow rate of 1.2 mL/min. The col
umn temperature was set to 50 ◦C and the injection volume was 10 μL. 
The UV detector was set to monitor absorbance at 280 nm and all peak 
areas were determined from traces at this wavelength. Samples were 
prepared at 100 μg/mL concentration in either pH 2 or pH 11 aqueous 
solution, with 25% acetonitrile to keep the probes dissolved and equi
molar TCEP to prevent disulfide formation. The samples were incubated 
at 40 ◦C for the duration of the experiment. 

2.8. Cell culture 

HeLa cell culture was performed in Dulbecco’s modified Eagle’s 
Medium (DMEM) containing 4000 mg/L glucose and sodium pyruvate, 
supplemented with 10% heat inactivated fetal bovine serum (FBS) and 
1% antibiotics (200 U/cm3 penicillin and 200 μg/cm3 streptomycin) at 
37 ◦C with 5% CO2. For imaging, the cells were seeded onto ibidi 8-well 
μ-slides (0.3 mL capacity) and grown to 70% confluency prior to 
imaging. 

2.9. Live cell imaging experiments 

Live cell imaging was performed with Gibco live cell imaging me
dium at 37 ◦C. All studies were performed with λex = 405 nm and λem =

486–614 nm with a 10 μM probe concentration. The overall organic 
solvent concentration was kept below 1% v/v, where an aliquot of probe 
stock in acetonitrile was added directly to the cell imaging medium. 
Staining was monitored for 10 min after the initial addition of the dye. 

3. Results and discussion 

3.1. Synthesis and characterization 

In keeping with previous results, only the D isomer of each molecule 
was evaluated, as all three MBLs display preference for the D isomer of 
the thiol-based inhibitor captopril. [27] These MBL probes were syn
thesized in 1–3 steps in which cysteine or a cysteine derivative was 
conjugated to the anhydride precursor of either DMAP or DMN, followed 
by functional group modification as needed as described in the experi
mental section. Purity was confirmed by several analytical and spec
troscopic techniques (see Supporting Information). 

3.2. Inhibitory potency 

We evaluated the inhibitory potency of each probe for NDM-1, VIM- 

2, and IMP-1 by measuring the rate of hydrolysis of the colorimetric 
substrate chromacef at varied probe concentrations. With each observed 
IC50 value, Ki was calculated assuming competitive inhibition and using 
substrate Km values reported in the literature. [22,25,26] These data are 
reported in Table 1. 

In general, the greatest inhibitory strength was observed for IMP-1, 
with nearly every probe displaying sub-micromolar affinity (Table 1). 
The inhibitory response for VIM-2 generally was slightly decreased, with 
statistically significant differences observed for the Ki values of DMAP- 
COOiPr, DMAP-CONH2, DMAP-CONHMe, and DMAP-COOH (one-way 
ANOVA, p < 0.05). Comparatively, the Ki values recorded for each probe 
with NDM-1 were significantly larger (one-way ANOVA, p < 0.0001). It 
is not surprising that such a distinguishable difference in affinity is 
observed since D-captopril also exhibits a lower inhibitory potency for 
NDM-1 than VIM-2 or IMP-1. The hydrophobic active site of each 
enzyme, bounded by active site loop 3 (ASL3) and 10 (ASL10), varies in 
openness from the most open NDM-1 to least open IMP-1 (Fig. 2A-C). 
This structural variability contributes strongly to observed differences in 
substrate and inhibitor affinity. [27,28] 

Within the probes containing the DMAP fluorophore, similar pat
terns of affinity were observed for all three proteins. Comparable 
inhibitory responses were observed for DMAP-COOMe, DMAP-COOEt, 
and DMAP-COOiPr, which confirms that change in steric bulk is well- 
tolerated by the enzymes’ active sites. Intriguingly, there was no sig
nificant difference between the Ki values for the three ester probes for 
IMP-1, while for both NDM-1 and VIM-2, the bulkier DMAP-COOiPr 
exhibited a slight increase in Ki value. 

While the Ki values for DMAP-CONH2 were higher than those of 
DMAP-COOMe and DMAP-COOEt, the affinity penalty is small enough 
that the probe could reasonably be applied in host-pathogen studies to 
evade mammalian esterases. In the case of NDM-1, docking studies 
performed using the program PLANTS [29] with residue positioning as 
modelled by quantum mechanical/discrete molecular dynamics (QM/ 
DMD) simulations [13] show that the amide group interacts as a 
hydrogen-bond acceptor for a nearby lysine residue, similar to the ester 
group (Fig. S2). This is reflected by the Ki value for DMAP-CONHMe, 
which is more similar to those of the esters than is DMAP-CONH2, 
implying that the hydrophobic methyl moiety interacts favorably with 
hydrophobic residues within the active site, such as His189. 

For the probes containing the DMN fluorophore, affinity was largely 

Table 1 
IC50 and Ki values with standard deviation for all reported probes for NDM-1, 
VIM-2, and IMP-1.   

IC50 (μM) Ki (nM) 

Compound NDM-1 VIM-2 IMP-1 NDM-1 VIM-2 IMP-1 

DMAP-H 12.9 
± 0.6 

0.24 ±
0.05 

0.47 ±
0.04 

280 ±
10 

60 ±
10 

75 ± 6 

DMAP- 
COOH 

N/Aa 1.26 ±
0.05 

1.5 ±
0.2 

N/Aa 300 ±
10 

240 ±
30 

DMAP- 
COOMe 

7.9 ±
0.8 

0.18 ±
0.03 

0.032 ±
0.005 

170 ±
20 

44 ± 7 5.2 ±
0.8 

DMAP- 
COOEt 

7.9 ±
0.6 

0.13 ±
0.02 

0.026 ±
0.003 

170 ±
10 

32 ± 5 4.2 ±
0.5 

DMAP- 
COOiPr 

10.3 
± 0.5 

0.32 ±
0.05 

0.035 ±
0.006 

220 ±
10 

80 ±
10 

5.6 ±
1.0 

DMAP- 
CONH2 

10.0 
± 0.7 

1.7 ±
0.2 

0.51 ±
0.07 

220 ±
20 

410 ±
50 

80 ±
10 

DMAP- 
CONHMe 

8.2 ±
0.5 

2.3 ±
0.2 

0.48 ±
0.06 

180 ±
10 

560 ±
50 

80 ±
10 

DMAP-PCA >150 >30 >50 >3000 >3000 >3000 
DMN-H 2.4 ±

0.4 
0.110 ±
0.004 

0.23 ±
0.02 

52 ± 9 27.0 ±
1.0 

37 ± 3 

DMN-COOH N/Aa 0.69 ±
0.05 

1.02 ±
0.05 

N/Aa 170 ±
10 

164 ±
8 

DMN- 
COOMe 

9.5 ±
0.6 

0.41 ±
0.09 

0.09 ±
0.01 

200 ±
10 

100 ±
20 

15 ± 2  

a Data not fitted due to observed partial inhibition. 
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retained in spite of the molecules’ bulkier size. In particular, IMP-1 was 
able to bind both DMN-H and DMN-COOMe despite having the smallest 
active site among the enzymes (Fig. 2C), a result that is consistent with 
the broad substrate scope of the MBLs. For NDM-1 and VIM-2, but not 
IMP-1, DMN-H displayed smaller Ki values than DMN-COOMe in 
contrast to the DMAP fluorophore, where a methyl ester conferred 
greater inhibitory activity relative to the free thiol (Table 1). Given the 
more enclosed active site cavity of IMP-1, this observation is consistent 
with the greater overall hydrophobic surface area available to interact 
with hydrophobic substituents close to the metal-binding moiety. 

The biggest similarity between the DMAP and DMN probe responses 
is between those of DMAP-COOH and DMN-COOH, which appeared to 
partially inhibit NDM-1 activity while retaining full inhibitory activity 
for both VIM-2 and IMP-1 (Table 1, Fig. S9–11). While DMAP-COOH 
and DMN-COOH inhibit VIM-2 and IMP-1 and approach 0% activity at 
increasing concentration, NDM-1 activity plateaus at a large non-zero 
value as the concentration of DMAP-COOH or DMN-COOH increases. 
Given these data, we hypothesize that the binding interactions made 
between NDM-1 and the carboxylic acid probes are different than the 
other probes such that the enzyme-probe complex is still able to turn 
over substrate to some degree, making DMAP-COOH and DMN-COOH 

partial inhibitors of NDM-1. [30] This phenomenon appears to be absent 
in VIM-2 and IMP-1. 

Finally, poor inhibitory activity was observed for DMAP-PCA with 
all three MBLs (Table 1, Fig. S9–11). The two methyl groups adjacent to 
the thiol likely contribute enough steric strain such that it is unfavorable 
for the thiol to coordinate to the zinc ions within the active site. Addi
tionally, the higher thiol pKa of penicillamine (10.5) [31] relative to 
cysteine (8.6) [32] may contribute to decreased extent of deprotonation 
of the thiol at physiological pH and thus poor binding response. 

3.3. Fluorescence response 

In addition to the inhibitory capacity of these molecules, we evalu
ated their fluorescence response in the presence of all three MBLs by 
measuring the increase in fluorescence of 10 μM probe in the presence of 
increasing equivalents of protein (Fig. 3). Two buffer zinc concentra
tions (10 μM and 50 μM ZnSO4) were tested to ensure that the MBLs 
were fully metalated under the assay conditions. A negligible change 
was observed upon zinc addition to the probe alone (Fig. S3), indicating 
that the baseline probe fluorescence is unaffected by the presence of zinc 
in the buffer. 

Notably, there is no significant relationship between the Ki value of a 
probe and its associated fluorescence response. However, for all three 
proteins, the level of fluorescence increase observed for probes con
taining DMN is lower than those containing DMAP. This likely results 
from the DMN fluorophore being too large to be fully contained in the 
active site such that the hydrophobic ASL3 cannot fully shield the donor- 
acceptor junction of DMN from the bulk solvent. 

The largest fluorescence response observed for NDM-1 (12.1-fold) in 
the presence of 10 μM ZnSO4 was for DMAP-COOMe. With in vitro 
supplementation up to 50 μM ZnSO4, turn-on was observed to increase 
to 17.0-fold. These results are consistent with those previously reported 
by our group. [13] For VIM-2, the highest fluorescence response (6.9- 
fold) was also observed for DMAP-COOMe. Supplementation of ZnSO4 
up to 50 μM resulted in an increase to 8.4-fold fluorescence turn-on. 
Finally, for IMP-1, the highest fluorescence response (7.4-fold) was 
observed for DMAP-COOH. Supplementation of ZnSO4 up to 50 μM 
resulted in an increase to 8.6-fold fluorescence turn-on. As noted pre
viously, the observed increase upon addition of zinc is indicative of the 
enzymes’ lower affinity for binding at the Zn2 site compared to Zn1, and 
therefore more exogenous zinc is required to fully metalate the active 
sites under these conditions. [13] The greatest turn-on increase upon 
zinc supplementation was observed for NDM-1, in keeping with its 
lowest in vitro affinity for Zn(II) in the Zn2 site relative to VIM-2 and 
IMP-1. [22,25,28] The turn-on value upon zinc supplementation can be 
considered the maximum turn-on value for these proteins. 

The three enzymes displayed the largest overall fluorescence 

Fig. 2. (A-C) Side view comparison of active site approach for (A) NDM-1, (B) 
VIM-2, and (C) IMP-1 where the distance measured is that between active site 
loops 3 and 10 (ASL3 and ASL10). (D-F) Top view comparison of positioning of 
DMAP-COOMe (teal) in MBL active sites as modelled by PLANTS docking in 
(D) NDM-1, (E) VIM-2, and (F) IMP-1. PDB: 4EXS, 4C1D, 4C1F 

Fig. 3. Fluorescence fold turn-on for each probe (10 μM) with 3 equivalents NDM-1 (green), VIM-2 (blue), and IMP-1 (pink) in the presence of either 10 μM ZnSO4 
(non-patterned bars) or 50 μM ZnSO4 (patterned bars). Error bars represent standard deviation. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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response with a similar set of probes, albeit at different magnitudes. The 
conserved pharmacophore for fluorescence turn-on may mirror the 
shared ability of these enzymes to bind the conserved hydrophobic 
bicyclic β-lactam structure. Moreover, these results suggest the impor
tance of hydrophobic interactions by the methyl group on DMAP- 
COOMe and DMAP-CONHMe and the isopropyl group of DMAP- 
COOiPr for positioning the fluorophore in a more hydrophobic envi
ronment. Additionally, it is interesting that DMAP-COOH exhibits such 
a large fluorescence response in NDM-1 despite its apparent partial 
inhibitory activity. In light of the similarly large response for IMP-1, the 
electronic interaction provided by a hydrogen-bond acceptor (either 
oxygen in the case of the esters or nitrogen in the case of the amides) is 
likely an important contributor to high fluorescence response. Indeed, a 
similar response is observed for DMAP-COOMe and DMAP-CONHMe 
such that the latter molecule could be readily substituted for purposes of 
greater compatibility with host-pathogen studies. 

We evaluated the fluorescence selectivity of the probe library by 
incubating each probe with three other Zn(II)-dependent proteins: 
bovine carbonic anhydrase II (bCA), phosphotriesterase (PTE), and 
alkaline phosphatase (AKP). Of these proteins, PTE and AKP are dizinc 
enzymes and thus would be the most likely to yield off-target responses. 
With the exception of DMAP-H (9.6-fold) and DMAP-CONH2 (5.7-fold), 
no greater than ~2-fold increase in fluorescence was observed with bCA. 
Similarly, with AKP no greater than ~2.5-fold increase in fluorescence 
was observed. Incubation with PTE resulted in a ≥ 10-fold turn-on for all 
probes except DMAP-COOH, DMAP-COOEt, DMN-H, and DMN-COOH 
(Fig. S4). The largest fluorescence response observed (28-fold) was for 
DMAP-CONH2. However, as discussed previously, [13] PTE is not found 
in the system where we perform our cell experiments (E. coli) and is 
instead primarily found in soil bacteria. [33] Thus, while the probes may 
not be completely selective for MBLs, they are selective in the biological 
context in which we have applied them. Further work is underway to 
replace the coordinating thiol group with a moiety that is more selective 
for MBLs. 

3.4. Docking studies 

Overall, NDM-1 displayed the highest-fold turn-on response for all 
probes tested, followed by VIM-2 and then by IMP-1, which rarely dis
played greater than a 4-fold increase in fluorescence. Docking studies 
indicate that the fluorophore is exposed to the bulk solvent to differing 
extents as a result of the relative sizes of each enzyme’s active site 
(Fig. 2D-F). These modelling results show that ASL3 of NDM-1 shelters 
the fluorophore from the bulk solvent (Fig. 2A, 2D), consistent with 
previous QM/DMD data (Fig. S5). [13] However, the less open ASL3 of 
VIM-2 (Fig. 2B, 2E) and especially of IMP-1 (Fig. 2C, 2F) forces the 
fluorophore to adopt a much more solvent-exposed position, thus 
resulting in a lower level of fluorescence. Alternatively, favorable in
teractions with hydrophobic residues within or surrounding the active 
site could be less accessible to the fluorophore for VIM-2 and IMP-1, 
contributing to the lower observed fluorescence response. This effect 
has also been postulated by Kurosaki et al., [34] who developed a sol
vatochromic probe for MBLs that conjugated a dansyl fluorophore to a 
multiple‑carbon chain terminated by a thiocarboxylic acid. This mole
cule was observed to have a higher-fold turn-on for IMP-1 than for VIM- 
2 (10-fold and 6-fold, respectively) and the authors hypothesize that this 
difference is due to the substitution of Trp64 in IMP-1 for Ala64 in VIM- 
2. As this residue is substituted for Phe70 in NDM-1, one might expect an 
intermediate turn-on value for this enzyme according to this hypothesis. 

3.5. Effects of modification of ester moiety 

As mentioned above, one limitation of the DMAP-COOMe probe is a 
significant non-specific fluorescence response observed in mammalian 
cells, which we hypothesized was due at least in part to esterase cata
lyzed conversion of DMAP-COOMe to DMAP-COOH. We compared 

DMAP-COOMe to two representative probes, one with a bulkier ester 
moiety (DMAP-COOiPr) and one with an amide moiety (DMAP-CON
HMe). We began by comparing aqueous hydrolysis rates of DMAP- 
COOMe, DMAP-COOiPr, and DMAP-CONHMe in both acidic (pH 2) 
and basic (pH 11) conditions (Fig. S6, Table S3). These data highlight 
the impact of the diminished electrophilic character of the bulkier iso
propyl ester and secondary amide relative to the methyl ester, a trend 
that has been shown to decrease the rate of hydrolysis by mammalian 
esterases. [35] We then incubated mammalian cells (HeLa) with DMAP- 
COOMe and DMAP-CONHMe. Previous results showed a rapid and 
dramatic increase in fluorescence when DMAP-COOMe was incubated 
with MCF-7 cells, [13] and this result was recapitulated by our experi
ment in HeLa cells. Similarly, HeLa cells incubated with DMAP-COOiPr 
also displayed strong fluoresecence signal. Importantly, we observed 
negligible fluorescence when HeLa cells were incubated with DMAP- 
CONHMe under the same conditions (Fig. S7). Therefore, substitution of 
the methyl ester in DMAP-COOMe for a secondary amide in DMAP- 
CONHMe is a viable strategy for reducing non-specific fluorescence in 
mammalian cells. 

4. Conclusions 

We report the inhibitory activity and fluorescence turn-on response 
for a variety of analogues of a recently reported probe, DMAP-COOMe, a 
molecule capable of monitoring the dynamic metalation state of NDM-1 
in E. coli. These factors are recorded for three MBLs: NDM-1, VIM-2, and 
IMP-1. There is no significant relationship observed between a given 
molecule’s Ki value and its fluorescence turn-on response, but the probes 
clearly have greater affinity for VIM-2 and IMP-1 than for NDM-1, while 
exhibiting the greatest fluorescence turn-on in NDM-1 followed by VIM- 
2, and the least fluorescence turn-on in IMP-1. The greatest contributing 
factor to the observed trends in fluorescence response is the relative size 
of the active site approach for the three enzymes. Various other factors 
likely contribute including the relative positioning of hydrophobic res
idues within the active site. This result indicates that it should be 
feasible to generate a suite of turn-on fluorescent probes with varying 
affinities, which would be useful for gauging target interaction in 
competition with ligands that have a wide array of potency for binding 
the metallo-β-lactamase target (e.g. fragment screening or lead optimi
zation). Additionally, substitution of the ester group for an amide yields 
a similar fluorescence response in NDM-1 but results in negligible 
fluorescence increase in mammalian cells, providing a potential avenue 
for greater compatibility with host-pathogen studies via a molecule 
lacking a hydrolyzable ester moiety. Future work will include explora
tion of the applications of this amide probe as well as modification of the 
sensor scaffold (including varying chain length between the fluorophore 
and metal binding group) with the goal of achieving improved fluores
cence response in VIM-2 and IMP-1. The data presented within 
contribute to the understanding of the inhibitory properties of thiol- 
based probes for MBLs, and the effects of minor modifications near the 
metal-binding group. Additionally, the data provide insight into the 
development of selective reversible probes for MBLs that can be applied 
in inhibitor screening, in the hopes that clinically-effective inhibitors for 
these promiscuous enzymes can soon be developed. 
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