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ABSTRACT: Ca2+-ATPases are membrane pumps that transport 
calcium ions across the cell membrane and are dependent on ATP. 
The mechanism of Listeria monocytogenes Ca2+-ATPase (LMCA1) 
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 Ca2+ ions. This result 
suggests that NCMNP7-25 may have a wider array of applications in 
membrane protein research.      

Homeostasis of the calcium ion (Ca2+) is essential to 
numerous physiological and pathological functions of living 
organisms. Ca2+ is involved in the process of muscle contrac-
tion, and the Sarco/Endoplasmic Reticulum Calcium ATPase 
(SERCA) acts as a pump to transport calcium ions from the 
cytosol back to the sarcoplasmic reticulum (SR) to maintain 
cellular homeostasis [1]. Ca2+ concentration in bacterial cells 
is kept between 100 and 300 nM by the SERCA homolog, 
Ca2+-ATPase, the primary ion transporters [2]. 

Based on the isoforms, Ca2+-ATPase of pathogenic 
Listeria monocytogenes (LMCA1) shares 34-39% sequence 
identity with human Sarco/Endoplasmic Reticulum Ca2+-
ATPase (SERCA1), the best understood P-type ATPases [2, 
3]. SERCA1 also participates in signal transduction, exocy-
tosis, apoptosis, motility, and transcription [1]. Both 
LMCA1 and SERCA1 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]. 

LMCA1 and other P-type ATPases share a similar 
structural architecture, but LMCA1 has unique features 
corresponding to calcium ATPases [4, 5]. LMCA1 trans-
ports a single Ca2+ across the membrane, whereas SERCA 
transports two Ca2+ per ATP molecule [2]. LMCA1 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 Ca2+ 
concentrations and an alkaline pH, and exposure to alkaline 
pH increases LMCA1 transcription [6]. 

The structural studies of LMCA1 in detergent micelles 
shed substantial light on its molecular mechanism [7, 8]. 
Nevertheless, the structural information of a number of re-
action intermediates, especially in their natural environ-
ment, is unknown. For the elucidation of the molecular 
mechanisms underlying the activity of membrane proteins 
and the subsequent structure-based drug discovery and de-
velopment, it is necessary to comprehend the exact structur-
al details. 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 LMCA1 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 Å cryo-EM AcrB structures, whereas employ-
ing the SMALP method, resulted in a cryo-EM AcrB struc-
ture with a resolution of 8.8 Å [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-
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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 LMCA1 in a de-
tergent-free system. 

The LMCA1 gene-containing expressing plasmid 
(pET22b-LMCA1), 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 NCMNP1-1, 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 
LMCA1. 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 LMCA1, 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 LMCA1 nearly lost their activity without calcium 
ions in the reactions.  

With the calcium chelating agent ethylene glycol 
tetraacetic acid (EGTA) in the buffer, ATPase activity was 
inhibited by approximately 97.26% and 98.27% at pH 7.5 
and pH 9.0, respectively (Fig. 1F). These results indicate 
that calcium ions are required for LMCA1 ATP hydrolysis. 
In addition, 1 mM sodium vanadate inhibits the ATPase 
activity of NCMNP7-25 purified LMCA1 at pH 7.5 and pH 
9.0 by approximately 90.18% and 91.21%, respectively 
(Fig. 1F). At pH 7.5, an increase in vanadate concentration 

Fig. 1. Biochemical characterization of the purified LMCA1 with the NCMN system and DDM. (A) NCMNP1-1 (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 LMCA1 with DDM was assessed on 10 % SDS-PAGE gel. Lane 1 shows the purified LMCA1. Lane M shows the prestained protein 
marker. (E) The ATPase activity of DDM purified (black bars) and  NCMNP7-25 purified (gray bars) LMCA1 at different pH in the presence and absence of 
Ca2+. 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. 
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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 LMCA1 [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 Ca2+ transport in a 
detergent-free system, a functional analysis of LMCA1 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 LMCA1 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 (NCMNP1-1) 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 envi-
ronment of membrane proteins, but it also has some disad-
vantages. Each polymer possesses unique characteristics. 
We discovered that SMA polymers were not always able to 
extract membrane proteins effectively from native cell 
membranes. To identify the optimal polymer for the struc-
tural and functional investigation of a given membrane pro-
tein, a polymer screen will be required.  

We demonstrate that the NCMNP7-25 polymer from 
the NCMN polymer library can preserve enzyme activity. 
The pH dependence of purified LMCA1 was investigated in 
this study. As reported by Kristina Faxe'n et al. with deter-
gent-solubilized LMCA1, the ATPase activity at pH 9.0 and 
Ca2+-dependent ATP hydrolysis were more active [2]. The 
ATPase activity results demonstrated that NCMNP7-25 
purified LMCA1 is more active than detergent-purified 
LMCA1, 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 Ca2+ is necessary for LMCA1 activity. Vanadate, a 
well-known inhibitor of the P-type ATPase family, inhibit-
ed the activity of LMCA1. Our research indicates that the 
LMCA1 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.  
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