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1 | INTRODUCTION
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Abstract

Physiological conditions in living cells are strictly regulated to allow, optimize, and
coordinate biological processes. The bacterial cell envelope is the compartment
where the communication with the external environment takes place. This involves
membrane proteins, key players in many biological processes that ensure bacterial
survival. The biochemical characterization of membrane proteins, either integral,
lipidated or peripheral is challenging due to their mixed protein-lipid nature, making
it difficult to purify and obtain considerable amounts of samples. In contrast to inte-
gral membrane proteins, lipidated proteins are usually purified as truncated soluble
versions, neglecting the impact of the membrane environment. Here we report a sim-
ple and robust protocol to characterize bacterial lipidated proteins in spheroplasts
from Escherichia coli using a (-lactamase as a model. The Metallo-p-lactamase
NDM-1 is an enzyme anchored to the inner leaflet of the outer membrane of Gram-
negative bacteria. Kinetic parameters and stability of the lipidated NDM-1 and the
soluble unbound version (NDM-1 C26A) were measured in spheroplasts and peri-
plasm, respectively. These studies revealed that membrane anchoring increases the
Ky of the enzyme, consequently decreasing the catalytic efficiency, while not affect-
ing its kinetic stability. This approach can be used to characterize lipidated proteins
avoiding the purification step while mimicking its native environment. This approach

also helps in filling the gap between in vitro and in vivo studies.

KEYWORDS

bacterial outer membrane, kinetic stability, lipidated proteins, lipidic environment, spheroplasts

Biological membranes are dynamic cellular envelopes
resulting from a complex network of proteins and lipids. The

Biological environments have a large impact in protein fold-
ing, stability and function.' Consequently, proteins are
highly sensitive to environmental influences.” The choice of
the optimum conditions for the in vitro characterization of a
protein is challenging, since they may fail in reproducing
accurately the native environment.> This situation is fur-
ther aggravated in the case of membrane-bound proteins,
since the membrane lipids strongly condition their structure,
dynamics, and function.®™

integrity of these membranes is mainly governed by lipid—
lipid, protein—lipid, and protein—protein interactions.'® These
membranes have diverse lipid compositions and are active
participants in essential biological processes.'' The outer
membrane of Gram-negative bacteria is the first of the three
layers that surround the bacterial cytoplasm.'? This bilayer is
highly asymmetric: the inner leaflet is mainly built by various
species of phospholipids, while the outer leaflet is largely
composed of lipopolysaccharides (LPS).'? Different bacterial
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species indeed display a large chemical heterogeneity in their
membrane composition, specially adapted to the specific liv-
ing habitats. "

Biological processes taking place in the bacterial cell enve-
lope are mainly related to the communication of the cell with
the external medium, which includes sensing and providing
feedback to external conditions.'? Proteins located within the
bacterial cell envelope, including integral membrane proteins,
lipidated proteins, peripheral membrane proteins, and soluble
proteins, play key roles in these communication events.'>'*
Lipidated proteins are anchored to biological membranes
through a lipid moiety covalently bound to their N-termini
and represent 2-8% of the total predicted proteome in
bacteria.'>™"’

The biochemical characterization of membrane proteins
is challenged by its mixed protein—lipid nature, making it
difficult to purify considerable amounts of protein. Lipidated
proteins are generally studied in their truncated soluble
variants lacking the lipid moiety,"®'® but this approach over-
looks the cellular localization of these proteins, and the
impact of the membrane interface.

We have recently reported that New Delhi Metallo-
B-lactamase-1 (NDM-1) is a lipidated protein anchored to the
inner leaflet of the outer membrane of Gram-negative bacte-
ria, in contrast to all characterized Metallo-p-lactamases
(MBLs) which are soluble proteins located in the periplasmic
space of these bacteria.’ Thus, we chose NDM-1 as a model
lipoprotein to optimize a system that mimics the membrane
environment and is amenable for performing biochemical
studies.

Here we used spheroplasts from Escherichia coli, a fre-
quent host of NDM-1, as a mimic of an in vivo system to
characterize NDM-1 and analyze the effect of its cellular
localization. Spheroplasts are bacterial cells lacking its pepti-
doglycan wall and with a permeabilized outer membrane that
allows the free diffusion of different types of molecules into
the periplasmic space.”’ In this work, we report two protocols
to evaluate the activity and kinetic stability of NDM-1. Sphe-
roplasts expressing lipidated NDM-1 and periplasm extracts
expressing its soluble version were studied to assess the
impact of lipidation in the activity and stability of NDM-1.

The spheroplasts' system, together with protocols to study
the activity and kinetic stability of the lipidated MBL NDM-1
reported in this work, can be easily adapted to study other pro-
teins located within the bacterial cell envelope. This system
also allows the comparison of membrane proteins, located
either in the outer or internal membrane of Gram-negative
bacteria, with their soluble isoforms or with engineered
variants designed in the laboratory. Mimicking the native
environment of the membrane proteins without the need of
purification allows performing medium-throughput biochemi-
cal characterizations of membrane proteins.
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2 | RESULTS

2.1 | Spheroplasts as a system to characterize
lipidated proteins

In order to devise an experimental protocol to study a
lipidated enzyme in spheroplasts, we chose the following
enzymes: the MBL NDM-1 (anchored to the outer membrane
of Gram-negative bacteria), NDM-1 C26A (a mutant that
lacks the lipidation site and is expressed as a soluble enzyme
in the periplasm of E. coli)*® and the allelic variant NDM-8'®
(Figure 1). The latter is a natural variant reported in the clinic,
also anchored to the outer membrane of Gram-negative
bacteria, previously reported to be more stable than NDM-1

in vitro.'®

The genes coding for these enzymes were cloned with
their peptide leaders in a plasmid designed for the controlled
expression of MBLs.?® This system allows the induction of
MBL expression with IPTG, in such a way that the enzymes
are expressed at levels similar to those found in clinical
strains with their native promoter, avoiding artifacts due to
overexpression.
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FIGURE 1 Localization of NDM-1, NDM-1 C26A and NDM-8

in the periplasm of Escherichia coli. The New Delhi Metallo-B-lactamase
(NDM-1) has a lipobox sequence in its N-terminal, which is recognized
by the lipidation machinery of Gram-negative bacteria. After being
lipidated NDM-1 is directed to the inner leaflet of the outer membrane.
The soluble variant (NDM-1 C26A) was engineered in the laboratory by
mutating the essential Cys of the lipobox that is modified by lipidation.
This mutation results in a periplasmic soluble MBL. The clinical variant
NDM-8 is a double mutant: D130G-M154L (mutations, shown as pink
spheres), which conserves the lipobox and is anchored to the outer
membrane as well as NDM-1. OM, outer membrane, IM, inner
membrane, PG, peptidoglycan
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FIGURE 2  Spheroplasts of Escherichia coli remain intact in the -
experimental conditions and conserve their cellular compartments. =
(a) Cryo-TEM image of E. coli spheroplasts. E. coli spheroplasts were ® NDM-1
observed by Cryo-TEM to assess the integrity of their cellular 0,11 O NDM-8
compartments. Both membranes and the periplasmic space between W NDM1 C26A
them can be distinguished in the image. (b) E. coli spheroplasts were
incubated in the experimental buffers for 15 min or 2 hr depending the 0.0

duration of each experiment. After centrifugation, the pellet fraction
(P) containing the spheroplasts and the supernatant fraction (SN) of
each preparation were analysed by Western Blot using primary
antibodies for RNA polymerase-a (RNApol). In both preparations
RNA-polymerase was detected only in the pellet fraction confirming
the integrity of spheroplasts in the experimental buffer conditions

E. coli spheroplasts expressing the proteins of interest were
obtained by treatment of cells with lysozyme.>® The quality of
the spheroplasts was assessed by Cryo-TEM (Figures 2a, and
S1). Microscopy images account for the integrity of the sphe-
roplasts, disclosing the presence of the outer membrane and
the periplasmic space. Then we evaluated the stability of
spheroplasts in the buffers used for activity and stability
assays along the experimental time. Spheroplasts integrity
was assessed by immunoblotting of cytosolic RNA-polymer-
ase. The Western blots showed in Figure 2b confirm that
spheroplasts were not damaged in the experimental conditions
as RNA-polymerase was only found in the pellet containing
the spheroplasts, and was not released to the medium.

2.2 | Activity measurements in spheroplasts

We obtained spheroplasts of E. coli cells expressing NDM-1
and NDM-8, and periplasmic extracts of E. coli cells
expressing the soluble variant NDM-1 C26A. Spheroplasts/
periplasmic extracts were diluted in a buffer solution usually
employed for activity measurements of MBLs (see Materials
and Methods for details).

We determined the enzymatic parameters of NDM-1 in
spheroplasts toward three (-lactam antibiotics: imipienem,
piperacillin, and cefepime. They all followed a Michaelian
behavior, enabling an estimation of apparent V., and Ky
values (Figure S2a). The stability of the antibiotics and their
binding to other cellular components were tested by incubation
of each antibiotic with spheroplasts from cells that did not
express NDM-1. All antibiotics were stable and no hydrolysis
was observed [Figure S2(B)], allowing us to discard the possi-
ble hydrolytic activity of other endogenous beta-lactamase, or
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FIGURE 3 Michaelian curves obtained for NDM variants in
Escherichia coli spheroplasts and periplasmic extracts. Initial reaction
rates were measured with spheroplasts for NDM-1 and NDM-8, and
periplasmic extracts for NDM-1 C26A toward imipenem and fitted to
the Michaelis—Menten equation. Reaction conditions: 10 mM HEPES
pH 7.5, 200 mM NaCl, 5 mM ZnSO, at 30°C

irreversible binding to PBPs. To discard the non-specific bind-
ing of the antibiotics to other cellular components, we also
measured the effective concentrations of the antibiotics after
being incubated with spheroplasts. The concentration of
imipenem decreased by only 5%, while the concentrations of
piperacillin and cefepime remained unaltered. These experi-
ments indicate that the observed hydrolysis is exclusively due
to the presence of NDM-1 in the spheroplasts.

The enzymatic parameters of the three enzymes toward
imipenem are shown in Figure 3 and Table 1. Protein con-
centrations in spheroplast/periplasmic extracts were deter-
mined by Western Blot assays employing specific antibodies
against NDM-1 and an internal calibration curve performed
with known quantities of the purified recombinant enzyme
(Figure S3). This allowed us to estimate apparent k., values
for each enzyme (Table 1). The concentration of enzymes
was between 5 and 20 nM, thus ensuring pseudo first-order
kinetics.

The calculated kinetic parameters of the soluble NDM-1
C26A variant in periplasmic extracts are very similar to those
previously reported for the recombinant soluble enzyme.'®**
Both membrane-bound variants in spheroplasts (NDM-1 and
NDM-8) were active against imipenem, showing Ky, values
that reveal that the substrate can easily reach the enzymes
in spheroplasts, validating the employed approach. Soluble
NDM-1 C26A displayed lower Ky; and higher k., values
than the lipidated NDM-1, and similar to the recombinant sol-
uble enzyme, resulting in a fourfold more efficient enzyme
for imipenem hydrolysis. Overall, the current data suggests
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TABLE 1 Kinetic parameters of NDM variants t (min) 0 5 10 20 40 60 80 100 120
Kead Kyt ©® NDM-1
ket 67)  Kn (M) 7' pM™
NDM-1 (spheroplasts) 280 £63 270+30 1.0+03 O NDM-1 C26A
NDM-8 (spheroplasts) 260 +52 250+50 1.0+04 ¥ NDM-8
NDM-1 C26A (periplasm) 340 +46 110+20 3.1 +09
NDM-1 (recombinant)® 570 +30 150+30 4.0+1.0 1.2 1 t
NDM-1 (recombinant)’ 600 814 716 @ NDM-1 51+08
1,0 § O NDM-1C26A 4403
NDM-8 (recombinant)® 54 20+ 3 2.9 V¥ NDM-8 125+19
Note: The activity of NDM-1, NDM-8 and NDM-1 C26A against Imipenem was §
measured in spheroplasts or in periplasmic extracts, according to the enzyme g
localization. The enzymes displayed a Michaelis—Menten behavior which g
allowed the determination of kinetic parameters (Figure 3). The values shown (7]
. - o
are the average of at least three independent determinations + SE. a
“Experimental condition: 10 mM HEPES pH 7.5, 200 mM NaCl, 20 pM ZnSO,,
20 pg/ml bovine serum albumin; 30°C.**
Experimental condition: 50 mM HEPES pH 7.2, 1 mg/ml BSA, 1 uM ZnSO,4
and 0.01% Triton X-100; 25°C."* . *
0 20 40 60 80 100 120

that membrane binding slightly impairs the catalytic effi-
ciency, mostly by increasing the Ky, value in both cases.

2.3 | Stability in spheroplasts

Protein stability is usually determined in purified enzymes
using different biophysical techniques that monitor the impact
of external perturbations such as temperature, pressure or the
action of chaotropic agents on protein folding, providing ther-
modynamic stability data.”> However, the biological function
within the cell requires also kinetic stabilization, which means
that the protein needs to remain in the native state during the
biologically-relevant time-scale.”> Proteins can explore differ-
ent conformations in crowded intracellular environments; some
of them being unstable and as such susceptible to aggregation
or degradation by proteases, among other phenomena.”> We,
therefore, designed a protocol to evaluate the protein kinetic
stability by exposing the spheroplasts containing the lipidated
proteins (or the periplasmic extracts) to a protease, a common
phenomenon to which proteins are exposed inside the cells.
Local fluctuations of the protein structure under native condi-
tions, that is, without addition of a denaturant, can lead to con-
formations that are more susceptible to proteolysis.”® Thus,
this approach allows obtaining information of the protein
kinetic stability in native condition. Proteolysis was followed
by quantitating the remaining amount of protein by immuno-
blotting after addition of the protease.

Proteinase K (PK) was added to spheroplasts preparations
expressing each NDM variant at a final concentration of
0.75 mg/ml. Protein degradation was monitored for 120 min
and the proteolysis reaction was stopped by addition of the
protease inhibitor PMSF. The amount of intact protein at dif-
ferent times was quantified by immunodetection with specific

Time (min)

FIGURE 4 Membrane localization does not protect NDM-1 from
proteinase K degradation. Degradation of the three NDM variants in
spheroplasts or in periplasm after the addition proteinase K was followed
by Western Blot. The half-life lives (t;,) of each variant were determined

by fitting the curves to an exponential decay: P = Pye™™"

, and then
calculated from: t;» = In(2)/A. These results correspond to the average of

at least three independent determinations + SE

antibodies against NDM-1. The degradation phenomenon was
fitted to an exponential decay curve which allowed an estima-
tion of the half-life time (t;;;) for each protein. NDM-1 and
NDM-1 C26A displayed similar t;,», values within the experi-
mental error (Figure 4). These results evidence that membrane
anchoring does not increase the kinetic stability of NDM-1. In
contrast, the clinical variant NDM-8 showed a threefold
increase t, value (Figure 4).

3 | DISCUSSION

There is plenty of evidence about the effects of cellular envi-
ronments on protein function and the need to take them into
account while performing in vitro studies.'™ Here we report a
simple and robust protocol to characterize bacterial lipidated
proteins in spheroplasts from E. coli DHS5a using a
p-lactamase as a model. There are several advantages in this
approach. For instance, E. coli DH5a is one of the most popu-
lar and widely used laboratory strain, and is sensitive to anti-
biotics, allowing the introduction of different plasmids
conferring resistance. In addition, spheroplasts are easy to
obtain, they retain both membranes after murein digestion and
they are stable under the assayed experimental conditions.
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Despite the loss of peptidoglycan and periplasmic compo-
nents, this system retain the complete membrane environment
(including native lipid rafts and other membrane proteins) ren-
dering a system with conditions close to the native ones. In
spheroplasts, substrate molecules freely diffuse into the peri-
plasm, thus overriding the transit throughout the outer mem-
brane in entire cells, and enabling the determination of Ky,
values that are within the same range of those measured in
purified enzymes and in periplasmic extracts, which validates
this approach.?! Moreover, this system also enables determi-
nation of the kinetic stability by exposing the assayed enzyme
to a commercial protease.

The enzymatic activities in spheroplasts displayed a
Michaelis—Menten behavior (Figure 3, S2), which allowed
us to determine apparent kinetic parameters for each variant.
We report that membrane anchoring decreases the catalytic
efficiency by a factor of 3—4, mostly due to an increase in
the Ky, values (Table 1). This difference allows us to
hypothesize that the active site of the soluble variant is more
accessible, while for the lipidated one, the proximity to the
membrane may impair substrate binding. These results are in
agreement with the observation that membrane binding
decreases the Minimum Inhibitory Concentration (MIC) in
NDM-1."%2% A comparison of the hydrolytic parameters of
NDM-1 and NDM-8 both in the soluble and in the
membrane-bound forms reveals that substitutions D130G
and M154 L do not improve the catalytic efficiency, in
agreement with previous reported data.'®

The kinetic stabilities were estimated by calculating a half-
life time for each enzyme upon exposure to proteinase K in
the periplasm and in spheroplasts. This approach revealed that
membrane-anchoring does not increase the kinetic stability of
NDM-1, while mutations present in the variant NDM-8 gives
rise to a substantial kinetic stabilization of the enzyme. NDM-
8 has also been reported to be more stable thermodynamically
than NDM-1."® We conclude that mutations D130G and
M154 L indeed give rise to a more stable scaffold; increasing
the thermal stability of NDM-1, while ensuring the kinetic
stability of the native enzyme conformation.

This approach can be applied to different systems, also
including integral or peripheral membrane proteins, and can
be exploited as a strategy for medium-throughput evaluation
of activity and stability parameters of multiple proteins in
their native membrane environments, avoiding the require-
ment of protein purification and providing bona fide data.

4 | MATERIALS AND METHODS

4.1 | Bacterial strains and reagents

E. coli DH5a was used for the expression of plasmid
pMBLe and biochemical studies. E. coli DHSa cells were

grown aerobically at 37°C in lysogeny broth (LB) medium
supplemented with gentamicin 20 pg/ml when necessary.
Chemical reagents were purchased from Sigma-Aldrich
(USA) and Proteinase K from Invitrogen (USA).

4.2 | Preparation of spheroplasts and
periplasmic extracts

Extraction of periplasmic proteins and spheroplasts was per-
formed as previously described.?® Briefly, 10 ml of E. coli
pMBLe-NDM cultures were pelleted and cells were washed
once with 20 mM Tris, 150 mM NaCl, pH 8.0. The washed
cells were suspended in 20 mM Tris, 0.1 mM EDTA, 20%
wt/vol sucrose, 1 mg/ml lysozyme (from chicken egg white,
Sigma-Aldrich, protein >90%), 0.5 mM PMSF, pH 8
(resuspension volume was normalized according to the for-
mula V = 100 pL x OD600 X V¢, where Vc is the starting
volume of culture sample), incubated with gentle agitation at
4°C for 30 min, and finally pelleted, with the periplasmic
extract in the supernatant. The pellet consisting of sphero-
plasts was washed in 20 mM Tris, 0.1 mM EDTA, 20%
wt/vol sucrose, pH 8 and suspended in the same volume of
this buffer. Western blots with antibodies detecting cytoplas-
mic RNA polymerase (BioLegend, 662903) were performed
as integrity controls for spheroplasts. For Cryo-TEM images
the spheroplast sample was spread in an EM grid and sub-
merged in liquid ethane (Plunge freezing technique). The
sample was analysed in a FEI Tecnai F20 Cryo.

4.3 | p-lactamase activity measurements in
spheroplasts and MBL quantification

B-lactamase activity was measured in a Jasco V-670 spectro-
photometer at 30°C in 10 mM HEPES, 200 mM NaCl pH 7.4,
5 pM ZnSO, for spheroplasts and periplasm, in 0.1 cm
cuvettes, using imipenem, cefepime, and piperacillin as sub-
strates. Antibiotic hydrolysis was monitored at 300 nm for
imipenem, 260 nm for cefepime and 235 nm for piperacillin.
The following differential extinction coefficients were used,
imipenem: Azgonm = —9,000 M~ em™, cefepime: Aeygonm =
—-10,000 M~'em ™' and piperacillin: Ags35,, =—820 M tem™.
MBL protein levels were determined by SDS-PAGE followed
by Western blot with NDM-1 antibodies at 1:1,000 dilution
from a 700 pg/ml solution (Instituto de Salud y Ambiente del
Litoral, ISAL, UNL-CONICET, Argentina) and immunoglobu-
lin G-alkaline phosphatase conjugates at 1:3,000 dilution
(Biorad, 1706520). Protein band intensities were quantified
from Nitrocellulose membranes with ImageJ software'® and
converted to protein amounts through a calibration curve con-
structed under the same experimental conditions with quanti-
fied recombinant NDM-1_A38.%
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The plots of the dependence of initial rates on substrate con-
centration were fitted to the Michaelis—Menten equation using
SigmaPlot 12.0. Reported kinetic parameters correspond to the
average of at least three determinations with independent sphe-
roplasts or periplasm preparations. Imipenem and cefepime
were purchased from USP Pharmacopeia, and piperacillin was
purchased from Sigma.

4.4 | Evaluation of p-lactams stability in
spheroplasts and calculation of their effective
concentration

The hydrolysis of imipenem, cefepime and piperacillin in the
presence of spheroplasts not expressing NDM-1, that is, con-
taining the empty plasmid pMBLe, was assay to discard
unspecific hydrolysis by other cellular components. It was per-
formed in the same conditions as the activity measurements
described before, and was compared to the hydrolysis in the
presence of spheroplasts harboring the pMBLe-blanp.i
plasmid.

A fresh stock of each p-lactam antibiotic was prepared and
quantified. Then, different amounts of each antibiotic (below,
around and above the Ky, value) were incubated with sphero-
plasts containing empty pMBLe, which were then harvested
by centrifugation at 10,000 rpm during 2 min. The antibiotic
present in the supernatant was quantified and compared with
a negative control in the absence of.

4.5 | Evaluation of kinetic stability by limited
proteolysis in Spheroplasts

Spheroplasts expressing NDM-1, NDM-8 and NDM C26A
were suspended in buffer 10 mM Tris, 5 mM CaCl2, pH 8
and treated with 0,75 pg/ml of proteinase K (PK) in ice. Ali-
quots were taken at different times during 2 hr, the reaction
was quenched with 5 mM PMSF. MBL remaining protein
levels after PK treatment, were determined by SDS-PAGE
followed by western blot with NDM-1 antibodies at 1:1,500
dilution from 700 pg/ml solution and immunoglobulin G-
alkaline phosphatase conjugates at 1:3,000 dilution (Biorad,
170-6520). Protein band intensities were quantified from
Nitrocellulose membranes with ImageJ software.”®

Calculation of t;,. Curves adjust to an exponential
decay: P=Pge™", being Py: initial amount of protein,
P: amount of protein at time t, and A: decay constant. The
half-life time (t;,,) can be expressed in terms of the decay
constant as following: t;, = In(2)/A.
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