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ABSTRACT: Metallo-β-lactamases (MBLs) degrade a broad
spectrum of antibiotics including the latest carbapenems. So
far, limited success has been achieved in developing its
inhibitors using small organic molecules. VIM-2 is one of the
most studied and important MBLs. In this work, we screened
10 nanomaterials, covering a diverse range of surface
properties including charge, hydrophobicity, and specific
chemical bonding. Among these, graphene oxide and carbon
nanotubes are the most potent inhibitors, while most other
materials do not show much inhibition effect. The inhibition is
noncompetitive and is attributed to the hydrophobic interaction with the enzyme. Adsorption of VIM-2 was further probed using
protein displacement assays where it cannot displace or be displaced by bovine serum albumin (BSA). This information is useful
for rational design inhibitors for MBLs and more specific inhibition might be achieved by further surface modifications on these
nanocarbons.
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■ INTRODUCTION

Many life-saving antibiotics are based on β-lactams that inhibit
the synthesis of bacterial cell walls. The efficacy of such
antibiotics, however, has been declining in the past few decades
because bacteria constantly evolve enzymes known as β-
lactamases that hydrolyze β-lactam antibiotics.1 Developing
inhibitors is a common strategy to combat β-lactamases. These
are compounds that bind tightly to the enzyme active site
without being hydrolyzed or released. Finding appropriate
inhibitors has been extremely challenging; in the past few
decades, only a few inhibitors have been approved for clinical
use.2

Over the years, a few classes of β-lactamases have been
identified on the basis of the structure of their active sites.
Metallo-β-lactamases (MBLs) belong to Class B, according to
the enzyme structure classification.3 MBLs are particularly
detrimental because they degrade a broad spectrum of
antibiotics including the latest carbapenems.4 At the same
time, they cannot be inhibited by the current β-lactamase
inhibitors. VIM-2 is a subclass B1 MBL showing Zn2+-
dependent activity.5 It has a molecular weight of 25515 Da
and a monomeric structure.6 Since early 2000s, VIM-2 has been
one of the most reported MBL worldwide and is thus the
primary target for developing inhibitors for MBLs.
While most efforts in this field have been devoted to the

synthesis of small organic molecules, in the past 30 years,
significant progress has been made in nanomaterials synthesis
and application. In particular, nanomaterials have been
interfaced with enzymes through a number of different
mechanisms.7,8 First, a few nanomaterials were found to have

enzyme-like activities and, thus, are explored as enzyme mimics.
The best examples are the use of gold nanoparticles as both a
glucose oxidase mimic9−11 and a nuclease mimic,12 cerium
oxide nanoparticles as a general oxidase mimic,13 and iron oxide
nanoparticles as a peroxidase mimic.14,15 Second, some
nanomaterials can stabilize enzymes. For example, Zare and
co-workers reported templated formation of copper phosphate
nanoflowers in the presence of proteins and the embedded
lactase showed much higher stability.16 Wang et al. recently
reported that α-amylase activity is significantly boosted by
calcium phosphate nanoparticles because the enzyme can more
stably bind Ca2+ within the nanoparticle.17 Finally, nanoma-
terials can also act as enzyme inhibitors. In particular, graphene
oxide (GO) has been reported to be an inhibitor for a few
enzymes including α-chymotrypsin18 and β-galactosidase.19 On
the other hand, PEGylated GO can boost the activity of trypsin
but has no effect on chymotrypsin or proteinase K, which are
also serine proteases.20

Given the vast number of nanoparticles with diverse surface
properties, new insights may be obtained by studying the
interaction between enzymes and nanoparticles. For example,
we may probe electrostatic interaction, hydrophobic inter-
action, and specific chemical bonding by changing the surface
ligands of nanoparticles.21,22 Although nanomaterial-based
inhibitors are unlikely to be directly useful in clinical settings
due to unknown safety and delivery related issues, such

Received: March 5, 2015
Accepted: April 21, 2015
Published: April 21, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 9898 DOI: 10.1021/acsami.5b01954
ACS Appl. Mater. Interfaces 2015, 7, 9898−9903

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b01954


research might identify appropriate surfaces for enzyme
immobilization and spark ideas for a rational design of new
inhibitors. Herein, we screened a number of nanomaterials as
VIM-2 inhibitors, where a few sp2 nanocarbons were found to
be quite potent.

■ MATERIALS AND METHODS
Chemicals. LB broth EZMix powder, sodium chloride, zinc

chloride, zinc sulfate, bovine serum albumin (BSA), and Triton X-
100 were purchased from Sigma-Aldrich. Acrylamide/bis(acrylamide)
solution (29:1), 10× TBE, coomassie brilliant blue R-250, and
kanamycin sulfate were purchase from Bio Basic, Inc. (Ont, Canada).
Nitrocefin was purchased from TOKU-E (Bellingham, WA). HEPES-
free acid, HEPES, and sodium salt were purchased from Amresco.
Graphene oxide was purchased from ACS Material (Medform, MA).
All the lipids were from Avanti Polar Lipids, Inc. CeO2 was from
Sigma-Aldrich. Milli-Q water was used to prepare all the buffers and
solutions.
VIM-2 Expression and Purification. The VIM-2 gene was

amplified from pNOR-2001,5 (generous gift from P. Nordmann) using
the following PCR primers: (5′-GGGTTTCCATGGGCATGTTCA-
AACTTTTGAGTAAG; 5′-AGTACCGAATTCCTACTCAAC-
GACTGAGCG. The VIM-2 gene was subcloned into the NcoI-
EcoRI sites of pET28a. The plasmid was transformed into Escherichia
coli BL21, which was grown overnight in 4 L TB medium
supplemented with 40 μg/mL kanamycin. The enzyme was purified
from 30 g of cells harvested by centrifugation at 6,300g. The cells were
resuspended in 170 mL of buffer A (50 mM MES buffer, pH 6.5, 10

μM ZnCl2), supplemented with 20 mg of lysozyme and 1 mg of
DNase I. The cells were disrupted by 2 passages in a homogenizer at
17 000 psi. The cell debris was removed from the lysate by
centrifugation at 48 000g for 30 min at 4 °C. The crude extract
(155 mL) was loaded at 2.5 mL/min on a Sepharose-Q fast flow
column (30 mL bed volume) pre-equilibrated with buffer A. The
column was washed with 10 CV of buffer A, until OD280 = 0.1. The
enzyme was eluted with a salt gradient from 0 to 300 mM NaCl over
10 CV, at a flow rate of 2 mL/min. The active fractions were pooled,
and the protein was concentrated with a 50 mL Amicon concentrator
fitted with a YM-10 membrane (10 kDa cutoff). The protein was then
injected on a Superdex 200 HiLoad 26/60 column equilibrated with
50 mM sodium phosphate buffer, pH 7.0, 0.3 M NaCl, and 2 μM
ZnSO4 and the eluent was collected in 3 mL fractions. The most active
fractions were pooled, and aliquots were flash-frozen in liquid nitrogen
and stored at −80 °C. Protein concentration was determined using the
Bradford method.

Nitrocefin Assay. In a typical assay, a VIM-2 stock solution was
diluted in buffer B (50 mM HEPES buffer pH 7.3, 100 μM ZnCl2).
Assays were performed at room temperature (∼25 °C). The final
VIM-2 concentration was 12.5 ng/mL in the presence of 100 μM
nitrocefin. The appearance of the hydrolysis product of nitrocefin was
monitored at 482 nm. Enzyme kinetic values were calculated based on
a coefficient of extinction of 17 400 M−1 cm−1 at 482 nm for the
hydrolysis product.

Circular Dichroism (CD) Spectroscopy. CD measurement was
carried out on a JASCO 700 instrument. To decrease noise in the CD
spectra, we diluted VIM-2 in 10 mM phosphate buffer, pH 7.3
containing 100 μM ZnCl2. The final VIM-2 concentration was 0.2 mg/

Figure 1. (A) Schematics of VIM-2 adsorption by graphene. The protein structure was exported from the structure viewer of Protein Data Bank
based on the data from reference.23 TEM micrographs of (B) CNT and (C) GO used in this work.

Figure 2. (A) Chemical reaction of nitrocefin hydrolysis and photograph showing its color change before and after hydrolysis. (B) Kinetics of the
color change in the absence and presence of VIM-2 and the effect of Zn2+. Effect of (C) Zn2+ concentration and (D) NaCl concentration on the
activity of VIM-2.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01954
ACS Appl. Mater. Interfaces 2015, 7, 9898−9903

9899

http://dx.doi.org/10.1021/acsami.5b01954


mL. To this sample, 5 μL of 25 mg/mL GO was added for each
addition, increasing the GO concentration by 250 μg/mL each time to
a maximum of 1 mg/mL. Above this point, the signal could not be
clearly determined due to a large increase in noise. CD spectra for each
GO concentration were obtained at room temperature with and
without protein.

■ RESULTS AND DISCUSSION
Zn2+-Dependent VIM-2. In this work, we study the

adsorption of VIM-2 by nanomaterials. A scheme of VIM-2
adsorption by graphene is shown in Figure 1A. VIM-2 is a Zn2+-
dependent enzyme. We purified VIM-2 following established
procedures.5 Before studying the effect of nanomaterials, we
optimized the assay conditions. Using nitrocefin as the
chromogenic substrate (Figure 2A), we studied the effect of
Zn2+ concentration on enzyme activity. In a typical reaction, the
VIM-2 concentration was 42 nM and the nitrocefin
concentration was 100 μM. When saturated with Zn2+, the
enzyme has a turnover number of ∼40 s−1. Figure 2B shows a
typical kinetic assay using nitrocefin without and with 100 μM
additional Zn2+. The rate difference is ∼7-fold. Next, the
enzyme rate (Vmax) is plotted as a function of Zn2+

concentration (Figure 2C), where an apparent dissociation
constant (Kd) of 7.4 μM for Zn2+ is obtained. This Zn2+ binding
affinity is similar to the literature reported values.24 The enzyme
activity reached a plateau at a concentration of 100 μM Zn2+,
which was used in subsequent studies. Because salt
concentration is important for tuning the interaction with
nanomaterials, we next studied the effect of ionic strength.
Interestingly, VIM-2 activity appears independent of the NaCl
concentration from 0 to 200 mM (Figure 2D). These basic
understandings allow us to further explore the properties of
VIM-2 in the presence of various nanomaterials.
Nanomaterials as Inhibitors. Since VIM-2 is a negatively

charged protein, we suspect that cationic nanoparticles might
be inhibitors based on electrostatic interactions. In addition,
proteins generally contain a hydrophobic core, which might be
disturbed by using hydrophobic materials. Finally, certain

amino acids contain surface reactive groups, such as thiol and
amine that might have affinity for metal surfaces. To have a
systematic understanding, we performed enzyme activity assays
in the presence of various nanomaterials. For each material,
VIM-2 activity was measured as a function of materials
concentration. For example, graphene oxide (GO) strongly
inhibited VIM-2 and a typical set of response curves are shown
in Figure 3A. A dose-dependent inhibition was observed, and
significant inhibition was achieved with 20 μg/mL GO. Carbon
nanotubes (CNTs) inhibited VIM-2 even more strongly, and
complete inhibition was achieved at just 2 μg/mL. Both GO
and CNTs contain hydrophobic regions and are negatively
charged due to the surface carboxyl groups. The elevated
baseline at high nanomaterials concentration was due to light
absorption or scattering by these materials. On the other hand,
neither negatively charged SiO2 nanoparticles (Figure 3C) nor
positively charged DOTAP liposomes (Figure 3D) inhibited
VIM-2, even at very high concentrations. Therefore, surface
charge does not appear to play an obvious role while
hydrophobicity is more important. The TEM micrographs of
GO and CNT used in this work are shown in Figure 1B,C. The
characterization of other nanomaterials has been reported in
our previous publications25−27 and in the Supporting
Information (Figures S1 and S2).
To have a complete understanding, we tested six more

nanomaterials using the same method. A representative data
point at a high nanomaterial concentration was selected and we
plotted the inhibition effects of all these nanomaterials (Figure
4). The x axis is the concentration tested, and the y axis is the
percentage of activity inhibition at that nanomaterial concen-
tration. Therefore, the most potent inhibitors are at the top left
corner, where CNT and GO are located. Although nano-
diamond is also a type of nanocarbon, it is not an inhibitor.
This might be related to its sp3 nature, while CNT and GO
contain mainly sp2 carbons. Therefore, π−π stacking might also
be important. A close look at the enzyme active site reveals
three histidine residues for Zn2+ coordination. Interaction of

Figure 3. Kinetics of nitrocefin color change induced by VIM-2 in the presence of various concentrations of nanomaterials: (A) GO, (B) CNT, (C)
50 nm SiO2 NPs, and (D) cationic DOTAP liposomes.
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these residues with sp2 carbons might be a reason for the
inhibition. Data from X-ray crystallography and mutagenesis
have also established the importance of the hydrophobic core at
the active site.28,29

We did not observe any inhibition with gold nanoparticles
(AuNPs), which can bind to exposed cysteine, methionine, and
lysine residues. In the crystal structure, Cys221 uses its thiol
group for Zn2+ binding, but this residue is buried deeper in the
active site and might not be accessible by AuNPs. This work
also suggests that AuNPs or other gold surfaces might be useful
for VIM-2 immobilization if its activity needs to be maintained.
We also tested a number of oxides. Only ZnO and CeO2
showed moderate inhibition, while SiO2 was not inhibitory. To
systematically test the effect of charge, we employed cationic
DOTAP, anionic DOPG and zwitterionic DOPC liposomes.
VIM-2 remained active in all these liposomes. Based on our
data, hydrophobicity and potentially aromatic stacking are the
most important factors for inhibiting VIM-2.
Probing Enzyme Adsorption. Because GO and CNT are

the most potent inhibitors and share similar properties, we next
studied them in more detail in terms of adsorption. First, the
effect of NaCl was studied to probe electrostatic interactions.
The free enzyme remains active, even in the absence of NaCl
(black trace, Figure 5A). However, we did not observe much
inhibition with the addition of GO (50 μg/mL) in the absence
of NaCl (red curve). Stronger inhibition was achieved with
increasing concentrations of NaCl, and the effect was saturated
with >100 mM NaCl. From Figure 2D, we know that the VIM-
2 activity is independent of NaCl concentration. Therefore, the
effect of NaCl in Figure 5A must be due to VIM-2/GO

interactions. Because both VIM-2 and GO are negatively
charged, VIM-2 cannot be adsorbed by GO at low salt due to
charge repulsion. This experiment supports that inhibition is
due to adsorption of VIM-2 by GO.
Next, we probed adsorption strength using BSA. When

CNTs were incubated with BSA before adding VIM-2, the
VIM-2 activity was fully retained as long as the BSA
concentration was higher than 1 μg/mL (Figure 5B). On the
other hand, when VIM-2 and CNT were mixed first, BSA
cannot rescue the activity even at very high protein
concentrations (Figure 5C). This study further confirms that
protein adsorption is the first step of inhibition. In addition,
VIM-2 adsorption appears to be quite stable and cannot easily
be displaced by other proteins.

Inhibition Mechanism. An enzyme inhibitor can act via a
few different mechanisms. To study this, we measured VIM-2
activity in various concentrations of the nitrocefin substrate and
in different GO concentrations (Figure 6A). The initial enzyme
velocity curves for different substrate concentrations drop with
an increasing concentration of GO. The mode of inhibition is
determined through a Lineweaver−Burk plot (Figure 6B).
These lines do not cross the y axis at the same point, and thus
the mechanism is noncompetitive inhibition (GO does not
compete for the substrate binding site). In fact, this pattern
indicates a strong noncompetitive inhibition. This mechanism
is different from GO inhibition of α-chymotrypsin, where the
mechanism was determined to be competitive.18

Circular dichromism (CD) spectroscopy was used to
investigate the effect of GO on the secondary structure of
VIM-2. In this experiment, GO was added to a VIM-2 sample
and the CD spectrum was recorded after each addition. Before
any GO additions, VIM-2 shows peaks at 210 and 220 nm
(Figure 7), indicating a large fraction of α-helical structure,
which is consistent with its crystal structure.6 With the addition
of GO, the peak locations do not change, indicating that VIM-2
adsorption by GO does not disrupt its global structure.
However, the peak intensity decreases as the concentration of
GO increases, indicating that the enzyme locally loses its alpha
helical structure. This is consistent with the noncompetitive
inhibition mechanism.

Further Discussion. Studying the interaction between
nanomaterials and proteins is important for drug delivery,
toxicology, and biosensor development. Depending on the
surface chemistry of both proteins and nanomaterials, they can
have a diverse range of interactions.30 A number of previous
works have focused on using monolayer-functionalized AuNPs,
where the surface chemistry can be systematically controlled.

Figure 4. Inhibition of VIM-2 by various nanomaterials at their highest
tested concentrations. The most potent inhibitors are in the top left
corner.

Figure 5. (A) Effect of NaCl on GO-induced inhibition of VIM-2. (B) Mixing BSA and CNT first followed by adding VIM-2 can reduce the
inhibition effect. (C) The enzyme activity cannot be rescued by the addition of BSA, after VIM-2 is mixed with CNT.
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Changing the core material as shown in this work provides an
alternative method where different surface properties can also
be easily accessed. It must be noted that GO interacts with
proteins through different mechanisms.31 In the case of VIM-2
case, hydrophobic interaction and π−π stacking appears to be
crucial.
CNT, graphene, and GO have been interfaced with various

biological systems including lipid membranes,32−35 nucleic
acids,36−38 proteins,18,19 and cells.39,40 In most cases, hydro-
phobic interaction appears to be quite important. From this
study, we know that VIM-2 is more easily inhibited by
hydrophobic surfaces containing sp2 carbons. Both planar GO
and rod-like CNT can achieve the inhibition effect. This
knowledge might be useful for the rational design of small
molecule based inhibitors. When GO and CNT are compared,
the latter is about 10-fold more potent. Because CNTs have
very small diameters, it might better fit the hydrophobic
enzyme pocket, and thus, its surface is more efficiently utilized.
We achieved full inhibition with 2 μg/mL of CNT, where the
VIM-2 concentration was only 12.5 ng/mL. Therefore, it is
unlikely that all the surface area of CNTs was utilized, possibly
due to aggregation of the materials. Future work will focus on
rational modification of nanomaterials with the goal of
achieving highly potent and specific inhibition effect.
While GO and CNT are potent inhibitors for VIM-2, it is

unlikely that they can be directly used clinically for the
following reasons. First, the BSA adsorption study indicates that
the surface of GO and CNT can be easily blocked by other
proteins. Once that happens, VIM-2 cannot be adsorbed or
inhibited. Given the extremely high concentration of proteins in
both culture medium and inside cells, it is unlikely that VIM-2
can be selectively adsorbed. Second, VIM-2 mainly exists as an

intracellular enzyme (even though it can also be released to the
surrounding medium). To effectively inhibit VIM-2 in live cells,
the nanomaterials need to cross the cell membrane, which is a
major challenge in the development of antibacterial agents.
Finally, the safety issue of nanomaterials need to be addressed
before clinical administration. For these reasons, the main goal
of this work is to probe the property of VIM-2 using
nanomaterials, and such understanding may be used to guide
rational design of small molecule based inhibitors.

■ CONCLUSIONS
In summary, we have screened a diverse range of nanomaterials
as inhibitors for an important MBL: VIM-2. Among these, GO
and CNTs appeared to be the most potent inhibitors,
highlighting the importance of hydrophobic interactions. The
inhibition mechanism is noncompetitive, which is likely due to
local denaturation of the enzyme on the surface of the
nanomaterials upon adsorption. Controlling the surface
chemistry of nanomaterials might further improve their
inhibition effects. This information is useful for guiding rational
design of VIM-2 inhibitors.
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