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ABSTRACT: Carbapenem-resistant bacteria present a serious
challenge to current treatment methods for bacterial infections.
Particularly concerning are metallo-carbapenemases, a subset of
plasmid-borne β-lactamases, active against nearly all β-lactam
antibiotics and insusceptible to available β-lactamase inhibitors.
The most widespread metallo-carbapenemase is New Delhi
metallo-β-lactamase (NDM). NDM is unique among all known
metallo-β-lactamases due to a post-translational lipidation that
anchors it to the outer membrane. Most β-lactamases, including all
other metallo-carbapenemases, exist as soluble proteins in the
periplasm of Gram-negative bacteria. The functional impact of
membrane anchoring remains unclear because most biochemical
studies are performed on truncated soluble proteoforms that may
have structural and functional differences from the full-length form. To study the functional impact of lipidation, the overexpression
of lipidated NDM was optimized in Escherichia coli and the lipoprotein was solubilized into synthetic nanodiscs, consisting of lipid
bilayer segments encircled by a stabilizing polymer. Highlighting the evolution of metallo-β-lactamases for improved fitness under
zinc-limiting conditions, membrane anchoring improves zinc affinity while thermostability is found to be differentially altered in
different clinical variants of NDM. These results improve the understanding of the function of a unique membrane-anchored β-
lactamase as well as establish a platform for the use of nanodisc-based approaches for the study of bacterial lipoproteins.

■ INTRODUCTION
Since their introduction in the 1940s, β-lactam antibiotics
remain the most widely used class of antibiotics.1 Continuous
use of β-lactam antibiotics has led to the emergence of several
resistance mechanisms including β-lactamases, the main
resistance mechanism in Gram-negative bacteria.2 Resistance
to β-lactam antibiotics such as penicillins and cephalosporins
led to the development of a new class of synthetic β-lactams,
carbapenems, such as imipenem and meropenem, which are
currently used as drugs of last resort against multiple drug-
resistant infections. The use of carbapenems has spurred the
evolution of carbapenemases. Of particular concern are
Klebsiella pneumoniae carbapenemase (KPC), oxacillinase-48-
like carbapenemase (OXA-48), New Delhi metallo-β-lactamase
(NDM), Verona integron-encoded metallo-β-lactamase
(VIM), and imipenemase (IMP).2−4 Three of these enzymes,
VIM, IMP, and NDM are class-B, metallo-β-lactamases
(MBLs). MBLs utilize one or two zinc ions for catalysis in
place of the nucleophilic serine present in class A, C, and D
serine-β-lactamases (SBLs). Metallo-carbapenemases have
broad substrate profiles, degrading all clinically available β-
lactam antibiotics except for monobactams, while most serine-
carbapenemases have a narrower substrate profile.5 Perhaps

most importantly, while SBLs can be treated with inhibitors
that target the serine nucleophile, there are no clinically
available inhibitors for MBLs, although several candidates are
in clinical trials.1,6−8

NDM was first identified in 2008 and has since become the
most common metallo-carbapenemase, and the second most
common carbapenemase globally.9 NDM-producing Enter-
obacterales, chiefly Escherichia coli and Klebsiella pneumoniae
have been detected in over 100 countries.2,10 In the United
States, the blaNDM gene was detected in 60% of carbapenem-
resistant E. coli isolates in 2023.11 In Gram-negative bacteria,
nearly all β-lactamases exist as soluble, periplasmic localized
enzymes. NDM however, is a bacterial lipoprotein (BLP) a
feature which sets it apart from all known MBLs.12,13

BLPs are membrane-bound proteins that are anchored in
place via N-terminal acyl moieties. In Gram-negative bacteria
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such as Enterobacterales, lipidation occurs on the inner
membrane following export to the periplasm (Figure 1). The
preprolipoprotein is first anchored via an N-terminal hydro-
phobic signal peptide that contains a conserved [LV]−3

[ASTVI]−2 [GAS]−1 [C]+1 lipidation signal, referred to as a
lipobox (LSGC in NDM).14 A diacylglycerol moiety is then
attached to the invariant lipobox cysteine by a thioether
linkage, catalyzed by lipoprotein diacyl glyceryl transferase
(Lgt), yielding an intermediate prolipoprotein species. Next,
the prolipoprotein is cleaved by lipoprotein signal peptidase
(LspA/SpII) with the modified cysteine becoming the N-
terminal residue. Lipoprotein N-acyl transferase (Lnt) appends
a third acyl moiety via amide linkage to the N-terminus,
yielding a mature triacylated bacterial lipoprotein (hololipo-
protein).15,16 Outer membrane localized lipoproteins, such as
NDM are then exported to the outer membrane via the
lipoprotein outer membrane localization (Lol) pathway.17,18

While NDM is the most widespread metallo-carbapenemase
and the only known example of a lipidated MBL, the impact of
lipidation on structure and function has not been fully
characterized. NDM has been extensively studied using a

variety of synthetic soluble proteoforms that omit the
lipidation signal sequence.19−21 These artificial proteoforms
are useful for structural analysis,12,22 and the development of
inhibitors.23−25 Studies on lipidated NDM, chiefly carried out
in vivo or via artificially assembled liposomes, suggest
differences with regard to enzymatic activity, stability, and
binding of zinc.13,26−28 To bridge the gap between existing
studies of lipidated NDM and widely used soluble proteo-
forms, we developed a method to overexpress and purify the
lipidated proteoform of NDM, termed lipo-NDM using
synthetic nanodiscs, also known as styrene-maleic acid-like
lipid particles (SMALPs). We focused on NDM-1, the most
studied variant of NDM, and the clinical variant NDM-15
which in previous studies using soluble proteoforms showed
the greatest increase in zinc affinity and thermostability
compared with NDM-1.29 We found that lipo-NDM can be
purified in synthetic nanodiscs with yields that are comparable
to previous studies on lipoprotein overexpression.30,31 Careful
consideration of growth and purification conditions is required
to reduce the production of unwanted nonlipidated proteo-
forms.30,32 Lipo-NDM-1 displays comparable enzymatic

Figure 1. (A) Biosynthetic pathway of bacterial lipoproteins in Gram-negative bacteria. Translocated prelipoprotein is iteratively processed by Lgt,
LspA, and Lnt to yield a mature triacylated hololipoprotein (bottom panel). Outer membrane destined lipoproteins are then translocated via the
Lol ABCDE system. (B) Composition of lipoprotein signal peptide, consisting of a positively charged N-terminal region, a hydrophobic region, and
the lipobox signal sequence. (C) Composition of the modification to a mature triacylated lipoprotein.
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activity with synthetically soluble constructs, rapidly degrading
β-lactams of all major structural classes. In NDM-1, lipidation
appears to have no impact on thermostability, while lipo-
NDM-15 exhibits a significant increase in stability over a
nonlipidated proteoform. Lipidation improves the binding of
crucial zinc cofactors in both variants, with 5-fold and 10-fold
increases in Zn affinity measured in lipo-NDM-1 and lipo-
NDM-15, respectively.29 Lipidation thus primarily influences
zinc affinity, improving fitness in low-zinc environments that
occur during infection as a result of nutritional immunity.33,34

■ MATERIALS AND METHODS
Construction of NDM Plasmids. A previously described

E. coli optimized full-length NDM-1 incorporating a C-
terminal 6xHis-tag in a pET-27 vector was used as a template
for all full-length NDM variants used in this study.19 In order
to improve purification efficiency, the C-terminal His-tag was
replaced with a C-terminal strep-II tag and linker
(GGGSGGSAWSHPQFEK) using the Q5 site-directed muta-
genesis kit [New England Biolabs (NEB), Ipswich MA]
following the manufacturer’s instructions. The affinity tag was
incorporated on the C-terminus so it would not interfere with
the N-terminal signal peptide directing periplasmic export and
lipidation. All cloning processes were verified by Sanger
sequencing (Eton Biosciences, San Diego, CA). The native
NDM-1 signal peptide was replaced by the signal peptide for
the E. coli lipoprotein LpP (MKATKLVLGAVILGSTLLAGC)
using the Q5 site-directed mutagenesis kit (NEB). Con-
struction of the clinical variant NDM-15 which contains two
point mutations (M154L and A233V) was carried out using
the HiFi site-directed mutagenesis kit (NEB). This process was
replicated for both full-length and synthetic soluble proteo-
forms. For full-length NDM-15, the LpP-NDM-1 chimera was
used as a template. For the soluble truncation, a previously
described synthetic soluble construct that replaces the first 35
residues of NDM with a PelB periplasmic localization signal
peptide was used.19

Screening Lysate Fractions for β-Lactamase Activity.
Lysate fractions (soluble lysate, total membranes, inner
membranes, outer membranes) were resuspended in 50 mM
HEPES buffer, pH 7.5, containing 150 mM NaCl, 1 μM
ZnSO4, and 1% Tween-20. Total protein content was
measured by the Bradford assay and all samples were
normalized to a final concentration of 1.0 mg/mL protein.
Each sample (10 μL) was diluted to 300 μL in 50 mM HEPES
buffer, pH 7.5, containing 150 mM NaCl, 1 μM ZnSO4, 1%
Tween-20 and 50 μM Chromacef. β-Lactamase activity was
measured by monitoring absorbance at 442 nm.35 Samples
were measured in triplicate.

Expression of Full-Length NDM in Rich Media. E. coli
BL21(DE3) cells containing the pET-27-NDM-1-His-tag were
cultured in 2xYT media containing 50 μg/mL of kanamycin at
37° to an OD600 of 0.8. Cells were then cooled to 22 °C and
expression was induced by the addition of isopropyl β-D-1-
thiogalactopyranoside (IPTG) to 0.5 mM and ZnSO4 to 50
μM. Cells were shaken overnight at 22 °C.

Expression of Full-Length NDM in Minimal Media. E.
coli C43(DE3) cells containing pET-27-NDM-strep were
cultured in M9 or LM9 media supplemented with 50 μg/mL
kanamycin at 37 °C for ∼5.5 h to an OD600 of 0.8 and then
cooled to 22 °C followed by the addition of IPTG to 0.5 mM
and ZnSO4 to 50 μM. Cells were shaken overnight at 22 °C.

Initial Outer Membrane Fractionation. Cells grown in
2xYT media were lysed by sonication (Fisher Scientific Model-
500 Sonic Dismembrator) and membranes were collected by
centrifugation at 50,000g for 1 h at 4 °C. The total membrane
fraction was washed with TRIS buffer pH 7.5 and suspended in
TRIS buffer to a final concentration of 50 mg/mL. N-
lauroylsarcosine was then added to 2% w/v and incubated for 1
h at ambient temperature. To separate the inner membrane
(IM) and outer membrane (OM) fractions, the suspension was
centrifuged at 100,000g for 1 h at 4 °C. Pellets were then
washed and resuspended in 50 mM HEPES buffer, pH 7.5, 300
mM NaCl, 1 μm ZnSO4, 10% glycerol to 100 mg/mL.

Spheroplast and Total Membrane Preparation. All
steps were conducted at 4 °C unless otherwise noted. Cells
expressed in minimal media were harvested by centrifugation
at 7500g for 10 min. Cells were converted to spheroplasts by
suspension in 50 mM TRIS buffer, pH 8.0, containing 500 mM
sucrose, 0.75 mM EDTA, and 0.2 mg/mL lysozyme. Cells were
incubated on a shaker plate for 30 min before being
centrifuged for 15 min at 10,000g. The resultant pellet was
then washed 3 × with 50 mM TRIS buffer, pH 8.0, containing
200 mM Sucrose, 1 mM MgCl2, 5 μM ZnSO4, and
resuspended in the same buffer with the addition of a Pierce
complete protease inhibitor cocktail, EDTA free (Thermo
Fisher Scientific, Waltham, MA). Spheroplasts were lysed by
French press (2 passages at 16,000 psi), and the resultant
homogenate was clarified by centrifugation for 15 min at
10,000g to remove any unbroken cells. Total membranes were
collected by ultracentrifugation of the clarified homogenate for
2 h at 100,000g. Membranes were resuspended to 400 mg/mL
in 50 mM TRIS buffer, pH 8.0, containing 1 μM ZnSO4 and
homogenized by repeated gentle passage through an 18-gauge
needle.

Outer Membrane Enrichment. All steps were conducted
at 4 °C unless otherwise noted. The total membrane
suspensions (400 mg/mL) were diluted 1:1 with 50 mM
TRIS buffer, pH 8.0, containing 1% N-lauroylsarcosine, and
incubated on a shaker plate for 1 h. The suspension was then
ultracentrifuged for 1 h at 100,000g. The pellet, representing
the sarkosyl-insoluble OM fraction was resuspended in 50 mM
HEPES buffer, pH 7.5, containing 300 mM NaCl and 1 μM
ZnSO4, and incubated 15 min on a shaker plate before being
ultra centrifuged 15 min (150,000g). The final washed outer
membrane pellet was resuspended to 100 mg/mL in 50 mM
HEPES buffer, pH 7.5, containing 1 μM ZnSO4, 300 mM
NaCl, and 15% glycerol. The mixture was then snap frozen in
liquid N2. Typical yields were 300−400 mg of OM per 1 L of
cell culture. OM suspensions were stored for up to 3 months at
−80 °C with no significant loss of β-lactamase activity.
Separation of IM and OM was assessed by an NADH
dehydrogenase activity.36

Screening of Synthetic Nanodisc-Forming Polymers.
Commercially available Acrylic Acid CoStyrene (AASTY),
CyclAPol, and diisobutylenemaleic acid (DIBMA) nanodisc-
forming polymers were purchased from Cube Biotech
(Monheim am Rhein, Germany) and stored at −20 °C. Stocks
were reconstituted to 10% w/v in Milli-Q H2O and incubated
30 min at room temperature with gentle agitation. Membrane
fractions purified from BL21(DE3) were thawed and diluted in
50 mM HEPES buffer, pH 7.5, containing 1 μM ZnSO4, and
300 mM NaCl. In separate tubes, aliquots of polymer were
added to a final concentration between 0.1−2.5%. Samples
were incubated at 4 °C overnight and centrifuged for 1 h at
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20,000g. Solubilization was assessed by SDS-PAGE and a β-
lactamase activity assay. Prior to SDS-PAGE samples were
separated from excess polymer via precipitation.37 Prior to
activity measurements, samples were buffer-exchanged to
remove excess polymer.

Solubilization of Lipidated NDM-1 Using DIBMA-
Glycerol. DIBMA-Glycerol powder stocks were reconstituted,
as stated above. Aliquots of a 100 mg/mL outer membrane
suspension were thawed on ice. Polymer and membrane
suspensions were combined and diluted to a final concen-
tration of 2.5% w/v and 25 mg/mL, respectively, in
solubilization buffer (50 mM HEPES buffer, pH 7.5,
containing 1 μM ZnSO4, and 300 mM NaCl). The
solubilization mixture was incubated at 4 °C overnight with
a constant inversion. Following incubation, the mixture was
ultracentrifuged for 30 min at 100,000g, 4 °C to remove
insoluble materials.

Solubilization of Lipidated NDM Using Ultrasolute
CyclAPol. CyclAPol powder stocks were reconstituted, as
described above. Outer membrane suspension aliquots (100
mg/mL) were thawed on ice. Polymer and membrane
suspensions are combined and diluted to a final concentration
of 0.1% w/v and 10 mg/mL, respectively, in solubilization
buffer (50 mM HEPES, pH 7.5, containing 1 μM ZnSO4, 300
mM NaCl, and 10% glycerol). The solubilization mixture was
then incubated at 4 °C overnight with constant inversion.
Following incubation, the mixture was ultracentrifuged for 1 h
at 100,000g, 4 °C to remove insoluble materials. To remove
unbound polymer as well as any residual soluble proteins the
mixture was concentrated and buffer exchanged into
purification buffer to a volume of 20 mL. Buffer exchange
was carried out using a vacuum concentrator fitted with a 100
kDa MWCO membrane filter. Flowthrough was tested for β-
lactamase activity. If the 100 kDa flowthrough was found to
contain significant activity (>10% of the activity of the
100,000g supernatant sample) the purification sample was
discarded.

Purification of Strep-Tagged Nanodisc-solubilized
NDM. The concentrated supernatant was applied to 2.0 mL
of streptactinXT-4flow resin (IBA Lifesciences Göttingen,
Germany) at 4 °C overnight with constant inversion. The
mixture was then transferred to a gravity column, and the resin
was allowed to settle. The supernatant was then allowed to
pass through the resin and was collected as flowthrough. The
column was washed with 10 column volumes of column-wash
buffer (50 mM HEPES buffer, pH 7.5, containing 5 μM
ZnSO4). NDM-containing nanodiscs were eluted using
column-elution buffer (50 mM HEPES buffer, pH 7.5,
containing 5 μM ZnSO4 and 50 mM biotin). Elution fractions
containing protein were pooled and buffer exchanged using a
100 kDa spin column. The purified nanodisc-bound protein
was concentrated to a final concentration of 100 μM in
Nanodisc storage buffer (50 mM HEPES, pH 7.5, containing 5
μM ZnSO4 and 25% glycerol) and snap-frozen in liquid N2.
Nanodisc-protein aliquots were stored at −80 °C.

Purification of His-Tagged Nanodisc-Solubilized
NDM. The 100,000g supernatant was applied to 4.0 mL of
Ni-NTA resin (Thermo Fisher Scientific) at 4 °C overnight
with constant inversion. The mixture was transferred to a
gravity column and the resin was allowed to settle. The
supernatant was then allowed to pass through the resin and
collected as flowthrough. The column was washed with 5
column volumes of wash buffer A (50 mM HEPES buffer, pH

7.5, containing 5 μM ZnSO4, and 300 mM NaCl) followed by
5 column volumes of wash buffer B (50 mM HEPES buffer,
pH 7.5, containing 1 μM ZnSO4, 300 mM NaCl, and 10 mM
imidazole). NDM-containing nanodiscs were eluted using
column-elution buffer (50 mM HEPES buffer, pH 7.5,
containing 1 μM ZnSO4, 300 mM NaCl, and 10 mM
Imidazole). Elution fractions containing protein were pooled
and buffer exchanged by using a 10 kDa spin column. The
purified nanodisc-bound protein was concentrated to a final
concentration of 100 μM in (50 mM HEPES, pH 7.5,
containing 5 μM ZnSO4, 300 mM NaCl, and 25% glycerol)
and snap frozen in liquid nitrogen. Nanodisc-protein aliquots
were stored at −80 °C.

Purification of Soluble Truncated Proteoforms from
the Expression of Full-Length NDM-1. Mixed membrane
fractions obtained from sonication of cells grown in rich media
were resuspended to 200 mg/mL in 50 mM HEPES, pH 7.5,
containing 1 μM ZnSO4, and 300 mM NaCl and homogenized
by passage through an 18-gauge needle. The suspension was
then incubated for 15 min on a shaker plate before being
centrifuged for 1 h at 100,000g. An aliquot (10 μL) of the
supernatant was diluted to 300 μL in 50 mM HEPES buffer,
pH 7.5, containing 50 μM chromacef to test for β-lactamase
activity. The washed mixed membranes were resuspended in
solubilization buffer (50 mM HEPES, pH 7.5, containing 1 μM
ZnSO4, 300 mM NaCl, and 10% glycerol) and diluted with
either DIBMA-glycerol or CyclAPol to a final concentration of
0.1% w/v CyclAPol, 10 mg/mL membranes or 2.5% DIBMA-
Gly, 25 mg/mL membranes, respectively, in solubilization
buffer. The solubilization mixture was then incubated at 4 °C
overnight with constant inversion. Following incubation, the
mixture was ultracentrifuged for 1 h at 100,000g, 4 °C to
remove insoluble materials. Strep-tag affinity purification was
carried out as described above. Buffer exchange and
concentration steps using either spin concentrators or pressure
concentrators used filters with MWCO values of 10 kDa. To
separate soluble truncations from trace nanodisc-bound
proteoforms, this process was repeated with a 100 kDa
MWCO filter.

Purification of Synthetic Soluble NDM Variants.
Soluble NDM-1 and NDM-15 were purified as described
previously using a truncation that omits the first 35 residues,
including the lipidation signal peptide, and inserts a PelB
leader sequence to drive periplasmic localization.19,29

Native PAGE Analysis. Nanodisc-protein particle size was
estimated by migration on a nondenaturing native PAGE gel.38

A 20 μM sample of purified nanodisc sample was loaded onto a
4−10% native PAGE gel and run for 3 h at 150 V, 4 °C. The
molecular weight of the sample was estimated by comparison
to the migration of the Native Mark protein standard
(ThermoFisher) as well as migration of a purified soluble
NDM-1 truncation.

Dynamic Light Scattering. For light scattering experi-
ments, samples were analyzed using a DAWN HELEOS-II
multiangle light scattering photometer with an Optilab T-rex
refractometer detector and a Wyatt QELS dynamic light
scattering detector (MALS-QELS system; Wyatt Technology,
Santa Barbara, CA). Samples were delivered to the detector
following passage through a TSK-GEL G300PWXL size-
exclusion column (7.8 mm × 300 mm, pore size of 300 Å)
(Tosoh Bioscience LLC, King of Prussia, PA) connected to a
Shimadzu LC-20AD HLPC system (model WTC-030S5). The
mobile phase consisted of 50 mM HEPES buffer, pH 7.5, 150
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mM NaCl, and 1 μM ZnSO4 with a flow rate of 0.4 mL/min.
Prior to the analysis all samples were filtered through a 1 mDa
MWCO filter, dialyzed overnight in the mobile phase and
diluted to a final concentration of 50 μM. Samples were
injected in 20 μL portions. Mass fractions, polydispersity,
hydrodynamic radius, and molar mass were determined using
Astra-6 software (Wyatt Technology).

Top−Down Mass Spectrometry. Purified nanodisc
NDM-1 was desalted and exchanged into water by using a
Micro Bio-Spin P6 gel column (BioRad Laboratories Inc.,
Hercules, CA). The sample was diluted to ∼2 μM in a solution
of 50/49.5/0.5 (v/v/v) methanol/water/formic acid and
electrosprayed at 2 μL/min using an applied voltage of 3.0
kV. All analyses were performed on a Thermo Fisher Scientific
Orbitrap Eclipse mass spectrometer (Bremen, Germany),
modified with an Excistar 193 nm ArF excimer laser
(Coherent, Santa Cruz, CA) to enable ultraviolet photo-
dissociation (UVPD) in the high-pressure linear ion trap. Mass
spectra were collected at 120,000 resolution (defined at m/z
200) using a scan range of m/z 500−2000, automatic gain
control (AGC) target of 1E6, and maximum injection time of
50 ms. For MS/MS analysis involving UVPD, a single charge
state of each proteoform was quadrupole-isolated by using a
width of 1.3 m/z and activated by using a single 0.75 mJ laser
pulse. Fragment ions generated by UVPD were isolated using
windows spanning m/z 466.6−966.6 (lower m/z window) and
m/z 996.6−1496.6 (higher m/z window) for lipid−NDM-1
proteoform 1 (precursor m/z 976.6, 29+) and m/z 467.6−
967.6 (lower m/z window) and m/z 1007.6−1507.6 (higher
m/z window) for lipid NDM-1 proteoform 2 (precursor m/z
977.6, 29+) and subjected to proton transfer charge reduction
(PTCR) using perfluoroperhydrophenanthrene (PFPP) as the
PTCR reagent (AGC target of 2E) and a reaction time of 7 ms
(MS3). Additional fragment ions of interest were reisolated for
MS4 analysis and subjected to higher-energy collisional
dissociation (HCD) using a normalized collision energy
(NCE) of 35%. All MSn spectra, corresponding to 100−200
transient averages, were collected at 240,000 resolution
(defined at m/z 200) using scan ranges between m/z 200−
4000, AGC target of 1E6, and maximum injection time of 500
ms. Easy-IC (internal calibration) was utilized for enhanced
mass accuracy of detected fragment ionsAll spectra were
deconvoluted using the Xtract algorithm within Thermo Fisher
Scientific FreeStyle version 1.8. The following deconvolution
parameters were used: fit factor of 70%, remaining threshold of
25%, and signal-to-noise (S/N) threshold of 10. Sequence ions
were identified using MS-TAFI39 and ProSight Lite software
set to search for ion types generated by UVPD (a, a+1, b, c, x,
x+1, y, y−1, and z) within a fragment mass tolerance of ±10
ppm. Sequence ions discovered in two out of three replicates
were retained for the final calculation of sequence coverage and
proteoform scores following UVPD and UVPD/PTCR. Top-
down mass spectrometry of purified soluble NDM-1
truncations was performed as described previously.40

Preparation of Mono-Zn Enzyme (NDM-1,15). An
aliquot of purified nanodisc-bound NDM-1 (100 μM) or
soluble NDM-1/15 (100 μM) was buffer exchanged into 50
mM HEPES, pH 7.5, 150 mM NaCl, and 1 mM tris(2-
carboxyethyl)phosphine (TCEP) using a 10 kDa MWCO
Amicon spin column (100 kDa for nanodisc-NDM-1). Zinc
content was measured under denaturing conditions to verify
that the sample contained 1.9−2.0 equiv of zinc. The sample
was then diluted to 10 μM with the addition of 4-

pararesorcinol (PAR) to a final concentration of 100 μM.
The mixture was transferred to a quartz cuvette and placed in a
spectrophotometer at room temperature. Absorbance was
continuously monitored at 500 nm until it reached a value
corresponding to a 10 μM Zn-PAR complex as measured by a
standard curve, indicating that one Zn ion had been chelated
per enzyme molecule. The sample was then cooled to 4 °C and
buffer exchanged into 50 mM HEPES buffer, pH 7.5, and 1
mM TCEP until measured absorbance at 500 nm was
comparable to a blank solution indicating that all PAR had
been removed. The amount of Zn present in the sample was
quantified under denaturing conditions to confirm that ∼1.0
equiv of zinc ion per protein molecule, and the sample was
assayed for β-lactamase activity in the absence of exogenous
zinc to verify the lack of activity.

Preparation of Mono-Zn Nanodisc-NDM-15. An
aliquot of purified nanodisc-bound NDM-15 (100 μM) was
buffer exchanged into 50 mM HEPES, pH 7.5, 150 mM NaCl,
and 1 mM TCEP using a 100 kDa MWCO Amicon spin
column. Zinc content was measured under denaturing
conditions to verify that the sample contained 1.9−2.0 equiv
of zinc. Approximately 250 mg of Chelex resin (Biorad)
equivalent to a column volume of 0.4 mL was washed with 4
mL of 50 mM HEPES, pH 7.5, 150 mM NaCl, and 1 mM
TCEP. The washed nanodisc-NDM-15 sample was then
applied to the Chelex resin and incubated for 1 min at
ambient temperature. The protein was then eluted from the
column by washing it with 2 mL of buffer. Pooled elutions
containing protein as measured by Bradford assay were buffer
exchanged into 50 mM HEPES, pH 7.5, and made 1 mM
TCEP and concentrated to 100 μM. The amount of Zn
present in the sample was quantified under denaturing
conditions to confirm that approximately 1.0 equiv of zinc
ion per protein molecule. The sample was assayed for β-
lactamase activity in the absence of exogenous zinc to verify
the lack of activity.

Zn Concentration Dependence of Ampicillin Hydrol-
ysis. The effect of Zn concentration of hydrolysis was assayed
as previously reported.29 Quartz microcuvettes were soaked in
0.01% Tween-20 overnight and washed extensively with milli-
Q-treated water and ethanol. Mono-Zn NDM was then
assayed for ampicillin hydrolysis repeatedly in Zn-free buffer
until a consistent minimal baseline level of absorbance change
at 235 nm was established that did not exceed 5% of the
activity of a di-Zn sample measured in a separate cuvette with 1
μM exogenous Zn. The final assay conditions were 50 mM
HEPES, pH 7.0, 600 μM ampicillin, and 20 nM enzyme
(NDM-1 or soluble NDM-15) or 5 nM enzyme (nanodisc
NDM-15). Zn concentrations assayed ranged from 1 nM to
100 μM. To avoid Zn contamination, all buffers were
pretreated with Chelex-100 resin (Biorad) to remove any
trace metal ion contaminants, and Zn concentrations were
tested from lower to higher concentrations. Rates of ampicillin
hydrolysis were converted to percentages of the maximum rate
observed. To determine binding of Zn-2% activity vs [Zn] was
fit using eq 1 as previously described.29

x x y

z

% activity ( ((100 )/(1 Zn / )

( / Zn ))))

= + + [ ]

+ [ ] (1)

In this equation, [Zn] is the concentration of ZnSO4, x is the
activity rate with no added zinc and Y is the Kd of Zn-2, Z is
the Kd for the binding of the inhibitory Zn-3.41
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Nanodifferential Scanning Fluorimetry (nanoDSF). All
NDM-1 and NDM-15 samples were analyzed using nanoDSF
at an enzyme concentration of 10 μM. The analyses of dizinc
samples were carried out in 50 mM HEPES buffer (pH 7.5)
containing 10 μM ZnSO4 and 20% glycerol. Samples were
incubated on ice for 30 min prior to the measurements. A
heating rate of 2.0 °C/min was applied over a temperature
range of 20−95 °C. Samples were analyzed by using excitation
at 280 nm, and melting points were determined by taking the
first derivative of the fluorescence emission intensity ratio
(350/330 nm).

Steady-State Kinetics. For all substrates measured, assay
conditions were: 50 mM HEPES, pH 7.0, with 1 μM ZnSO4
unless stated otherwise. Absorbance changes due to hydrolysis
of substrate were measured for 0.3 min at room temperature in

a quartz microcuvette. The concentration of enzyme varied
from 5−20 nMol and was adjusted to ensure the rate of change
of absorbance remained linear during each measurement.
Substrates were measured at the corresponding wavelength
(Table S1). Steady-state rate constants are determined by
fitting initial rate values against substrate concentration using
GraphPad Prism version 10.0.2 (GraphPad Software).

■ RESULTS
Selection of Nanodisc-Forming Polymers. Most

synthetic nanodisc-forming polymers consist of alternating
maleic acid and cyclic aromatic units. Dicarboxylic acid motifs
like maleic acid are known zinc chelators,23 requiring a focus
on nondicarboxylic acid-containing polymers. This initially
constrained us to diisobutylenemaleic acid (DIBMA) variants

Figure 2. (A) Composition of Nanodisc-forming polymers used. X and Y indicate the ratios of polymer subunits. AASTY variants studied included
45:55, 50:50, and 55:45 ratios. Six and 11 kDa correspond to the average molecular weight of the AASTY variant reflecting differences in the chain
length. (B) Inhibition of soluble NDM-1 by free DIBMA polymer variants and CyclAPol. (C) Solubilization screen of NDM-1 (red arrow) by
diisobutylenemaleic acid-glycerol (DIBMA-glycerol), acrylic acid costyrene (AASTYs), and CyclAPol C8−C0−50 polymers. Acrylic acid-based
polymers were screened at concentrations of 0.1, 0.5, 1.0, and 2.5% w/v.
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(Figure 2A), of which DIBMA-Glycerol showed the least
inhibitory effect on NDM activity (Figure 2B). Due to low
yields, we screened a library of more recently commercially
available nanodisc-forming polymers, belonging to 2 classes:
acrylic acid costyrene (AASTY), and cycloalkane amphipols
(CyclAPol) (Figure 2A), which showed no inhibitory effect on
NDM activity (Figure 2B). Screening showed that CyclAPol
C8−C0−50 and AASTY 6 kDa variants dramatically out-
performed DIBMA-Glycerol (Figure 2C − red arrow).
CyclAPol and AASTY 6 kDa variants improved purified
protein yields from 50 μg to 300−500 μg per liter of cell
culture compared to DIBMA-glycerol. CyclAPol C8−C0−50,
CyclAPol for brevity, sold as Ultrasolute Amphipol-18 (Cube
Biotech no. 18321), was selected due to lack of UV absorbance
by the polymer, simplifying protein quantification and
compatibility with UV−vis based enzymatic activity assays.

Solubilization of Lipo-NDM. Several different parameters
were investigated (expression conditions, various media, and
different E. coli strains, non-native signal peptide) in order to
optimize the yield of nanodisc-bound protein (lipidated
NDM). Recombinant full-length NDM-1 was expressed in E.
coli strain Bl21(DE3). An outer membrane (OM) fraction was

extracted by N-lauroylsarcosine treatment of the insoluble
lysate.42,43 The resulting outer membrane (OM)-enriched
fraction was then coincubated with either DIBMA-Glycerol or
CyclAPol at polymer: membrane ratios from 1:1 to 1:10.
Following incubation and separation of soluble and insoluble
fractions by ultracentrifugation, analysis of the soluble fraction
showed that it displayed 1000-fold higher β-lactamase activity
than an insolubilized sample and a major band corresponding
to NDM (27 kDa, as assessed by SDS-PAGE), which was not
present in a nonpolymer treated membrane sample. Polymer-
solubilized NDM-1 could be easily purified following
solubilization by using routine affinity chromatography
techniques. However, due to low yields, less than 0.5 mg of
purified protein per liter of cell culture using CyclAPol, the
expression conditions were optimized to improve yield (Table
1).

Overexpression of Full-Length NDM-1 Causes Accu-
mulation of Nonmembrane-Bound Proteins. During OM
enrichment, analysis by β-lactamase activity and SDS-PAGE
showed that the majority of membrane-bound NDM was
retained in the inner membrane (IM) fraction along with
significant amounts present in the soluble lysate. Solubilization

Table 1. Approximate Yields of Nanodisc-Bound Protein under Different Conditionsa

protein construct strain polymer growth media yield/g of OM yield/L (culture)

L-NDM BL21(DE3) DIBMA-Gly LB 200 μg 50 μg
L-NDM BL21(DE3) Amphi-18 LB N.D. ∼500 μg
L-NDM C43(DE3) Amphi-18 M9 N.D. N.D.
LpP-NDM C43(DE3) Amphi-18 M9 4 mg 1.3 mg
LpP-NDM C43(DE3) Amphi-18 LM9 6 mg 2.0 mg

aCell culture (1 L) corresponds to ∼0.3 g of isolated OM.

Figure 3. (A) Purified NDM solubilized from mixed membrane and outer membrane fractions visualized on native PAGE Gel in comparison to
purified 25 kDa synthetic soluble NDM-1. (B) Top-down LC-MS analysis of purified soluble NDM-1 obtained from mixed membrane
solubilization. (C) NDM-1 signal peptide with a predicted lipidation cut site (red) and predicted cleavage sites corresponding to detected soluble
proteins.
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of a total membrane fraction was investigated to increase yield,
with the intention of separating mature lipoprotein (i.e., the
hololipoprotein) from precursors (Figure 1A). Unexpectedly
and despite repeated wash steps prior to solubilization to
remove nonmembrane-bound contaminants, total membrane
solubilization, and purification produced a heterogeneous
NDM sample containing trace amounts of nanodisc-bound
protein (Figure 3A), but primarily consisting of a soluble
truncated proteoform with an apparent molecular mass of 25−
30 kDa that could be easily differentiated from nanodisc-bound
protein by native PAGE (Figure 3A) and isolated using a 100
kDa Molecular Weight cutoff (MWCO) ultrafiltration device.

The truncated proteoform was analyzed by liquid
chromatography−mass spectrometry (LC-MS) (Proteomics
Core Facility, University of Texas at Austin) to determine the
molecular masses of the truncated proteoforms. LC-MS
analysis determined that the sample consisted of a heteroge-
neous mixture with molecular masses of 28 058, 28 085,
28 265, and 28 323 Da, (Figure 3B) consistent with cleavage
after residues 16, 17, 19, and 20 (Figure 3C). The identified
cleavage sites align with recognition sites of Signal Peptidase I
(SpI), an inner membrane-bound signal peptidase that cleaves
following a conserved AxA motif (Figure S1).44,45 Notably, the
NDM signal peptide contains an alanine-rich region containing
overlapping AxA motifs between residues 15 and 20. Since
solubilization from a washed, OM-enriched fraction yielded no
non-nanodisc-bound NDM contaminants, we focused on
improving the OM-localized protein yield.

Alteration of Expression Conditions Improves Lip-
oprotein Yield and Outer Membrane Localization.

Lipoprotein expression in minimal media has been previously
demonstrated to drastically improve the yield of mature
lipidated protein over nonlipidated proteoforms in E. coli.30

Consistent with this observation, the total membrane fraction
obtained from cells expressing full-length NDM-1 in M9
showed double the activity of the soluble fraction when
normalized for the total protein content. In cells grown in
2xYT, or M9 with amino acid supplementation, the soluble
fraction displayed double the activity of the insoluble fraction
(Figure 4). The minimal media recipe used in this study was
modified from the reference formula for M9 minimal media to
increase buffering capacity and glucose content to improve
protein yields and cell growth times.30,46 The modified
minimal medium, termed Lipoprotein M9 minimal medium
(LM9), doubles the buffering capacity and increases the
glucose content from 0.4−0.8 % w/v (Table S2). When E. coli
C43(DE3), a strain commonly used for expression of both
toxic and integral membrane proteins, was found to increase
membrane localized activity in M9 by 70% in LM9 media
compared to expression using E. coli BL21(DE3) (Figure 4C).

Non-native Signal Peptides Reduce Soluble Protein
Accumulation. To reduce apparent SpI cleavage and improve
OM localization following the detection of unwanted soluble
proteoforms, the native NDM signal peptide was replaced with
the signal peptide from the structural lipoprotein LpP, also
known as Braun’s Lipoprotein (Uniprot Accession code:
P69776) which does not contain AxA SpI recognition sites
(Figure S2). Comparison of the β-lactamase activity of cells
expressing either full-length NDM-1 or the LpP-NDM-1

Figure 4. (A) Relative β-lactamase activity of the total membrane fraction in comparison to the activity of the soluble fraction following lysis of
NDM-1 expressing E. coli were grown in various growth media. (B) Increase in total membrane localized β-lactamase activity when expressed in
C43(DE3) compared to BL21(DE3). (C) Increase in OM-localized β-lactamase activity following substitution of the native NDM signal peptide
with the signal peptide from E. coli lipoprotein LspA. (D) Amino acid composition of the native signal peptide (top panel) and the LpP signal
peptide (bottom panel) with the LspA cleavage site marked in red. Black indicates predicted cut sites corresponding to soluble proteoforms.
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chimera showed a 7-fold increase in OM-localized activity
(Figure 4C).

Optimized Growth Conditions Enable Efficient Over-
expression of Lipidated NDM. Expression of the LpP-
NDM chimera in LM9 media yielded 5−6 mg of purified
nanodisc-bound protein per gram of outer membrane
solubilized equivalent to 1.5−2.0 mg/L protein of cell culture
(Table 1, Figure S3). The final sample is free of any detectable
soluble proteoforms and was determined to be homogeneous
by LC-MS and DLS.

Dynamic Light Scattering. To determine the size
distribution of the purified nanodisc sample, Dynamic Light
Scattering (DLS) was carried out. Light scattering analysis of
purified NDM in CyclAPol nanodiscs showed a single
monodisperse species with a molar mass of 311 kDa and a
hydrodynamic radius of 21 nm, (Table 2).

MS Analysis of Purified Nanodisc-Bound Protein. To
confirm the presence of lipidation in purified nanodisc-bound
NDM-1, the sample was subjected to top−down mass
spectrometry (TD-MS). MS analysis revealed that the purified
protein contained two dominant species with molecular
weights of 28,277 and 28,305 Da and mass differences of
+786 and +814 Da from the predicted mass of C26 N-terminal
NDM-1 (Figure S4). The protein was then subjected to
ultraviolet photodissociation (UVPD) for MS/MS character-

ization (Figures 5 and S5). UVPD produced fragment ions
encompassing the N-terminal cysteine residue that was
determined to be modified by C16:0/C16:1 lipids for the
28,277 Da proteoform (+786 Da modification) and C16:0/
C18:1 lipids for the 28,305 Da proteoform (+814 Da
modification).

Steady-State Kinetics. The kcat and Km values for six
substrates belonging to the three major structural classes of β-
lactams were determined for nanodisc-bound NDM-1 (Table
3). To ensure maximal activity, analysis was carried out in the
presence of exogenous zinc. Previously studied soluble
truncations of NDM display maximal activity at 10 μM
zinc.19 For lipidated NDM-1 maximal activity was determined
to be at 1 μM (vide inf ra). As with soluble truncations of
NDM-1, all three classes of β-lactams tested were effectively
degraded by lipidated NDM-1 with kcat/Km values of 1 × 106

M−1 s−1. Compared with soluble NDM-1 there is less disparity
of Km values between carbapenems (meropenem, imipenem)
and penams (penicillin-G, ampicillin), while cephems (ceph-
alexin, cefaclor) displayed Km values 10-fold lower than those
for other classes. Like soluble NDM-1, these trends in Km
values are offset by kcat values where cephem kcat is 10-fold
lower than those for penams and carbapenems. As a result, all
substrates examined have kcat/Km values on the order of 1 ×
106 M−1 s−1.

Demetalation of NDM. We have previously found that the
colorimetric chelator 4-(2-pyridylazo)-resorcinol (PAR) re-
moves 1 equiv of zinc from synthetic soluble dizinc NDM-
1.19,20 Incubation of PAR with folded dizinc NDM resulted in
an increase in absorbance at 500 nm. Conversion of
absorbance to zinc equiv by a standard curve shows that
absorbance plateaus at a value equivalent to 1.0 zinc ion per
protein molecule, indicating chelation of the weakly bound
second zinc ion (designated Zn-2) from the active site (Figure
6A,B).19,20,29

Table 2. Parameters Determined by Dynamic Light
Scattering (DLS) for Nanodisc-Bound and Synthetically
Soluble NDM-1

nanodisc-NDM-1 soluble NDM-1

molecular weight 311 kDa 25 kDa
polydispersity 1.0 1.0
radius 20.8 N.D.a

aN.D. not determined.

Figure 5. Top−down MS/MS analysis of Lipo-NDM-1. UVPD (1 pulse, 0.75 mJ laser energy) of Lipo-NDM-1 (29+ charge state) with masses of
(A) 28,277 Da (+786 Da species) or (B) 28,305 Da (+814 Da species). The N-terminal fragment ions containing the modified cysteine are
highlighted by a green or blue asterisk in panels A (m/z 890.7) and B (m/z 918.7), respectively. Based on an MS4 method, these N-terminal
fragment ions were subjected to collisional activation (HCD 35% NCE) to characterize the acyl chains of the lipid portions, confirming them as
(C) C16:0/C16:1 and (D) C16:0/18:1.

Biochemistry pubs.acs.org/biochemistry Article

https://doi.org/10.1021/acs.biochem.5c00106
Biochemistry XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5c00106/suppl_file/bi5c00106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5c00106/suppl_file/bi5c00106_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.5c00106/suppl_file/bi5c00106_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.5c00106?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.5c00106?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.5c00106?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.5c00106?fig=fig5&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.5c00106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


This method is viable for the preparation of monozinc,
nanodisc-bound NDM-1 as well as soluble NDM-1 and NDM-
15, a clinical variant containing two mutations (M154L, A233
V) that has previously been reported to bind Zn-2 tighter than
NDM-1 in soluble variants.29 When nanodisc-bound NDM-15
is treated with PAR, the A500 corresponds to the Zn: PARn
complex and does not reach a value equivalent to 1.0. Instead,
the A500 plateaus at 0.5 equiv with subsequent change in
absorbance equal to changes in background absorbance by
PAR in the absence of zinc (Figure 6C). Following buffer
exchange, measurement of the zinc content of the PAR-treated
nanodisc-NDM-15 complex shows that the protein still binds 2
equiv of zinc. Meropenem hydrolysis rates of PAR-treated and
untreated samples in the absence of exogenous zinc are nearly
identical (Figure 6D), indicating that the PAR treatment
method is insufficient to remove Zn-2 from lipidated NDM-15.
Mono-Zn nanodisc-NDM-15 was prepared by an alternate
approach in which a dizinc sample was applied to a gravity
column containing the Chelex-100 resin. Following a short
incubation period, the protein was eluted with a Zn-free buffer
and extensively washed using centrifugal spin columns. The
resultant protein sample contained 0.95−1.05 equiv of zinc.

This method was only suitable for the preparation of mono-Zn
nanodisc NDM-15. Chelex treatment of soluble NDM-1,
soluble NDM-15, or nanodisc NDM-1 yielded overchelated
samples binding less than 1 equiv of zinc (Table 4).

Characterization of Zinc Dependence. We determined
that membrane anchoring impacts the binding of the second
zinc ion (Zn-2) in the active site, which binds with a Kd of 1.0
μM in the soluble truncation.29 It has been previously

Table 3. Steady-State Rate Constants for Lipo-NDM-1 (Left) Compared to Soluble NDM-1 (Right) Soluble NDM-1 Values
Were Determined Previously19

substrate kcat (s−1) Km (μMol) kcat/Km M−1s−1 kcat (s−1) Km (μ Mol) kcat/Km M−1 s−1

meropenem 200 ± 3 149 ± 6 1.3 × 106 138 ± 3 54 ± 3 2.6 × 106

imipenem 212 ± 10 93 ± 10 2.3 × 106 195 ± 3 45 ± 2 4.3 × 106

cephalexin 26 ± 0.8 4.4 ± 0.6 5.9 × 106 47 ± 1 5.6 ± 0.4 8.4 × 106

cefaclor 12.6 ± 0.2 2.7 ± 0.2 4.7 × 106 36 ± 1 1.8 ± 0.2 2.0 × 108

penicillin-G 302 ± 8 110 ± 13 2.7 × 106 720 ± 50 240 ± 50 3.0 × 106

ampicillin 574 ± 13 121 ± 10 4.7 × 106 690 ± 30 310 ± 30 2.2 × 106

Figure 6. (A) Time-resolved chelation of dizinc Nanodisc-bound NDM-1 with 100 μM PAR. (B) Following chelation and buffer exchange, the
monozinc sample is inactive until exogenous zinc is introduced. (C) Time-resolved chelation of dizinc nanodisc-bound NDM-15 with 100 μM
PAR. (D) Following chelation and buffer exchange the sample displays steady-state kinetics identical to that of a dizinc sample in the absence of
exogenous zinc, indicating that PAR chelation does not remove zinc from the active site.

Table 4. Zn Content of NDM Samples following Various
Treatment Methods

sample
Zn-free

purification
PAR

chelation
Chelex
column

soluble NDM-1 1.0 0.95−1.05 0.5−0.75
nanodisc-NDM-1 N.D.a 0.95−1.05 0.8
soluble NDM-15 1.4 0.95−1.05 0.8
nanodisc NDM-15 N.D.a 1.9−2.0 0.95−1.05

aN.D. not determined due to inactive/denatured protein. Purification
of nanodisc-bound NDM-1 and NDM-15 in the absence of exogenous
Zn resulted in extensive oxidation to Cys208, resulting in catalytically
inactive protein, and was not pursued for nanodisc samples.
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demonstrated that hydrolysis of penams such as ampicillin by
NDM-1 is highly sensitive to zinc concentrations and plots of
this relationship have been used to determine the Kd of Zn-2
for soluble proteoforms of NDM clinical variants 1 through
17.19,20,29 This assay was repeated to establish the Kd of Zn-2
for nanodisc-bound NDM-1 and NDM-15. The addition of
increasing amounts of zinc raised activity to a maximal value,
which plateaued between 1−5 μM. At higher zinc concen-
trations (>10 μM) a loss of activity was observed, consistent
with previously observed binding to a weak third zinc-binding
site.20,41 The Kd of the stimulatory effect, representing binding
to the Zn-2 site was calculated to be 250 nM for lipidated
NDM-1 and 1.0 μM for the soluble variant of NDM-1 (Figure
7). Concentrations above 100 μM zinc were not examined, so
an accurate fit for the Kd of Zn-3 was not determined.
Previously, NDM-15 (binding 1 zinc) has been reported to
display activity, with steady-state kinetic parameters that differ
from the dizinc form. However, in this study, we found that
mono-Zn NDM-15, both the previously studied soluble
truncation and the full-length lipidated variant, display no
activity in the mono-Zn form (Figure 7). We find that soluble
NDM-15 binds a second Zn with a Kd of 300 nM, while the
lipidated variant displays a Kd of 55 nM for Zn-2 (Table 5).

Membrane Binding Alters Thermostability. Nano-
Differential Scanning Fluorimetry (NDSF) was used to
monitor the thermal unfolding of purified NDM-1 and
NDM-15 (both soluble and lipidated). Soluble NDM-1 Tm
values are consistent with previously reported Tm values
obtained by conventional DSF.25,29 Lipidated NDM-1 exhibits
a melting point that is 2.7 °C lower than is observed for the
soluble variant (Table 6). For NDM-15 the membrane-bound
proteoforms display an 8.1° increase in Tm with respect to the
soluble proteoform.

■ DISCUSSION
Most studies of lipidated proteins, including BLPs, utilize
detergents such as dodecylmaltoside (DDM) or (3-((3-

cholamidopropyl) dimethylammonio)-1-propanesulfonate)
CHAPS to solubilize proteins. Detergent solubilization of
membrane proteins can lead to inactivation or poor stability
often due to the loss of the native membrane environ-
ment.47−49 In order to avoid the shortcomings of detergent
solubilization and better mimic the natural environment of
lipidated NDM, synthetic nanodiscs were employed to
solubilize and purify NDM. Nanodiscs are 5−50 nm diameter
lipid bilayer segments with a surrounding amphipathic scaffold.
Conventional nanodiscs consist of a protein scaffold that
stabilizes an artificially assembled lipid bilayer.50 An evolution
in nanodisc technology is the synthetic nanodisc, also referred
to as a styrene-maleic acid-like lipid particle (SMALP)51

Unlike traditional nanodiscs, synthetic nanodiscs utilize a
polymer scaffold which is able to intercalate directly into native
lipid membranes, extracting nanodiscs that retain the native
lipid composition of the source membrane. This enables direct
extraction of membrane proteins in a near-native environ-
ment.52,53 Synthetic nanodiscs have rapidly established
themselves as a powerful tool for the study of membrane-
bound proteins and have seen widespread use in the
biochemical characterization of integral membrane proteins
from a variety of organisms.51,54,55 In this study, we
demonstrate that synthetic nanodiscs can be leveraged to
study bacterial lipoproteins.

Bacterial lipoproteins are essential components of nutrient
uptake and integral membrane protein insertion,16 and in
pathogenic bacteria lipoproteins are involved in host cell
adhesion, virulence factor translocation, and modulation of
inflammatory response.15 Bacterial lipoproteins thus represent
an appealing target for the development of new antibiotics as
well as bacterial vaccines.14,15,56 The near-native environment
afforded by synthetic nanodisc purification will provide a more
accurate model for the development of new antibiotics that
target bacterial lipoproteins avoiding changes to conformation,

Figure 7. Zinc dependence of NDM-1 (A) and 15 (B), synthetic soluble, and nanodisc-bound proteoforms for hydrolysis of ampicillin. Rates are
determined as described under experimental procedures. For each variant tested, the transition is fit as a Kd value for Zn-2 per eq 1.

Table 5. Zn-2 Binding of NDM-1 and 15 Proteoforms

sample Zn-2 Kd

soluble NDM-1 1.02 ± 0.16 μM
nanodisc- NDM-1 250 ± 37 nM
soluble NDM-15 300 ± 39 nM
nanodisc NDM-15 55 ± 7 nM

Table 6. Tm Values of Soluble and Nanodisc-Bound NDM-1
and NDM-15a

sample Tm (°C)

soluble NDM-1 61.3 ± 0.1
nanodisc-bound NDM-1 58.6 ± 0.1
soluble NDM-15 69.3 ± 0.1
nanodisc NDM-15 77.4 ± 0.4

aSee Figures S6 and S7 for fluorescence plots and first derivative plots
used to determine Tm.
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stability, and ligand binding, which can be imposed by
detergent solubilization.

Polymer Screening. Since synthetic nanodiscs have not
been previously used to study bacterial lipoproteins, we first
ascertained whether BLPs were solubilized by nanodisc-
forming polymers. Fortunately, we found that lipidated
NDM was readily incorporated into nanodiscs of nearly all
of the tested compositions. Styrene maleic-acid (SMA)
variants, the most commonly used class of nanodisc-forming
polymer, were not considered for use because dicarboxylic acid
motifs, such as maleic acid, inhibit metallo-β-lactamases, via
nonspecific chelation of zinc (Figure 2B).23 We first selected a
variant of diisobutylenemaleic acid (DIBMA), DIBMA-
glycerol, which does not contain a dicarboxylic acid motif.
DIBMA-glycerol can solubilize full-length NDM-1 and showed
the least impact on NDM activity when added as a free
polymer, but yields did not exceed 50 μg of purified protein
per liter of cell culture. To improve the yield, a library of more
recently developed nanodisc-forming polymers was screened.
These candidates replaced the maleic acid unit with non-
chelating acrylic acid units which did not have any impact on
NDM activity (Figure 2A,B).

All polymers tested during the second screen were found to
solubilize lipidated NDM more effectively than DIBMA-
glycerol (Figure 2C), with 6 kDa AASTY variants and
CyclAPol showing the best solubilization results. Unlike widely
used SMA,57 as well as other acrylic acid-based polymers like
AASTY variants, the cycloalkane units of CyclAPol are not UV
absorbent, simplifying quantitation of nanodisc-bound protein
and improving compatibility with UV−vis based β-lactamase
activity assays. CyclAPol nanodiscs could also be stored at 4
°C for 3 weeks with no loss of activity. CyclAPol was used for
all subsequent nanodisc solubilization and purification work.

Influence of Cell Culture Conditions on Lipoprotein
Yield. Overexpression of lipoproteins is frequently hampered
by inefficient lipid modification.31,32 A previous study indicates
that the proteoform that accumulates during overexpression is
the nonlipidated preprolipoprotein, which is localized to the
inner membrane and anchored by the uncleaved signal peptide
(Figure 1A).30 Indeed, visualization of the inner and outer
membrane fractions following expression of NDM in a rich
medium showed large amounts of NDM present in the inner
membrane fraction. Only trace amounts of NDM could be
detected in the outer membrane fraction by SDS-PAGE
analysis, but Western Blot and β-lactamase activity assays
confirmed its presence. In addition to IM-localized lipidated
protein, expression in a rich medium yielded large amounts of
nonmembrane-bound protein localized in the soluble lysate,
consistent with previous studies of full-length NDM.19,58 Due
to poor yields from solubilizing an isolated outer membrane
fraction, purification of NDM was attempted by solubilization
of a total membrane sample, with the intention of separating
mature triacyl-modified hololipoprotein from precursors
(Figure 1A). This approach was not successful and yielded 8
mg/L of purified NDM that consisted primarily of non-
nanodisc-bound soluble proteoform and trace amounts of
nanodisc-bound protein. Native PAGE analysis showed soluble
protein (∼25 kDa) and nanodisc-lipoprotein particles (∼300
kDa) (Figure 3A). Prior to solubilization, mixed membrane
samples were washed extensively with high NaCl buffer to
remove any residual nonmembrane-bound protein, with the
final wash fraction displaying no significant β-lactamase

activity. This result suggests that soluble NDM arose from
the processing of previously membrane-bound protein.

Analysis of the isolated soluble proteoform by LC-MS
indicated a heterogeneous mixture with molecular weights
corresponding to the cleavage of N-terminal residues 16, 17,
19, and 20 (Figure 3B,C). These N-termini indicate cleavage of
the full-length, unlipidated preprolipoprotein in an alanine-rich
region upstream of the lipobox. Our previous work with the
overexpression of full-length NDM detected soluble proteo-
forms with several of the same N-terminal residues as detected
here,19 suggesting a common origin between soluble protein
found in the soluble lysate, and soluble protein originating
from the total membrane fraction. These observations can be
explained by bacterial signal peptidase I (SpI) cleavage. SpI
cleaves signal peptides of periplasmic localized soluble
proteins, including VIM and IMP metallo-β-lactamases
recognizing an AxA motif in the signal peptide (Figure S1).44,45

Optimization of Expression Conditions. Accumulation
of the prelipoprotein during overexpression can be alleviated
by growth in an M9 minimal medium, drastically improving
mature lipoprotein yield.30 We found that growth in M9
minimal medium improved the specific yield of outer
membrane-localized NDM for both NDM-1 and the clinical
variant NDM-15. When grown in a rich medium, soluble lysate
fractions exhibited 2-fold more β-lactamase activity than the
insoluble fraction when normalized based on total protein
content. Expression in M9 minimal medium inverted this
result, with the insoluble fraction displaying approximately 2-
fold more activity than the soluble fraction. Several alterations
were made to the M9 medium based on previous reports to
improve yield and reduce growth timers.30,46 The modified
medium, labeled LM9, which consistently produced the
highest yield and most rapid growth rate, has an increased
buffering capacity and doubles the glucose content of the
standard M9 recipe (Table S2). Expression in C43(DE3) a
Bl21(DE3) derivative used for the expression of toxic and
integral membrane proteins,59 was found to increase
membrane localized yield approximately 2-fold compared to
BL21(DE3) in LM9 medium.30,43 As a final modification, to
reduce the susceptibility of IM-localized prelipo-NDM to
putative processing by SpI, we replaced the native signal
peptide with a non-native lipoprotein signal peptide. We
selected the signal peptide of LpP (or Braun’s Lipoprotein), a
structural lipoprotein that links the OM and the peptidoglycan
cell wall,60 and has been previously utilized in heterologous
expression of lipoproteins in E. coli to improve yield.31 The
LpP-NDM chimera showed dramatically improved OM
localization and was used for all subsequent purifications
(Figure 4A). Incorporation of a non-native signal peptide does
not alter the sequence of mature, lipidated NDM proteoform,
as the sequence following the lipidated cysteine is not affected
(Figures 1C and S2A). Compared with the initial conditions
where NDM was frequently only detectable in the OM-
enriched fraction by trace β-lactamase activity or Western blot,
the final conditions produced an OM-enriched fraction in
which the NDM-corresponding band on SDS-PAGE is the
second most abundant protein present in the outer membrane
fraction. It is likely that additional improvements can be made
to optimize lipoprotein yield. Notably, the NDM-sized band in
the IM-enriched fraction is of comparable size to the OM-
localized band, indicating that a significant amount of protein
remains in the inner membrane fraction. Potential targets for
future efforts include expanded signal peptide screening and
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alterations to promoter strength.31 Export via the Lol system
may be another bottleneck, although overexpression of this
system leads to the export of immature lipoprotein, presenting
an additional challenge.61 Nonetheless, we were able to achieve
purification yields of 5−6 mg of protein per gram of solubilized
OM, corresponding to roughly 1.6−2.0 mg of protein per liter
of cell culture.

Significance of Soluble Proteoforms. It is unclear
whether the soluble proteoforms of NDM found here and in
other studies reflect a naturally occurring proteoform or an
artifact of laboratory overexpression.19,58 Sequence analysis of
the NDM signal peptide does not suggest that it is optimized
for SpI cleavage (Figure S2, Table S3) while Zn binding data
presented here (Figure 7), and in vivo studies show lipidation
imparts a significant fitness advantage.13,28 This advantage is
particularly apparent under Zn limiting conditions which are
proposed to be the primary force driving metallo-carbapene-
mase evolution.62,63 The soluble proteoforms detected here
may thus simply be an artifact of heterologous overexpression,
which has been shown to result in accumulation of inner
membrane localized prelipoprotein species.30 These accumu-
lated species may be susceptible to off-target processing by SpI
due to the alanine-rich region found in the NDM signal
peptide. Off-target activity by SpI of a poorly optimized
substrate may also explain the nonhomogeneous cleavage
pattern of soluble proteoforms, where the calculated N-termini
of the soluble proteoforms align to an alanine-rich region, only
proteoform D, (Figure 3C) aligns to a canonical SpI
recognition site with alanine at the −1 and −3 site, though
SpI is able to accept a variety of small polar residues at −1 and
−3 sites.44,45 Additional studies that characterize proteoform
ratios following expression driven by the native promoter
found in the blaNDM gene may be needed to further probe the
biological relevance and origin of soluble NDM proteoforms.

Nanodisc Characterization. Light scattering analysis of
purified NDM-CyclAPol nanodiscs shows a monodisperse
species with an estimated molecular weight of 311 kDa,
consistent with what is estimated from native PAGE with
molecular weight standards. DLS analysis indicates that the
NDM-containing nanodiscs have a diameter of 40.8 nm.
Synthetic nanodisc diameters range from 5 to 60 nm and are
highly variable and dependent on polymer: membrane ratios,
membrane composition, and solubilization conditions.49

Particularly, the impact of the unique lipid composition of
the Gram-negative outer membrane on nanodisc size remains
unexplored.

Mass Spectrometry. The nanodisc-bound fraction of
NDM-1 was analyzed by mass spectrometry (MS) to
determine the molecular weight of lipidated NDM-1 (Figure
S4). MS was previously used to study lipidated NDM-1 using
collisional activation,64 a similar approach was used in the
current study involving UVPD. Two major proteoforms
(28277 and 28304 Da) were measured (Figure 5), and each
proteoform was subjected to ultraviolet photodissociation
(UVPD) and proton transfer charge reduction (PTCR) to
characterize the primary sequence features of the lipidated
NDM-1 species. UVPD provided extensive sequence coverage
of both proteoforms (67% for the C16:0/C16:1 and 64% for
the C16:0/18:1 species, respectively) (Figure S5), including
fragment ions originating from cleavage adjacent to the N-
terminal cysteine for each proteoform. These fragment ions
containing the cysteine residue (bearing a mass shift of +786 or
+814 Da) were isolated and subjected to collisional activation

(via HCD), providing insight into the identities of the acyl
chains attached to the N-terminal cysteine of each proteo-
form.63 The molecular weights of the acyl chains identified by
this multistage UVPD/PTCR/HCD approach are consistent
with modification by a mixture of C16 and C18 saturated/
monounsaturated lipids, the most widely observed lipids found
in bacterial lipoproteins.16 The acyl chains appended to
bacterial lipoproteins are ultimately derived from inner
membrane phospholipids, as such the lipid identity of BLPs
is reflective of the inner membrane lipid composition.65

Enzyme Characterization. Comparison of the steady-
state kinetic parameters of nanodisc-bound NDM-1 with
existing data for soluble NDM-1 indicates that membrane
binding has minimal effects on β-lactam hydrolysis. Lipidated
NDM retains the broad substrate profile that is typical of
metallo-carbapenemases, processing β-lactams of the three
most widely used classes (penams, cephems, and carbape-
nems) (Table 3). Compared with the soluble construct,
lipidated NDM-1 displays less difference in activity between
penams (penicillin-G and ampicillin) and carbapenems
(meropenem, imipenem). The Km and kcat values are an
order of magnitude lower for cephems (cephalexin, cefaclor)
although the reported kcat/Km values are on the order of 106

M−1 s−1 unlike the 107 M−1 s−1 values reported for soluble
NDM-1. Different active site interactions are involved in the
binding of each β-lactam class, minor structural perturbations
or changes in protein flexibility may account for differences in
kinetic parameters between lipidated and soluble NDM-1
which differ by substrate class.66

In vivo studies of full-length NDM have suggested that
membrane binding improves enzyme stability under zinc
starvation conditions. Studies comparing NDM with related
MBLs indicate that lipidated NDM displays improved stability
in vivo compared with VIM, IMP, and synthetic soluble NDM
proteoforms, including in the presence of calprotectin, a
neutrophil secreted chelating protein involved in nutritional
immunity.13,33 Similarly, in vitro characterization of NDM
variants 1−17 demonstrates a progressive increase in Zn
affinity, indicating that Zn affinity is the primary factor driving
the evolution of NDM.62,67 Measurements of MBL Zn affinity
values are complicated by differences in conditions and
techniques across studies, which even results in uncertainty
of the mode of Zn binding.68−70 and the potential for facile
movement of metal ions between the Zn-1 and Zn-2 binding
sites in mono-Zn species,71 although this has not been
demonstrated in NDM, we cannot unequivocally rule out the
presence of NDM species other than the putative mono-Zn
species with Zn at the Zn-1 site. Comparison of Zn affinity in
this study is thus limited only to other data collected using this
same technique.29 We find that purified lipidated NDM-1
binds Zn-2 4x tighter, with a Kd of 250 nM compared to 1.0
μM for the soluble construct. For NDM-15, a similar
relationship is observed, with lipidated NDM-15 binding Zn-
2 with a Kd of 55 nM compared to 300 nM for the soluble
variant (Table 5).13,27 These results support the hypothesis
that selective pressure for activity and stability at low Zn
concentrations is the primary factor driving the evolution of
NDM clinical variants.

Despite the observed improvement in zinc affinity, lipidated
NDM-1 exhibits reduced thermostability compared with
synthetic soluble truncation. Lipidated NDM-1 displays a Tm
of 58.6 ± 0.1 compared with 61.3 ± 0.1 for the soluble
construct. In contrast, lipidated NDM-15 displays increased
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thermostability vs the soluble construct, with a Tm of 77.4 ±
0.4, 8° higher than soluble NDM-15 (Table 6). The Tm we
report for soluble NDM-1 is several degrees higher than has
been previously reported, while the Tm we report for nanodisc
NDM is comparable with previously reported soluble
values.29,72 Thermostability may not properly capture the
impact of lipidation, which has been shown to improve protein
half-life in vivo as well as resistance to proteolytic degradation
following demetalation in vivo.13,27 A possible mechanism
behind both the improved Zn affinity reported in this study
and improved stability reported in vivo is a proposed network
of electrostatic interactions between surface exposed residues
of NDM and the phosphate head groups of the lipid surface
play a role in orienting and stabilizing lipidated NDM.27,28

Future studies will further elucidate these electrostatic
interactions.

Comparison of NDM-1 and NDM-15. It has been
proposed that in addition to evolution for improved Zn
binding, NDM clinical variants have gained function as mono-
Zn enzymes with NDM-15 having the highest mono-Zn
activity.29 Monozinc MBLs are not unknown, B2 MBLs like
CphA are definitionally mono-Zn enzymes.73,74 However, B2
MBLs display key differences from B1MBLs like NDM with
regard to substrate profile, Zn coordination, and active site
conformation.75−77 Unlike the previous characterization of
NDM-15, we find no evidence that NDM-15 is active as a
monozinc enzyme (Figure 7). Monozinc samples of NDM-15,
both soluble and nanodisc-bound, display only trace activity
prior to zinc supplementation. Previous work on soluble
NDM-15 was conducted using a process that was demon-
strated to produce mono-Zn sample of soluble NDM-1(Table
4).19,29 However, the putative mono-Zn NDM-15 sample was
not measured for the Zn content prior to analysis. Repeating
this method, we found that the soluble NDM-15 sample
contained 1.4−1.6 equiv of Zn. Using our newly developed
mono-Zn preparation methods of continuously monitored
PAR chelation (for soluble NDM-15) or Chelex treatment (for
nanodisc NDM-15), we isolated NDM-15 samples that contain
between 0.95 and 1.05 equiv of zinc. These samples, in the
absence of exogenous Zn, show only trace activity that can
easily be explained by ∼ 5% of the sample still being in the di-
Zn form. Future studies probing the characteristics of mono-
Zn NDM may incorporate EPR spectroscopy to further
characterize the active site of the inactive mono-Zn form.29 We
propose that NDM-15 is not active as a mono-Zn enzyme but
is a canonical B1 MBL that has evolved a higher affinity for Zn-
2 compared to other NDM variants, with a reported Zn-2 Kd of
300 nM for the soluble variant and 55 nM for the nanodisc-
bound variant (Figure 7).

■ CONCLUSIONS
Our biochemical characterization of nanodisc-bound lipidated
NDM is consistent with the hypothesis that lipidation and
membrane anchoring improves fitness under zinc-limiting
conditions, representing an adaptation to the conditions
imposed by nutritional immunity during infection.20,33,34 We
found improvement in Zn binding imparted by lipidation
enhances the affinity for the crucial Zn-2 ion 4-fold in NDM-1
and 6-fold in NDM-15, which contains the most widely
conserved mutations found in NDM clinical variants. We also
found that NDM-15 is active only in the di-Zn form, consistent
with its classification as a canonical B1 metallo-β-lactamase.
Lipidation has a less consistent impact on thermostability, with

lipidated NDM-1 displaying moderately reduced thermo-
stability compared to that of soluble truncation. In NDM-15,
lipidation is found to improve thermostability by 8 degrees.
Lipidation has previously been shown to improve stability in
vivo by improved resistance to proteolytic degradation,
indicating that thermostability may not fully model the impacts
of lipidation on stability. Future studies will leverage the
retention of the native membrane environment afforded by
synthetic nanodiscs to probe the impact of lipidation on
stability of the mono-Zn proteoform and the potential role that
proposed electrostatic interactions between the anionic
phosphate head groups of outer membrane lipids and
positively charged residues in the globular region of NDM.
The role of these proposed electrostatic interactions in
stabilizing both the active dizinc form and the inactive
monozinc form will be probed.

NDM is the only known lipidated MBL found in pathogenic
bacteria, but it is likely not unique among the MBLs.
Metagenomics analysis suggests that numerous putative
lipidated MBLs are present in soil microbes.13 A BLAST
search of the NCBI protein databank using NDM-1 (NCBI
Protein database Accession # CAZ39946) returns 293
uncharacterized MBLs which are predicted to be lipidated by
SignalP.78 A substantial reservoir of novel lipidated MBLs
likely exists. Of note is the recently described Alcaligenes
faecalis-derived MBL (AFM).79,80 Though not characterized in
existing studies, AFM contains a predicted lipidation signal
peptide (Figure S2, Table S3). AFM displays high sequence
identity (85%) with NDM-1, rising to 90% after cleavage at the
predicted lipobox, by comparison, VIM and IMP have a
maximum of 32% sequence identity with NDM. Point
mutations found in NDM clinical variants are also observed
in all AFM variants, (Figure S8), indicating a possible recent
origin from NDM. In addition to metallo-β-lactamases a recent
study indicates that lipidation is widespread in class-D Serine-
β-lactamases, with 60% Class-D enzymes variants including
clinically relevant carbapenem hydrolyzing Oxacillinase (OXA)
variants being identified as lipoproteins.81 The emergence of
new lipidated β-lactamases in the clinic, along with the
existence of hundreds of uncharacterized putative lipidated
MBLs highlights the need for continued study of the functional
impact of lipidation on metallo-β-lactamase activity to account
for evolutionary trends in antibiotic resistance and ensure
informed development of future β-lactamase inhibitors. This
work provides the foundation for these studies as well as a
workflow for the use of synthetic nanodiscs to study other
bacterial lipoproteins.
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NDM, New Delhi metallo-β-lactamase; NDSF, nanodiffer-
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carbapenemase; IM, inner membrane; OM, outer membrane;
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phoresis; SMALP, styrene-maleic acid-like lipid particles; VIM,
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