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ABSTRACT: Ca”"ATPases are membrane pumps that transport
calcium ions across the cell membrane and are dependent on ATP.
The mechanism of Listeria monocytogenes Ca*'-ATPase (LMCAL)
in its native environment remains incompletely understood. LMCA1
has been investigated biochemically and biophysically with deter-
gents in the past. This study characterizes LMCA1 using the deter-
gent-free Native Cell Membrane Nanoparticles (NCMNP) system.
As demonstrated by ATPase activity assays, the NCMNP7-25 poly-
mer is compatible with a broad pH range and Ca®" ions. This result
suggests that NCMNP7-25 may have a wider array of applications in
membrane protein research.

Homeostasis of the calcium ion (Ca®") is essenti.i
numerous physiological and pathological functions of . vir g
organisms. Ca®’ is involved in the process of muscle contra -
tion, and the Sarco/Endoplasmic Reticulum Calciun, ATPase
(SERCA) acts as a pump to transport calcium io”., “oun the
cytosol back to the sarcoplasmic reticulum (SR) ic mamtain
cellular homeostasis [1]. Ca>" concentration i': v. ~te.ial cells
is kept between 100 and 300 nM by the “E.*CA homolog,
Ca”*-ATPase, the primary ion transporters ;1.

Based on the isoforms, Ca**-A "Pas: of pathogenic
Listeria monocytogenes (LMCAT1) sha. »s 34-39% sequence
identity with human Sarco/F_7op'asnic Reticulum Ca®'-
ATPase (SERCAL1), the best unde.. tood P-type ATPases [2,
3]. SERCAL1 also participates in -i-,aal transduction, exocy-
tosis, apoptosis, motility, and transcription [1]. Both
LMCA1 and SERCAI1 are members of the phosphorylation-
type (P-type) ATPase subfamily II. Members of this protein
family share a similar structural architecture and function in
maintaining intracellular calcium homeostasis by actively
transporting calcium ions across the cell membrane and
consuming ATP as an energy source by forming and de-
grading a phosphoenzyme intermediate [2].

LMCAI1 and other P-type ATPases share a similar
structural architecture, but LMCAI1 has unique features
corresponding to calcium ATPases [4, 5]. LMCAL trans-
ports a single Ca®" across the membrane, whereas SERCA
transports two Ca’" per ATP molecule [2]. LMCALI is a
critical determinant of calcium homeostasis in L. monocyto-
genes, a known pathogen of listeriosis, which makes it a
potential therapeutic target [2]. Due to its location in the

plasma membrane, bacteria are able to survive at high Ca*"
concentrations and . alkaline pH, and exposure to alkaline
pH increases LMC A 1 v, ~ascription [6].

The structui 1 stu lies of LMCAL in detergent micelles
shed substant.ai ‘iguc on its molecular mechanism [7, 8].
Neverthelers, the - tructural information of a number of re-
action int. mediates, especially in their natural environ-
ment, ‘s . known. For the elucidation of the molecular
mechar.’sms underlying the activity of membrane proteins
and th . su.=equent structure-based drug discovery and de-
el pment, it is necessary to comprehend the exact structur-
' deails. To understand the integrity of the protein-lipid
interaction, it is also essential to examine its functionality in
natural environments. It is well known that membrane pro-
teins require a native lipid environment to maintain their
native structures and functions. Therefore, it may be prefer-
able to study the structure and function of LMCALI in its
native cell membrane environment.

Guo and colleagues have been developing a detergent-
free, native cell membrane nanoparticles (NCMNP) system
for membrane protein research [9]. Unlike the SMALP sys-
tem, the NCMN system features a membrane-active poly-
mer library including a diversity of polymers, each with its
own set of characteristics that make it well-suited to the
isolation of membrane proteins that need specialized cir-
cumstances for their native functionality and stability. In
comparison to the SMALP approach, the NCMN system
uses distinct protocols for nanoparticle preparation. One
such instance is that NCMNPs employ a single-step nickel
affinity column purification to determine a high-resolution
structure; the effect of these NCMNPs protocols resulted in
a 3.2 and 3.0 A cryo-EM AcrB structures, whereas employ-
ing the SMALP method, resulted in a cryo-EM AcrB struc-
ture with a resolution of 8.8 A [10, 11]. Moreover, our earli-
er studies have demonstrated that the NCMN system is
highly promising for various membrane proteins, and the
protein samples prepared with the NCMN system are ap-
propriate for various biophysical and biochemical studies
[9].

Here, we demonstrate that the NCMNP7-25, a modi-
fied form of NCMNP7-1 with a grafting ratio of 2-
aminoethanesulfonic acid at 25% [9], from the NCMN pol-
ymer library can be utilized to characterize membrane pro-



teins under a wide pH range and in the presence of divalent
cations, such as calcium ions. This study lays the founda-
tion for further structural investigation of LMCAI in a de-
tergent-free system.

The LMCAI gene-containing expressing plasmid
(pET22b-LMCAL1), a gift from UVA Professor Robert
Nakamoto, was transformed into E. coli strain, BL21-C43,
for overexpression. The overexpressed LMCA1 was solu-
bilized with either NCMNP7-25 or n-Dodecyl-beta-
Maltoside Detergent (DDM) detergent following a previ-
ously published protocol [10, 12]. NCMNP7-25 is a modi-
fied polymer of NCMNPI1-1, made in our lab, and the
chemical structures of both polymers are shown in Fig. 1 A
and B. The Ni-NTA bound LMCA1 was eluted using an
elution buffer comprising 250 mM imidazole and either
NCMNP7-25 or DDM. Furthermore, the eluted fraction of
LMCA1 with NCMNP7-25 was analyzed and shown in Fig.
1C, which depicted the purity of NCMNP7-25 purified
LMCAL. In contrast, a two-step purification procedure was
conducted with DDM, and Fig. 1D showed the LMCA1
purity and yield following the size exclusion column (Su-
perdex 200, increase 10/300 GL) purification. A molecular
weight of around 95 kDa was observed on SDS-PAGE gel
for purified LMCAI1, which corresponds to the estimated
value.

Using a malachite green phosphate assay kit (Sigma),
the ATPase activity of LMCA1 was determined at four dis-
tinct pH conditions: pH 6.0, pH 7.5, pH 9.0, and pH 10.0.
With calcium ions present, the ATPase activity of LMCA1
purified with DDM is approximately 162.67 nmol
Pi/min/mg protein at pH 9.0 and is reduced to 160.14,
142.66, and 57.50 nmol Pi/min/mg protein at pH 10, 7.5,
and 6.0, respectively (Fig. 1E). This observation is con-
sistent with the previously reported ATPase activity of de-
tergent micelles for LMCA1 [2]. Similar to DDM-purified
LMCA1, NCMNP7-25 purified LMCA1 showed a maxi-
mum ATPase activity (301.80 nmol Pi/min/mg protein) at
pH 9.0 (Fig. 1F). Calcium is required for LMCA1 ATPase
activity (Fig. 1F). However, DDM and NCMNP7-25-
purified LMCALI nearly lost their activity without calcium
ions in the reactions

With the calc.om chelating agent ethylene glycol
tetraacetic acid (F.u "A) in the buffer, ATPase activity was
inhibited by appi “ximately 97.26% and 98.27% at pH 7.5
and pH 9.0, .esp ~ctively (Fig. 1F). These results indicate
that calciuri i °ns “re required for LMCA1 ATP hydrolysis.
In addition,, 1 mM sodium vanadate inhibits the ATPase
activity ot . TCMNP7-25 purified LMCALI at pH 7.5 and pH
9.0 by -~nr.oximately 90.18% and 91.21%, respectively
(Fig. .F). . *pH 7.5, an increase in vanadate concentration

Fig. 1. Biochemical characterization of the purified LMCA1 with the NCMN system and DDM. (A) NCMNPI-1 (B) NCMNP7-25 (C) The purity of
LMCA1 within NCMN particles was assessed on 10 % SDS-PAGE gel. Lane 1 shows the purified LMCA1. Lane M shows the prestained protein marker. ~
(D) The purity of LMCAI with DDM was assessed on 10 % SDS-PAGE gel. Lane 1 shows the purified LMCAL. Lane M shows the prestained protein
marker. (E) The ATPase activity of DDM purified (black bars) and NCMNP7-25 purified (gray bars) LMCAL at different pH in the presence and absence of
Ca®'. The error bars indicated that the mean + SEM was based on the three individual experiments. (F) ATPase activity and inhibition of the purified
LMCA1 with NCMNP7-25. The error bars indicated that the mean +£ SEM was based on the three individual experiments.



inhibited ATPase activity by up to 97.44%, and at pH 9.0,
by up to 93.01%. These findings suggest that sodium vana-
date influences ATPase activity at both pH levels. Accord-
ing to the results, sodium vanadate is an efficient inhibitor
of LMCAI [13].

The native lipids may play a crucial role in maintain-
ing the structure and function of the protein. In order to
comprehend the structural mechanism of Ca®" transport in a
detergent-free system, a functional analysis of LMCAI is
required in the native environment. So far, L. monocyto-
genes LMCA1 was extracted and characterized using a de-
tergent-based method and crystallized after re-lipidation to
restore LMCAL to its native environment [7, 8]. According
to our knowledge, this is the first study of LMCA1 con-
ducted with a detergent-free system.

Traditional SMA2000 (NCMNPI1-1) polymer does
have limitations such as incompatibility with divalent ions
and low pH, for structural and functional membrane protein
studies [9, 14]. According to a study by Yang et al., the
NCMNP7-1 polymer effectively restored the functioning
T74S KcsA channel using a dehydration/rehydration strate-
gy, while the NCMNP1-1 polymer was effective at recon-
stituting MscS and MscL into proteoliposomes [9]. Since
only KcsA is a pH-gated potassium channel, this reveals
that NCMNP7-1 is more stable at a wide pH range and in
the presence of divalent ions than the more regularly em-
ployed NCMNP1-1 polymer [9]. The NCMN system has
some significant advantages for preserving the native er v1
ronment of membrane proteins, but it also has some ¢ <ad-
vantages. Each polymer possesses unique characteristic.
We discovered that SMA polymers were not alway. able to
extract membrane proteins effectively from pn-*ve -ell
membranes. To identify the optimal polymer fo. t'«e s.ruc-
tural and functional investigation of a given r.c. "bi...e pro-
tein, a polymer screen will be required.

We demonstrate that the NCMNP7-.< poiymer from
the NCMN polymer library can preserve ~nzyme activity.
The pH dependence of purified LMCA., we 3 investigated in
this study. As reported by Kristin: Fax *'n et al. with deter-
gent-solubilized LMCAL, the A™Pa_~ ~ctivity at pH 9.0 and
Ca*"-dependent ATP hydrolysis w. re more active [2]. The
ATPase activity results demon..ated that NCMNP7-25
purified LMCA1 is more active than detergent-purified
LMCALI, indicating that LMCA1 might be dependent on
lipid molecules. It has been reported that NCMN polymers
from our NCMN system, extract native lipid molecules
more efficiently during the membrane solubilization stage,
which may aid in retaining enzyme activity [15]. Further-
more, the presence of EGTA in the assay buffer suggests
that Ca®" is necessary for LMCAI activity. Vanadate, a
well-known inhibitor of the P-type ATPase family, inhibit-
ed the activity of LMCA1. Our research indicates that the
LMCALI in the form of NCMN particles retains transport
activity, which implies that the NCMNP7-25 polymer is
stable in the presence of divalent cations and a wide range
of pH, the rational behind is that 2-aminoethanesulfonic

acid has a much lower pKa, and more compatible compar-
ing with a carboxyl group, therefore, grafting of 2-
aminoethanesulfonic acid to the polymer makes NCMNP7-
25 more compatible with divalent ions and lower pH condi-
tions.

Our findings indicate that the NCMN system works
well in characterizing the pH- and calcium-dependent
ATPase activity of LMCA1. This study suggests the poten-
tial of wide application of the NCMN system for the large
P-type ATPase family, including mammalian calcium
pumps and possibly other membrane proteins whose activi-
ty or natural structure is dependent on low pH conditions or
divalent cations.

AUTHOR INFOR VIATION
Corresponding Authors

Weihua Qiu and ."ouz'.ong Guo

Departmen. ~f Medicinal Chemistry and Institute for Struc-
tural Riolo, v, Drug Discovery, and Development, Virginia
Commo. ~zalth University, Richmond, VA 23298-0540,
USA.

2 C)D:
Weihua Qiu: https://orcid.org/0000-0002-7775-9256

Youzhong Guo: https://orcid.org/0000-0001-7177-9603
Email:

Weihua Qiu: wqin@yvcu.edu

Youzhong Guo: yguo4@vcu.edu

Author Contributions

WQ and YG conceived the project and designed the experi-
ments. PD performed the purification and activity experi-
ment and wrote the manuscript. HT produced the polymers.
YG provided the lab space and facility for this project and
the NCMN system. WQ and YG contributed to the revision
of the manuscript.

Notes
Y.G. is the inventor of the NCMN system. Y.G and T.K.H.T
are the inventors of the NCMNP7-25 polymer.

ACKNOWLEDGMENT

YG was supported by the VCU School of Pharmacy
and Department of Medicinal Chemistry through startup
funds, the Institute for Structural Biology, Drug Discovery
and Development through laboratory space and facilities,
and NIH Grant R01-GM132329. The funders had no role in
study design, data collection, analysis, publishing deci-
sions, or manuscript preparation. The content is solely the
authors' responsibility. It does not necessarily represent the

3



National Institutes of Health or other funding organizations'
official views. We thank Professor Robert Nakamoto for
providing the LMCAL1 plasmids and constructive discussion
with us.

Reference

(11 J.0. Primeau, G.P. Armanious, M.L.E. Fisher, H.S. Young,
The  sarcoendoplasmic  reticulum  calcium  ATPase,
Membrane protein complexes: structure and function
(2018) 229-258.

[2] K. Faxén, J.L. Andersen, P. Gourdon, N. Fedosova, J.P.
Morth, P. Nissen, J.V. Mgller, Characterization of a Listeria
monocytogenes Ca2+ pump: a SERCA-type ATPase with
only one Ca2+-binding site, Journal of Biological
Chemistry 286(2) (2011) 1609-1617.

[3] M. Dyla, J.L. Andersen, M. Kjaergaard, V. Birkedal, D.S.
Terry, R.B. Altman, S.C. Blanchard, P. Nissen, C.R. Knudsen,
Engineering a prototypic  P-type ATPase Listeria
monocytogenes Ca2+-ATPase 1 for single-molecule FRET
studies, Bioconjugate chemistry 27(9) (2016) 2176-2187.

[4] M.G. Desrosiers, L.J. Gately, A M. Gambel, D.R. Menick,
Purification and Characterization of the Ca2+-ATPase of
Flavobacterium odoratum (), Journal of Biological
Chemistry 271(7) (1996) 3945-3951.

[5] M. Maya-Hoyos, C. Rosales, L. Novoa-Apontc, «.
Castillo, C.Y. Soto, The P-type ATPase CtpF is ~ plasme
membrane transporter mediating calcium eftic’ in
Mycobacterium tuberculosis cells, Heliyon [ (17) 2019)
e02852.

[6] E.S. Giotis, A. Muthaiyan, I.S. Blair, B.". v ilkinson, D.A.
McDowell, Genomic and proteomic araly.is of the Alkali-
Tolerance Response (AITR) in Listeria  monocytogenes
10403S, BMC microbiology 8(1) (2032 1- 7.

[7]1 J.L. Andersen, P. Gourde~ J.7. Mgller, J.P. Morth, P.
Nissen, Crystallization and prelimi.»ary structural analysis of
the Listeria monocytogenes CoZ+-ATPase LMCAT, Acta
Crystallographica Section F:. Structural Biology and
Crystallization Communications 67(6) (2011) 718-722.

[8] S.B. Hansen, M. Dyla, C. Neumann, E.M.H. Quistgaard,
JL. Andersen, M. Kjaergaard, P. Nissen, The crystal
structure  of the (Ca2+-ATPase 1 from Listeria
monocytogenes  reveals a  pump  primed  for
dephosphorylation, Journal of molecular biology 433(16)
(2021) 167015.

[9] L. Yang, C. Catalano, Y. Xu, W. Qiu, D. Zhang, A.
McDermott, Y. Guo, P. Blount, A native cell membrane
nanoparticles system allows for high-quality functional

proteoliposome reconstitution, BBA advances 1 (2021)
100011.

[10] W. Qiu, Z. Fu, G.G. Xu, R.A. Grassucci, Y. Zhang, J.
Frank, W.A. Hendrickson, Y. Guo, Structure and activity of
lipid bilayer within @ membrane-protein transporter,
Proceedings of the National Academy of Sciences 115(57)
(2018) 12985-12990.

[11] M. Parmar, S. Rawson, C.A. Scarff, A. Goldman, T.R.
Dafforn, S.P. Muench, V.L. Postis, Using a SMALP platform
to determine a sub-nm single particle cryo-EM membrane
protein structure, Biochimica et Biophysica Acta (BBA)-
Biomembranes 1860(2) (2018) 378-383.

[12] K.G. Kroeck, W. Qiu, C. Catalano, TK.H. Trinh, Y. Guo,
Native cell membrsne nanoparticles system for membrane
protein-protein intc-action analysis, JoVE (Journal of
Visualized Experi ner."s) {161) (2020) €61298.

[13] U. Pick, Tha |, *eryction of vanadate ions with the Ca-
ATPase fron sarc yplasmic reticulum, Journal of Biological
Chemistry 257(11) (1982) 6111-6119.

[14] C. Cotalano, D. Ben-Hail, W. Qiu, P. Blount, A. des
George. Y Guo, Cryo-EM Structure of Mechanosensitive
Chanel  ‘nal  Using SMA2000: Challenges and
Jr e tunities, Membranes 11(11) (2021) 849.

[15, TKH. Trinh, C. Catalano, Y. Guo, Membrane-active
L olymers: NCMNP13-x, NCMNP21-x and NCMNP21b-x for
membrane protein structural bioclogy, bioRxiv ~ (2022)
2022.01.10.475744.



Declaration of interests

[rhe authors declare that they have no known com-
peting financial interests or personal relationships that
could have appeared to influence the work reported in
this paper.

XThe authors declare the following financial inter-
ests/personal relationships which may be considered
as potential competing interests:

Youzhong Guo reports financial support was provided
by National Institutes of Health. Youzhong Guo has
patent pending to VCU. Thi Kim Hoang Trinh has pa-
tent pending to VCU.




