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Abstract
SecA, the only known energy conversion ATPase in the bacterial 

protein transport pathway, is a unique protein not found in mammalian 
cells. H. pylori SecA is closely related to the secretion of the virulence 
factor vacuolating toxin (VacA) in mediating H. pylori infection and 
diseases. We previously identified several potential compounds through 
virtual screening that may inhibit SecA function. In this study for testing 
inhibitory activity, the HpSecAN68 fragments were constructed and 
cloned into pET-28a (+) to obtain recombinant plasmid for transforming 
into E. coli BL21 (DE3).  NI-Nitrilotriacetic acid resins were employed 
to purify the HpSecAN68 protein that has high intrinsic ATPase activity. 
The recombinant HpSecAN68 protein was successfully expressed, 
optimized and purified in an active soluble form. The ATPase activity 
assay system using NADH colorimetry for the purified HpSecAN68 
protein was established. The determined Km and Vmax of HpSecAN68 
are 2.997±0.697 mM and 0.231±0.038 µmol·mg-1·min-1 respectively in the 
reaction system. The purified HpSecAN68 ATPase system was used to 
probe the inhibitory effects of three small molecule inhibitors identified in 
our study, two of these have IC50 values about 10 μM. In addition, using the 
micro-broth method, we also observed the significant antibacterial growth 
effects of these molecules for three Gram-positive and Gram-negative 
bacteria. This study provides a solid foundation for further research on 
H. pylori SecA and the development of SecA inhibitors as antimicrobial
targets.

Keywords: H. pylori; SecA; ATPase properties; kinetic parameter, small 
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Introduction
Helicobacter pylori (H. pylori) is a Gram-negative micro-anaerobic 

pathogenic bacterium. H. pylori infection can cause many diseases including 
peptic ulcers, chronic gastritis, and gastric cancer. According to the World 
Gastroenterology Organization (WGO) data, more than 50% of the world's 
population has been infected with H. pylori. In countries like China, the H. 
pylori-carrying population is as high as 65% along with a high incidence of 
H. pylori infection and gastric cancer because of unhealthy eating habits [1].
At present, "quadruple therapy" (including at least two antibiotics) is used
to treat H.  pylori infection, however, with the wide-spread emergence of
drug resistance, which leads to at least 10 million people dying [2]. Long-
term medical practice shows that the weaknesses and ineffectiveness of
"quadruple therapy" are gradually exposed. Therefore, it is imminent to
develop new anti-H. pylori inhibitors whose mechanism of action is different
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from that of existing antibiotics. SecA is a key member of 
the AAA family of ATPases in harnessing the energy of 
ATP hydrolysis for mechanical work and guiding protein 
transmembrane transport, degradation, and unfolding [3]. 
SecA moves precursor substrates with signal peptides 
across bacterial membranes through the conduction protein 
SecYEG-dependent channel, which consists of three 
main polypeptide chains (SecY, SecE, and SecG) [4] and 
SecDFC, or the less efficient SecYEG-independent SecA-
alone channels [5]. SecA protein is a multi-domain protein 
with RecA-like domains (NBD1 and NBD2) binding to 
SecYEG, phospholipid bilayers, and ribosomes [6]. Bacterial 
precursors could be translocated co- or post-translationally 
across membranes [5, 7].  After the signal peptides interaction, 
the SecA protein switches from the ADP-bound state to the 
ATP-bound state, and the SecYEG channel opens, allowing 
the peptide residues to diffuse through the pore. After ATP 
is hydrolyzed, the channel closes, trapping a large number 
of amino acid residues on the other side of the membrane, 
thus completing the protein transport [8]. Recent studies have 
shown that, in addition to SecYEG translocation channels, 
SecA-only channels exist in lipid bilayers that are functionally 
independent of the SecYEG mechanism [9,10,11]. Compared 
to the high-affinity SecYEG channel, the SecA-only channel 
is the original low-affinity channel with lower specificity 
but can function normally in the absence of SecYEG [11]. 
Current research shows that SecA acts as an "energy pump" 
in the Sec protein transport pathway, driving peptides through 
the channel via the hydrolysis cycle of ATP [12]. Since SecA 
protein is only found in bacteria, but not in eukaryotic cells, 
the development of inhibitors and bactericidal agents based 
on SecA protein is becoming a hot topic in this field recently. 
It has been shown that SecA is involved in the translocation 
of H. pylori vacuolar toxin (VacA), and the inhibition of 
SecA synthesis significantly reduces VacA secretion, which 
is greatly involved in the pathogenesis of H. pylori [13-16]. 
So SecA can be used as an excellent target for anti-H. pylori 
action. H. pylori SecA monomer has a molecular weight of 
99 kDa and contains three basic domains: the dead driver, the 
substrate-specific binding region, and the C-terminal domain 
(34 kDa), though the crystal structure of H. pylori SecA has 
not yet been resolved. It has been shown that the C-terminal 
domain of the SecA protein has an inhibitory regulatory 
effect on ATPase activity, and the E. coil SecAN68 fragment 
can act as a high intrinsic ATPase substrate for testing SecA 
inhibitors [17]. In this study, we constructed a pET-28a 
(+)-HpSecAN68 recombinant plasmid and obtained a highly 
expressed and soluble recombinant H. pylori SecAN68 
(HpSecAN68) protein with good catalytic ATPase activity. 
We measured the inhibition of ATP activity of three different 
H. pylori SecA small molecule inhibitors identified by virtual
screening in our previous study [18], and obtained IC50 at the
enzyme level. These SecA inhibitors also showed significant

bacterial growth inhibition. This study laid a solid foundation 
for further development for optimization of inhibitors against 
H. pylori and other bacteria.

Materials and Methods
Materials

Plasmids, Strains, and Reagents are shown in 
Supplementary Information.

Methods
Construction of recombinant strains, Expression 

of recombinant plasmids, Optimization of expression 
conditions, Protein purification and the BCA Protein Test 
Kit used to determine the content of purified HpSecAN68, 
the methods and experimental results details are shown in 
Supplementary Information. 

Analysis of the ATPase enzymatic properties and 
determination of kinetic parameters of recombinant 
HpSecAN68

SecA ATPase catalyzes the production of ADP 
and phosphate ions from ATP. The ATPase activity of 
HpSecAN68 is measured by determining the change in light 
absorption value to reflect the rate of NADH consumption in 
the enzymatic reaction using pyruvate kinase (PK) and lactate 
dehydrogenase (LDH) as coenzymes.

Inhibitor screening and antibacterial testing
The detailed methods are shown in Supplementary 

Information.

Results 
Characterization and optimization of enzymatic 
properties of HpSecAN68 
The enzymatic properties of recombinant HpSecAN68

Firstly the reaction rate at different HpSecAN68 
concentrations was measured. As shown in Figure 1A, 
the reaction rate increased with the increase in enzyme 
concentration, indicating that the purified protein was 
enzymatically active. To ensure the sensitivity of the 
screening, the concentration of HpSecAN68 in this reaction 
system was set to 3 μg/100 μL. The intermediate reactant 
NADH in this experiment has specific light absorption at 340 
nm, and its consumption rate reflects the ATPase activity of 
HpSecAN68 [19]. As shown in Figure 1B, the reaction rate 
increases gradually with the increase of NADH concentration, 
reaching the maximum value when the NADH concentration 
is 2 mM. Divalent metal ions as the catalytic group of the 

https://www.fortunejournals.com/supply/AMI_9752.pdf
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enzyme active center, participate in the electron transfer and 
promote the binding of the substrate to the enzyme [20]. The 
metal ions also play important roles in the stabilization of 
the conformation of the enzyme [21]. As shown in Figures 
1C and 1D, Mg2+, and Mn2+ have stimulatory effects on the 
ATPase activity of HpSecAN68. The reaction rate reached 
the maximum when the concentration of Mg2+ reached 15 
mM, and Mn2+ reached 7.5 mM. The optimized system for 
the ATPase assay contains 3 μg/100 μL, 2 mM NADH, 15 
mM Mg2+ and 7.5 mM Mn2+ respectively, and 12.5 mM ATP 
as shown below.

Determination of kinetic parameters of HpSecAN68

HpSecAN68 is an ATPase with ATP as its substrate, and 
the effect of different ATP concentrations on the conversion 
rate is shown in Figure 2A. The reaction rate increased 
gradually with the increase of ATP substrate concentration 
and tended to flatten when the ATP concentration reached 
12.5 mM. In Figure 2B, the Lineweaver-Burk double 
inverse plotting method was used to plot 1/[V] versus 1/[S] 
to determine the kinetics of the ATPase. Under the reaction 
conditions of 2 mM NADH, 15 mM Mg2+, and 7.5 mM Mn2+, 

the Km value for HpSecAN68 to ATP was measured as 2.997 
± 0.697 μM, while the Vmax value was determined to be 
0.231 ± 0.038 μmol·mg-1·min-1.

Inhibitor effects on HpSecAN68 ATPase activity
In our previous study by virtual screening [18], we 

identified 6 potential inhibitors against SecA, which could be 
classified into 3 classes based on their structural similarity. To 
test the inhibitory effects on HpSecAN68 ATPase activity, we 
selected 3 small molecule compounds from each class named 
S346-0177, F575-0197, and F725-0989 for verification. 
As shown in Figure 3, the inhibitory effects of the three 
compounds increased as their concentrations increased. The 
IC50 values calculated by fitting according to GraphPad Prism 
8 software were 10.55 μM for S346-0177, 9.69 μM for F725-
0989, and 97.77 μM for F575-0197, respectively. However, 
it was found that when the inhibitor concentration continued 
to increase, all three inhibitor compounds precipitated in 5% 
DMSO final, which was due to the limitation of poor water 
solubility of the screened compounds [5, 17, 22], therefore, 
none of the three inhibitors could exhibit 100% inhibition 
effect. Nevertheless, all three compounds showed different 

Figure 1: The effects of the concentration of (A) HpSecAN68, (B) NADH, (C) Mg2+, and (D) Mn2+ on reaction rate.
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degrees of inhibition on HpSecAN68 ATPase activity and 
the inhibition showed a good dose dependence in a certain 
concentration range. These results show that the screened 
compounds indeed possess inhibiting SecA ATPase activity.

Inhibition of the growth of different types of bacteria
Most SecA inhibitors reported so far are not effective 

against Gram-negative bacteria due to the impermeability of 
the outer membrane [23]. So we first tested Gram-positive 
bacteria with single membrane such that there is no outer 
membrane permeability concern. Two laboratory Gram-
positive bacteria, B.subtilis 168, and an important pathogen 
S. aureus ATCC 700699, were employed to validate the
antibacterial activity of the three small molecules. Bacterial
inhibition was expressed by 24 h growth with OD600.  As
shown in Figures 4A and 4B, S346-0177 from 1.25-12.5 μM
and F575-0197 at 12.5 μM both have a significant inhibitory
effect on the growth of B.subtilis 168 and S. aureus ATCC
700699. However, for B. subtilis 168, F725-0989 higher than
100 μM has an insignificant effect. Accordingly, we calculated
the inhibition rate of each inhibitor on the growth inhibition of 
these bacteria. On the other hand, it has prominent antibacterial 
activity at 50-150 μM (P＜0.05) in S. aureus ATCC 700699.
The three inhibitors showed significant growth inhibition
in both Gram-positive bacteria. In contrast, S346-0177 had
the most significant growth inhibitory effect, and F725-0989
had a higher inhibitory concentration than the other two
inhibitors. It is possible that this is related to the molecular
structure and permeability of the inhibitors in the cells. E.
coli SecA is the closest relative to H. pylori SecA and both
are Gram-negative bacteria. Based on the above results and
the high degree of conservation characterizing SecA proteins,
therefore, we used E. coli ATCC 25922 to test the antibacterial 
activity of these inhibitors. The results are shown in Figure
4C, S346-0177 at 1.25-12.5 μM, F725-0989 at 50-150 μM
were effective against E. coli ATCC 25922 in 24 h growth

Figure 2: Kinetic parameters of recombinant HpSecAN68. (A) HpSecAN68-catalyzed reaction rates of different ATP concentrations,  
(B) HpSecAN68-catalyzed ATP double inverse curve.

Figure 3: Inhibitory effect of three inhibitors on HpSecAN68.  
(A) S346-0177, (B) F575-0197, (C) F725-0989.



Han, et al., Arch Microbiol Immunology 2023 
DOI:10.26502/ami.936500137

Citation:	Han, Qiong, Tiantian Jian, Yan Liu, Han Li, Junda Zhou, Hyuk-kyu Seoh, Sen-Fang Sui, Xu Jia, Phang-Cheng Tai, Xinhe Huang. 
Characterization and use of Helicobacter pylori SecAN68 ATPase for probing SecA inhibitors as antibacterial agents. Archives 
of Microbiology and Immunology. 7 (2023): 421-427.

Volume 7 • Issue 4 425 

incubation. F575-0197 at 12.5 μM significantly inhibited 
the growth of E. coli ATCC 25922, and the inhibition effect 
of S346-0177 was better. Interestingly, here we found that 
F725-0989, which had the best inhibitory effect on enzyme 
activity (Fig.3C), had a less significant inhibitory effect. It is 
not clear whether this is related to membrane permeability. 
We used GraphPad Prism 8 software to estimate the IC50 of 
the three inhibitors for three bacteria. For S. aureus ATCC 
700699, the IC50 was 60.54 μM for S346-0177, 108 μM for 
F575-0197, and 347 μM for F725-0989. For B. subtilis 168, 
the IC50 were 21.16 μM for S346-0177, 57.49 μM for F575-
0197, and 208.6 μM for F725-0989. Additionally, for the 
Gram-negative bacterium E. coli ATCC 25922, the IC50 was 
26.75 μM for S346-0177, 39.64 μM for F575-0197, and 261.1 
μM for F725-0989. Regardless of the various differences, 
these results show that the identified small molecules have 
significant growth inhibition of bacteria, including the tested 
Gram-negative E. coli.

Discussion
H. pylori infection remains pretty high level in the

whole world including developed and developing countries. 
Currently, it is difficult to eradicate H. pylori infection 
clinically due to the high resistance of H. pylori to many 
existing antibiotics. Due to the uniqueness of SecA in 
bacteria, SecA can be used as a novel and less toxic target 
for screening inhibitors against H. pylori infection and further 
development of new antimicrobial agents. The secretory 
virulence factor of H. pylori is related to the translocation of 
the Sec system, thus a good target for inhibitors. 

The malachite green colorimetry is often used to determine 
free phosphate in our earlier assays for SecA ATPase [17, 
24], This allows the quantitative analysis of the phosphate 
released by ATPase hydrolysis of ATP. To better evaluate 
HpSecAN68 ATPase activity and function, the NADH 
colorimetric method was used to determine the HpSecAN68 
activity, compared with the Malachite Green Colorimetry 
used in the past [17, 24, 25]. HpSecAN68 was selected as a 
target to test its inhibitors for treating H. pylori in this study. 
The enzymatic kinetic parameters of HpSecAN68 ATPase 
were examined, and the inhibitory activities of three small 
molecule inhibitors against HpSecAN68 were determined. 
All three compounds showed significant inhibitory effects 
on H. pylori SecAN68 ATPase activity with IC50 ranging 
from 10.55 μM (F725-0989) to 97.77 μM (F575-0197). 
Moreover, these three compounds also show inhibition of 
bacterial growth. Interestingly, the growth inhibition is not 
directly correlate with the inhibition of HpSecAN68 enzyme 
activity. F725-0989 showed a very significant inhibitory 
effect at low concentrations in the enzyme activity assay. 
However, in the bacteriostatic growth experiments, the 
inhibitory concentrations of the three bacteria were higher. 

This may be due to the membrane permeability for these 
compounds. More interesting and perhaps more importantly, 
most SecA inhibitors so far cannot overcome the outer 
membrane impermeability of Gram-negative bacteria [23]; 
their inhibitory effects on Gram-negative bacteria can only 
be demonstrated by the use of an outer membrane mutant or 
chemical probe [5, 23]. 

Figure 4: Inhibitory effect of inhibitors on three species of bacteria. 
(A) S.aureus ATCC 700699, (B) B. subtilis 168, (C) E.coli ATCC
25922. The data results are expressed as mean±S.D.(n=5), the
p-values of <0.05, <0.01, and <0.001 are considered significant and
are indicated with *, **, and ***, respectively.
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We are verifying the outer-membrane permeability issue 
of these new identified inhibitors [23]. The current finding 
that these inhibitors are also active against E. coli is extremely 
important for further development of inhibitors against 
clinically important Gram-negative pathogens like H. pylori 
and P. aeruginosa. For laboratory safety consideration for 
work in progress, we are testing clinical H. pylori and some 
other pathogenic bacteria. The additional importance of using 
SecA inhibitors is that the inhibition of SecA could bypass 
the clinically problems of multiple-drug resistance in both 
Gram-positive and Gram-negative bacteria [5, 26, 27]. The 
water solubility of all three identified SecA inhibitors was 
poor, which could have some impact on the effectiveness of 
these compounds. Thus solving the solubility problem would 
be one key to the subsequent development to optimize SecA 
inhibitors. In further improvement of the compounds, both 
solubility and membrane permeability would be the critical 
parameters. The current identified inhibitors could be the 
starting lead compounds for further development of effective 
SecA inhibitors for antimicrobial agents. The present 
observation that these compounds are also effective against 
Gram-negative bacteria provides an additional advantage in 
developing general antimicrobial agents.
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