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Abstract

Intramembrane metalloproteases are conserved in all three domains of life and regulate cellular signal transduction by
cleaving membrane-anchored precursors or regulators of transcription factors. Bacterial intramembrane metalloproteases
are promising targets for antimicrobial drugs as they are implicated in pathogenicity and drug resistance. Understanding the
properties of intramembrane metalloproteases, particularly their interactions with zinc and inhibitors, is important for drug
development. While native mass spectrometry (MS) is effective for studying intermolecular interactions, its application to
membrane proteins, including intramembrane metalloproteases, presents a unique challenge for preserving noncovalent
interactions in the gas phase due to their hydrophobic nature. In this study, we utilized native MS to investigate zinc and
inhibitor binding to two bacterial intramembrane metalloproteases, Escherichia coli RseP (EcRseP) and its ortholog from
Kangiella koreensis (KkRseP). Intact protein ions were successfully observed following optimized purification and buffer
exchange protocols. Native MS revealed zinc binding to both orthologs, with EcRseP exhibiting higher affinity. In the pres-
ence of batimastat, a specific EcRseP inhibitor, both RseP orthologs formed stable complexes, demonstrating batimastat
binds exclusively to zinc-bound RseP. These results demonstrate the ability of native MS for characterizing membrane protein
interactions and highlight its potential as a platform for identifying specific binding events, thereby extending its established
application with soluble proteins.

Keywords Native mass spectrometry - Membrane proteins - Protein—inhibitor complex - Bacterial intramembrane protease -
Metal binding

Introduction from bacteria to humans, play a central role in this process

[1-3]. Upon signal perception, these proteases cleave sub-

Membrane proteins are critical mediators of signal trans-
duction between intracellular and extracellular environ-
ments. Intramembrane proteases, evolutionarily conserved
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strate proteins/peptides, releasing signaling molecules, such
as transcription regulators and secreted proteins, from the
membrane [1-3]. Bacterial RseP, an intramembrane metal-
loprotease found in the Escherichia coli (E. coli) inner mem-
brane, is implicated in the extracytoplasmic stress response
and the removal of remnant signal peptides from secreted
proteins [4-9]. RseP-mediated proteolysis is vital for E. coli
survival, and its deletion is lethal [4]. Furthermore, RseP
homologs in bacterial pathogens have been implicated in
infection and persistence, leading to the development of
multidrug resistance [10]. Consequently, understanding the
mechanism of RseP function is crucial for the development
of antimicrobial drugs targeting intramembrane metallo-
proteases in pathogenic bacteria. Based on this strategy,
we previously determined the crystal structures of E. coli
RseP (EcRseP) and Kangiella koreensis RseP (KkRseP)
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complexed with inhibitors, providing valuable structural
insights [11].

In the present study, we utilized native mass spectrometry
(MS) to characterize zinc and inhibitor binding to two bacte-
rial RseP orthologs, EcRseP and KkRseP, because native MS
is a promising platform for characterizing noncovalent inter-
actions [12—15]. For example, we previously demonstrated
its ability to selectively identify methotrexate, a specific
inhibitor of dihydrofolate reductase (DHFR), from a mixture
of eight candidate compounds, even in crude environments
[16]. While native MS has been successfully applied to sol-
uble proteins, the analysis of membrane proteins presents
distinct challenges. Typically, membrane proteins are solu-
bilized in micelles, purified, and then analyzed using MS
[17, 18]. Although the molecular mass of an intact protein
can be determined by removing only the micelle components
during native MS, this process often requires substantial
energy input. Minimizing energy input is crucial to prevent
protein denaturation. Consequently, detergents with lower
stabilizing abilities, while disadvantageous for purification,
are preferred for native MS [19]. To address this inherent
conflict, membrane proteins are often purified using highly
stabilizing detergents and subsequently subjected to deter-
gent exchange for a more easily removable detergent prior
to MS [20]. Furthermore, harsh MS conditions can compro-
mise membrane protein integrity, hindering the acquisition
of native mass spectra. Maintaining intact membrane pro-
tein—drug complexes during native MS requires meticulous
optimization of sample preparation and measurement condi-
tions, making this analysis particularly challenging [21-23].

Although challenging, this study investigated zinc and
inhibitor binding to bacterial intramembrane metalloprotease
RseP orthologs, EcRseP and KkRseP, using native MS. The
crystal structures of these proteins have been determined
only for the inhibitor-bound forms [11]. Following expres-
sion and purification of these two proteins from an E. coli
overexpression system, we optimized detergent conditions
for native MS. We then explored native MS parameters for
both intact RseP and RseP—inhibitor complexes. Through rig-
orous experimentation, we successfully characterized these
orthologs using native MS. Considering prior biochemical
analyses that revealed differences in protease activity between
these RseP orthologs [11], we also discuss their behavior in
native MS and the relationship to their enzymatic activity.

Materials and methods
Chemicals
The detergent [G1]-ether-C12 (G1) was synthesized as

previously reported [23, 24]. Sucrose monolaurate (SM)
and n-dodecyl-N,N-dimethylamine N-oxide (DDAO) were
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purchased from Anatrace (Maumee, OH). Tetraethylene
glycol monooctyl ether (C8E4) was obtained from Sigma-
Aldrich (St. Louis, MO). All the other chemicals were pur-
chased from Nacalai Tesque (Kyoto, Japan).

Preparation of EcRseP

EcRseP was prepared basically as described previously
[11]. Briefly, the DNA sequence encoding EcRseP, fused
to a C-terminal sequence containing a TEV cleavage site,
Hisg-tag, Myc epitope, and PA-tag, was inserted into a
pUC118-based plasmid, designated pNY1452. Protein
sequences are shown in Figure S1. The plasmid pNY 1452
was transformed into E. coli C43(DE3) (Lucigen, Middle-
ton, WI), and EcRseP expression was induced by 0.5 mM
isopropyl-p-D-1-thiogalactopyranoside (IPTG). E. coli cells
were cultured in LB medium [Bacto Tryptone (10 g/L), yeast
extract (5 g/L), and NaCl (10 g/L), without pH adjustment] at
30 °C for approximately 3.5 h. The cells were harvested and
sonicated in 20 mM Tris—HCI (pH 7.4), 150 mM NaCl, and
0.1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochlo-
ride (AEBSF) on ice. The lysate was centrifuged at 8400 g,
and the supernatant was ultracentrifuged at 200,000 g at 4 °C.
The membrane fraction (pellet) was resuspended in 20 mM
Tris—HCI (pH 8.0), 150 mM NaCl, and ultracentrifuged again
at 257,000 g at 4 °C. The resulting membrane pellet was
resuspended in 20 mM Tris—HCI (pH 8.0), 150 mM NacCl,
and mixed with an equal volume of 20 mM Tris—HCI (pH
8.0), 150 mM NaCl, 10% glycerol, 0.1 mM AEBSF, and 2%
SM to solubilize the protein. The protein was purified by affin-
ity chromatography using Sepharose resin conjugated to the
NZ-1 antibody, specific for the PA-tag sequence (GVAMP-
GAEDDVYV) (PA tag system). Elution of EcRseP was per-
formed with 20 mM Tris—HCl (pH 8.5), 150 mM NaCl, 10%
glycerol, 5 pM Zn(OAc),, 0.032% SM, and 0.1 mg/mL PA12
peptide (GVAMPGAEDDVYV). Eluted fractions were col-
lected, and the C-terminal tag region was removed by TEV
protease digestion. Tag-removed EcRseP was purified by
size-exclusion chromatography using a Superdex 200 Increase
10/300 GL column (Cytiva, Marlborough, MA). The protein
was eluted with 20 mM Tris—HCI (pH 8.5), 150 mM NaCl,
10% glycerol, 5 pM Zn(OAc),, and 0.032% SM.

Preparation of KkRseP

KkRseP was produced as a PA-tagged protein. Briefly, the
DNA sequence encoding KkRseP, fused to a C-terminal tag
containing a Myc epitope and PA-tag, was inserted into an
expression plasmid. Protein sequences are shown in Figure S1.
The prepared plasmid, designated pNY 1459, was transformed
into E. coli C43(DE3), and KkRseP expression was induced
with 0.5 mM IPTG. E. coli cells were cultured in LB medium
at 15 °C for approximately 18 h. Cells were harvested and



Characterization of two orthologs of bacterial intramembrane metalloprotease RseP by native...

sonicated in 20 mM Tris—HCI (pH 7.4), 150 mM NacCl, and
0.1 mM AEBSF on ice. The lysate was centrifuged at 8400 g,
and the supernatant was ultracentrifuged at 200,000 g at 4 °C.
The membrane fraction (pellet) was resuspended in 20 mM
Tris—HCI (pH 8.0), 150 mM NaCl, and was ultracentrifuged
again at 257,000 g at 4 °C. The resulting membrane pellet was
resuspended in 20 mM Tris—HCI (pH 8.0), 300 mM NaCl, 10%
glycerol, and 0.1 mM AEBSF, and mixed with an equal volume
of 20 mM Tris—HCI (pH 8.0), 300 mM NaCl, 10% glycerol,
0.1 mM AEBSF, and 2% SM to solubilize the protein. The pro-
tein was purified by affinity chromatography using the PA-tag
system. Elution was performed with 20 mM Tris—HCI (pH 8.0),
300 mM NaCl, 10% glycerol, 5 pM Zn(OAc),, 0.032% SM, and
0.1 mg/mL PA12 peptide. Eluted fractions were collected, and
KkRseP was further purified by size-exclusion chromatography
using a Superdex 200 Increase 10/300 GL column. The protein
was eluted with 20 mM Tris—HCI (pH 8.0), 300 mM NaCl,
10% glycerol, 5 uM Zn(OAc),, and 0.032% SM.

Native mass spectrometry of RseP orthologs

For native MS measurements, the freshly prepared protein
solution was exchanged into 200 mM ammonium acetate (pH
7.4) containing DDAO, G1, or C8E4 using Micro Bio-Spin ™
6 columns (Bio-Rad, Hercules, CA) [19]. The detergent con-
centration was set to 2 X or 3 X CMC for DDAO and C8E4, and
equal to the critical aggregation concentration (CAC) for G1.
The concentrations of protein samples were measured after
buffer exchange. To prepare protein solutions with different
concentrations, the protein samples were serially diluted, and
the resulting solutions were subjected to native MS. The pro-
tein solution was then loaded into in-house prepared nanoelec-
trospray (nanoESI) emitters with an inner diameter of approxi-
mately 3 um, and the emitters were placed in a nanoESI source
on a SYNAPT G2 HDMS mass spectrometer (Waters, Milford,
MA). We optimized the capillary voltage (0.68—1.0 kV) and
collision voltage (25-60 V) to find the optimal conditions for
each detergent. Subsequently, the mass spectra were measured
using the parameters listed in Table S1. The sampling cone
voltage was set to 40 V, ion source temperature was 70 °C,
Ar gas flow rate was 3.0 mL/min, and backing pressure in
the source region was 5.0-5.5 mbar. The mass spectra were
processed using MassLynx v.4.2 software.

Results and discussion

Detergent selection for RseP native MS

In the established purification protocol of recombinant
RseP proteins for X-ray crystallography, EcRseP is puri-

fied in 0.05% SM micelles, while KkRseP is purified in
0.03% dodecylmaltoside (DDM)/0.006% cholesterol

hemisuccinate (CHS) micelles, both conferring high sta-
bility and functional preservation [11]. However, native
MS requires micelle removal, which may compromise
protein integrity, particularly for membrane protein—drug
complexes. This presents a challenge: crystallography
favors detergents that tightly bind and stabilize the protein,
whereas native MS demands easily removable detergents,
including DDAO, C8E4, and G1 (Figure S2). Initially,
we attempted native MS of EcRseP in SM micelles and
KkRseP in DDM/CHS micelles after the micelle exchange
to native MS compatible detergents. However, KkRseP in
DDM/CHS micelles exhibited resistance to exchanges into
DDAO, G1, or C8E4. This might have resulted due to dif-
ferences in micelle size, as DDM micelles are larger than
SM, and DDAO micelles are significantly smaller [19, 25,
26]. This suggests that transitioning from larger to smaller
micelles is energetically unfavorable. Consequently,
KkRseP was purified in SM micelles in a similar manner
to EcRseP to facilitate compatibility with native MS.

In the present study, both EcRseP and KkRseP pre-
pared in the buffer with SM underwent buffer exchange
using size-exclusion spin columns into 200 mM ammo-
nium acetate solutions containing DDAO, G1, or C8E4
for subsequent MS analysis. DDAO is a zwitterionic sur-
factant characterized by a long C12 hydrophobic carbon
chain with a zwitterionic head group. C8E4 is a nonionic
surfactant consisting of a C8 hydrophobic carbon chain
linked to a tetraethylene glycol head group. Gl is also a
nonionic surfactant, designed and developed as an ideal
detergent for the native mass spectrometry of membrane
proteins, featuring a C12 hydrophobic carbon chain linked
via an ether oxygen to a branched ethylene glycol head
group. As shown in Fig. 1, DDAO yielded high signal-
to-noise ratios (S/N) mass spectra for both EcRseP and
KkRseP at approximately 2 pM. In contrast, C8E4 micelles
resulted in the lowest quality spectra. The optimal sam-
pling cone voltages and collision voltages varied among
the detergents, with C8E4 requiring the highest energy
input (Table S1). This suggests that the elevated energy
required for C8E4 removal may have contributed to RseP
degradation. While G1, a detergent specifically designed
for membrane protein analysis in native MS [24], previ-
ously demonstrated superior performance for intact $,AR
[23], DDAO proved to be more effective for RseP analy-
sis in this study. This discrepancy underscores the pro-
tein’s specific nature of detergent selection for native MS,
emphasizing the absence of universal rules [27].

Zinc binding to RseP orthologs

A zinc ion, essential for RseP protease activity, is located
within the active site [11]. However, due to its inherent
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Fig. 1 Native mass spectra of Ec and KkRseP. Samples were prepared in 200 mM ammonium acetate (pH 7.4) containing DDAO (a, d), G1 (b,

e), or C8E4 (c, f), respectively

instability, the structure of the two RseP orthologs in the
absence of an inhibitor remains undetermined. In the mass
spectra shown in Fig. 2, both RseP orthologs retained a zinc
ion at a protein concentration of approximately 2 pM. As the
protein concentration decreased, the relative peak intensity
of zinc-bound KkRseP decreased, while the relative intensity
of zinc-free KkRseP increased. In contrast, zinc-free EcRseP
ions were not observed even at 0.6 pM.

The difference in zinc ion binding affinity between EcRseP
and KkRseP was also confirmed using RseP orthologs
with different C-terminal sequences around the affinity tag
regions, EcRseP_v2 and KkRseP_v2 (Figure S1). As shown
in Figure S3, EcRseP_v2 and KkRseP_v2 exhibited similar
zinc-binding affinity to their parent orthologs, EcRseP and
KkRseP, respectively, across varied protein concentrations.
Specifically, EcRseP_v2 retained Zn even at 0.5 pM, whereas
zinc ions in KkRseP_v2 were easily detached at low protein
concentrations. Consequently, we can conclude that EcRseP
exhibits a higher zinc ion binding affinity than KkRseP.

Although the crystal structure of the RseP orthologs
without inhibitor is not available, EcRseP has been reported
to possess higher protease activity than KkRseP [11]. The
native MS data, which demonstrate that zinc is more readily
dissociated from KkRseP than EcRseP, are consistent with
these activity assays. Furthermore, X-ray crystallography
of RseP—inhibitor complexes revealed that helix TM4 in
KkRseP is positioned distal to the active site, where the zinc
ion resides, whereas in EcRseP, it is located proximal to the
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active site (Figure S4). While the TM4 positional difference
might be attributed to crystallization artifacts, the native MS
results support the observed structural variations. In other
words, native MS provided information on the environmental
differences around the zinc ions between EcRseP and KkRseP.

Inhibitor binding to RseP orthologs

We then investigated the binding of batimastat, a peptide
mimetic inhibitor of EcRseP (Fig. 3), to RseP orthologs
using native MS. Batimastat was added to the protein solu-
tions, and the resulting solutions were analyzed by native
MS. Figures 4 and S5 present the ESI mass spectra of 1 pM
EcRseP and KkRseP, both in the absence and presence of
5 pM batimastat. Due to batimastat’s limited aqueous solu-
bility at high concentrations, it was initially dissolved in
DMSO and subsequently added to the protein solutions,
resulting in final concentrations of 5 uM batimastat and
0.025% DMSO. We observed a decrease in the intensities
of the 13+, 14+, and 15+ charged peaks of both EcRseP
and KkRseP in the presence of batimastat. It is considered
that ions at higher charge states correspond to more elon-
gated and less stable than those at lower charge states. Con-
sequently, the formation of a stable complex with batimas-
tat could lead to a decrease in the relative abundance, and
thus, the peak intensities, of these higher charge state ions.

In the absence of batimastat, EcRseP predominantly
retained a zinc ion, while KkRseP largely lacked zinc at a
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Fig.3 Chemical structure of batimastat. Molecular interactions

between RseP and batimastat are indicated

protein concentration of 1 pM. Upon batimastat addition,
additional peaks corresponding to a 1:1 complex of RseP
and batimastat, containing a zinc ion, were observed for both

orthologs. Concurrently, the peaks corresponding to zinc-
free RseP nearly disappeared. These results demonstrate that
batimastat binding to RseP stabilizes and promotes zinc ion
coordination within the active site, and that the zinc ion is
essential for batimastat binding. Notably, native MS enables
such detailed investigations. The enhanced stability of both
RseP orthologs, when bound to zinc and batimastat, facilitated
their structure elucidation through X-ray crystallography [11].

We then investigated the stability of the RseP—batimastat
complex for both RseP orthologs by varying the collision
voltage in native MS experiments. Figure 5 presents the ESI
mass spectra of EcRseP and KkRseP complexed with bati-
mastat, obtained at collision voltages ranging from 30 to
50 V. As the collision voltage increased, the relative inten-
sity of the complex decreased, indicating that hydrophobic
interactions contribute to complex formation (discussed
later) [28-30]. At a collision voltage of 45 V, the complex
peaks nearly disappeared for both RseP orthologs. The
experiments were performed in triplicate, and the average
values of the relative peak intensity of the RseP-batimastat
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Fig.6 Structure of EcRseP (a)
complexed with batimastat
(PDB: 7W6X). (a) and (b)
EcRseP-batimastat complex
embedded in the membrane.
The batimastat molecule

is indicated in the sphere
models. Blue and red spheres
correspond to nitrogen and
oxygen atoms, respectively. (¢)
Enlarged structure around the
batimastat molecule in (b). The
batimastat molecule is indicated
in the stick models. Zinc ion is
indicated in a gray sphere. The
amino acid residues in EcRseP
involved in the interaction with
batimastat and zinc ion are
indicated in a one-letter notation
with the residue position num-
ber. Hydrogen bonds between
EcRseP and batimastat are
indicated in dotted lines

complex ions to the total protein ion intensity were plotted
against different collision voltages. As shown in Figure S6,
this analysis revealed no discernible difference in the com-
plex stability between the two orthologs.

In contrast to batimastat binding, the peak corresponding to
the association of one molecule of SM, the detergent used dur-
ing RseP purification, persisted even at a collision voltage of
50 V for EcRseP. This observation suggests strong SM bind-
ing to EcRseP, resulting in SM adducts even under conditions
that disrupt batimastat binding. We confirmed that residual
SM molecules were difficult to remove during MS measure-
ments, even after solvent exchange. Conversely, adducts of
DDAO molecules, which replaced SM prior to MS, were not
detected in the mass spectrum. These results highlight the
importance of selecting an appropriate detergent for success-
ful observation of membrane protein—inhibitor complexes.

As demonstrated, batimastat binding stabilized the com-
plex, enabling its detection during MS measurement under
mild conditions. However, maintaining membrane pro-
tein—ligand complexes in native MS is generally challeng-
ing [21, 23, 27, 31], with successful observations of mem-
brane protein—drug complexes remaining limited [23, 27].
Peptide drug complexes often benefit from multiple interac-
tions, including hydrogen bonding and electrostatic forces,

PDZ-C

BAT - X

L66 L390 M439 1393

N394

Y69 H26 Zn

D402

facilitating their observation by native MS [27, 31, 32]. In
contrast, small-molecule drug complexes, with fewer interac-
tion sites and reliance on hydrophobic interactions within the
membrane, are more difficult to preserve during MS analysis.
Consequently, there have been few studies of the observation
of protein—small-molecule drug complexes [23, 27, 31]. In
the EcRseP-batimastat complex, batimastat binds to the RseP
active site within the membrane, as shown in Fig. 6. Two
hydrogen bonds and several van der Waals contacts contrib-
ute to the complex stability (Figs. 3, 6, and S4) [11]. Several
aliphatic amino acids, such as leucine, isoleucine, phenyla-
lanine, tyrosine, and methionine, contribute to hydrophobic
interactions with batimastat. It is likely that the cooperative
effect of these van der Waals interactions and hydrogen bonds
enabled successful observation of the complex.

Conclusion

In this study, we employed native MS to characterize zinc
and inhibitor binding to two RseP orthologs. In the absence
of batimastat, a specific inhibitor, we observed a distinct
difference in zinc affinity between the orthologs. KkRseP
exhibited a greater propensity to release zinc ions than
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EcRseP at sub-micromolar protein concentrations in native
MS. Conversely, the stability of the RseP—zinc—batimastat
complex did not show a significant difference between the
two orthologs. Although the X-ray structures of the RseP
orthologs without batimastat remain undetermined, we could
observe zinc-bound RseP ions in native MS and discuss the
differences in zinc affinity.

Inhibitor binding significantly stabilized the RseP com-
plex, enabling the observation of intact complex ions under
mild native MS conditions. While maintaining and observ-
ing intact membrane protein—inhibitor complexes in native
MS is challenging, particularly for inhibitors that bind within
the transmembrane region via hydrophobic interactions, our
optimized sample preparation and measurement conditions
facilitated successful observation. This study demonstrates
the potential of native MS as a valuable platform for identi-
fying drug candidates targeting membrane proteins.
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