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Old role with new feature: T2SS ATPase as a cyclic-di-GMP 
receptor to regulate antibiotic production
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ABSTRACT Cyclic di-GMP (c-di-GMP) is a crucial signaling molecule found extensively in 
bacteria, involved in the regulation of various physiological and biochemical processes 
such as biofilm formation, motility, and pathogenicity through binding to downstream 
receptors. However, the structural dissimilarity of c-di-GMP receptor proteins has 
hindered the discovery of many such proteins. In this study, we identified LspE, a 
homologous protein of the type II secretion system (T2SS) ATPase GspE in Lysobacter 
enzymogenes, as a receptor protein for c-di-GMP. We identified the more conservative 
c-di-GMP binding amino acid residues as K358 and T359, which differ from the previ­
ous reports, indicating that GspE proteins may represent a class of c-di-GMP receptor 
proteins. Additionally, we found that LspE in L. enzymogenes also possesses a novel 
role in regulating the production of the antifungal antibiotic HSAF. Further investiga­
tions revealed the critical involvement of both ATPase activity and c-di-GMP binding 
in LspE-mediated regulation of HSAF (Heat-Stable Antifungal Factor) production, with 
c-di-GMP binding having no impact on LspE’s ATPase activity. This suggests that the 
control of HSAF production by LspE encompasses two distinct processes: c-di-GMP 
binding and the inherent ATPase activity of LspE. Overall, our study unraveled a new 
function for the conventional protein GspE of the T2SS as a c-di-GMP receptor protein 
and shed light on its role in regulating antibiotic production.

IMPORTANCE The c-di-GMP signaling pathway in bacteria is highly intricate. The 
identification and functional characterization of novel receptor proteins have posed 
a significant challenge in c-di-GMP research. The type II secretion system (T2SS) is a 
well-studied secretion system in bacteria. In this study, our findings revealed the ATPase 
GspE protein of the T2SS as a class of c-di-GMP receptor protein. Notably, we discovered 
its novel function in regulating the production of antifungal antibiotic HSAF in Lysobacter 
enzymogenes. Given that GspE may be a conserved c-di-GMP receptor protein, it is 
worthwhile for researchers to reevaluate its functional roles and mechanisms across 
diverse bacterial species.
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I n 1987, cyclic dimeric GMP (c-di-GMP) was first discovered as an allosteric activator 
of cellulose synthase (1). Subsequently, it was found to be widely present in bacteria, 

serving as an important second messenger signaling molecule (2–4). The intracellular 
concentration of c-di-GMP in bacteria is regulated by two types of enzyme: diguanylate 
cyclases (DGCs), which contain GGDEF/GGEEF domains to synthesize c-di-GMP, and 
c-di-GMP-specific phosphodiesterases (PDEs), which contain EAL or HD-GYP domains 
and degrade c-di-GMP (5–9). c-di-GMP is referred to as a second messenger because 
it does not directly exert its function like hormone-like small molecules do. Instead, 
it regulates various physiological and biochemical processes downstream by binding 
to specific c-di-GMP receptors and modulating their activities, which, in turn, leads to 
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phenotypic changes in cell differentiation, biofilm formation, resistance to environmen­
tal stresses, and toxicity (10–12). The interplay among enzymes, receptors, and the 
signaling transduction between them collectively form a complex regulatory network of 
c-di-GMP.

Currently, the number and diversity of identified c-di-GMP receptors are relatively 
limited. They encompass various proteins such as PilZ, GIL, MshEN domain proteins, 
functionally degenerate DGCs and PDEs, transcription factors like Clp and YajQ, and 
riboswitches, among others (13–17). However, the number of c-di-GMP synthesis and 
degradation enzymes varies significantly among different bacteria, ranging from a few to 
even hundreds, surpassing the number of c-di-GMP receptors by far (18). With increasing 
evidence highlighting the specificity of c-di-GMP signaling, where certain DGCs and 
PDEs are specifically involved in regulating particular physiological and biochemical 
functions (19, 20), it implies that there should be a proportionate number of receptor 
proteins to facilitate signal reception and execution of regulatory functions within the 
c-di-GMP regulatory network. This indicates that there are likely many undiscovered 
c-di-GMP receptor proteins awaiting exploration. However, apart from the I-site (AXXA) 
in DGCs and motifs like RXXXR and [DN]XSXXG in the PilZ domain, and EXLXR motif 
in EAL domain, there seems to be no structural similarity among the known c-di-GMP 
receptor proteins, making it challenging to predict new receptor proteins solely through 
bioinformatics approaches (16). Currently, experimental approaches are the key methods 
for discovering novel c-di-GMP receptor proteins.

Lysobacter enzymogenes is a soil-derived environmentally friendly bacterium that 
produces the broad-spectrum antifungal and anti-oomycete antibiotic HSAF (Heat-Sta­
ble Antifungal Factor), which is active against important plant pathogens such as Valsa 
pyri, Fusarium graminearum, Pythium aphanidermatum, and so on (21–26). HSAF is a 
cyclic tetrapeptide with a molecular weight of 513.2959. Its biosynthetic gene cluster 
includes four redox enzymes and a hybrid PKS/NRPS (Polyketide Synthase/Non-riboso­
mal Peptide Synthetase) (22). HSAF inhibits the growth of target fungi by interfering with 
fungal sphingolipid biosynthesis (27), and this unique mechanism of action differs from 
currently available antifungal agents on the market. Given its potential as a bio-fungicide 
in agriculture, our focus was on studying the regulatory network of HSAF production 
to gain insights into enhancing its yields. In our previous work, we uncovered the 
interaction between the DGC LchD and the PDE LchP, which specifically transmits the 
c-di-GMP signal to the downstream receptor protein, transcription factor Clp, which 
modulates the binding strength of Clp to the promoter of the HSAF biosynthetic gene 
cluster, thus positively regulating HSAF production (28, 29). However, our data (data not 
shown) indicate the involvement of other DGCs and PDEs in L. enzymogenes in HSAF 
production, suggesting the existence of undiscovered c-di-GMP receptor proteins in the 
HSAF regulatory network.

In this study, we focused on L. enzymogenes strain OH11 and utilized surface plasmon 
resonance (SPR) experiments to identify a total of 68 c-di-GMP binding proteins, GspE, 
the ATPase of the bacteria type II secretion system (T2SS), included. Although GspE 
in Pseudomonas aeruginosa has been reported as a receptor for c-di-GMP (30), there 
is currently no known functional characterization of its binding to c-di-GMP. Here, we 
identified that LspE (Lysobacter GspE) in L. enzymogenes acts as a c-di-GMP receptor 
protein and is involved in antifungal antibiotic HSAF production regulation. Subsequent 
investigations identified specific amino acid residues lysine at position 358 (K358) and 
threonine at position 359 (T359) in LspE responsible for c-di-GMP binding, and mutations 
in these residues were found to affect the regulation of HSAF production. Meanwhile, the 
ATPase activity of LspE was also found to be closely associated with HSAF production. 
However, it was found that c-di-GMP binding does not affect the ATPase activity. In 
summary, our study reveals the new function of the conserved ATPase component of the 
T2SS, namely its role in binding c-di-GMP to participate in the regulation of antifungal 
antibiotic production.
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RESULTS

Screening of c-di-GMP receptors in regulating HSAF production

To identify the c-di-GMP receptor proteins involved in the regulation of HSAF production 
in L. enzymogenes, we employed c-di-GMP as a gripper to capture proteins from the 
OH11 whole cell lysate using SPR. The captured proteins were then subjected to protein 
sequencing and BLAST analysis. Through this approach, we successfully identified 68 
potential c-di-GMP receptor proteins (Listed in Table 1). Among these proteins, 14 
are known c-di-GMP receptors, including 3747(FimX), 4562, 0155, 4875, 3688, 0067, 
4029, 3677, 1158, 4727 (RpfG), 2762 (LchP), and 1632, which are involved in c-di-GMP 
synthesis or degradation (16), as well as 3639 (PilZ) (13) and 0848 (Clp) (28), which are 
previously reported c-di-GMP receptors. The presence of these known receptors among 
the identified proteins adds credibility and reliability to our data.

Subsequently, we generated deletion mutants of some of the c-di-GMP receptor 
protein-encoding genes (Fig. S1) and evaluated their HSAF yields using HPLC. The results, 
as depicted in Fig. 1, revealed impaired HSAF production in some of the mutants 
compared to the wild-type strain, including mutant Δ2394, Δ4096, and Δ0770. In this 
study, we focus on the protein 0770.

T2SS ATPase LspE is a c-di-GMP receptor

Protein 0770 was found to be a homologous protein of GspE, the ATPase of the Bacteria 
T2SS, as determined through protein blasting on the Pfam database (31) (http://
pfam.xfam.org/, Fig. S2A). ATPase is an enzyme that hydrolyzes ATP into ADP and 
inorganic phosphate, releasing energy for cellular activities. T2SS ATPase as a c-di-GMP 
receptor has been identified in P. aeruginosa (30), but the functions regulated by c-di-
GMP as a receptor have not been further studied. Since there were no reports on the 
correlation between the type II secretion system and the production of antibiotics, we 
renamed the 0770 protein as LspE (Lysobacter GspE) and decided to conduct further 
research on it.

To confirm that LspE functions as an ATPase of the T2SS, we first performed a protease 
activity assay to compare the hydrolysis zones of LspE mutant and the wild-type strains. 
Here, we used the mutant of T2SS structural protein GspD as a control. Our results 
showed that the hydrolysis zone of the LspE and GspD mutant strain was smaller than 
that of the wild-type strain (Fig. 2A), indicating that LspE has the conserved function of 
secreting hydrolytic enzymes via the T2SS. Furthermore, we conducted an in vitro ATPase 
activity assay using purified LspE-His protein expressed heterologously in Escherichia coli. 
Unfortunately, we detected almost no ATPase activity of this protein (Fig. S2B). Previous 
studies by Sandkvist and colleagues reported that the GspE protein EspE in Vibrio 
cholerae exists as a monomer in vitro, with only a small fraction forming hexameric 
structures, resulting in low ATP hydrolysis activity (32, 33). It was found that Hcp1, a 
hexameric protein from P. aeruginosa, assists in the formation of hexameric structures of 
EspE and exhibits approximately 20-fold higher ATPase activity compared to the 
monomeric form (34). Thus, we fused the Hcp1 protein to the C-terminus of LspE with 
five amino acids KLASG as a linker in an attempt to enhance its ATP hydrolysis capability. 
Then, we detected the in vitro ATPase activity of LspE-Hcp1. Fig. 2B shows phosphate 
continuously released with the incubation time increasing, demonstrating the robust 
ATPase activity of LspE-Hcp1. These results support that LspE functions as the ATPase of 
the T2SS in L. enzymogenes.

Subsequently, we conducted binding experiments between the purified LspE-Hcp1 
protein and c-di-GMP. SPR experiments revealed a strong binding interaction between 
LspE-Hcp1 and c-di-GMP, with a dissociation constant (KD) of 0.84 ± 0.06 µM (Fig. 2C). 
Given the structural similarity between c-di-GMP and ATP and both can bind to LspE, we 
also investigated whether they competitively bind to LspE. In this experiment, c-di-GMP 
was immobilized on photo cross-linker SPRi sensor chip, LspE-Hcp1, and a non-hydrolyz­
able ATP analog ATP-gamma-S flowed over the surface of chip. As shown in Fig. 2C, when 
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TABLE 1 Table1 Potential c-di-GMP receptor proteins by SPR assaya

Protein ID Predicted function Score

0328 ATP-binding cassette, subfamily B, bacterial 1,860.74

4172 Histidine kinase 1,845.72

4790 PAS domain S-box protein 1,839.60

1890 Para-aminobenzoate synthetase 1,831.15

4943 Hypothetical protein 1,829.90

3747 (FimX) GGDEF domain-containing protein 1,818.89

1886 Serine hydrolase 1,791.40

3639 (PilZ) PilZ domain-containing protein (13) 1,740.59

0705 pilR two-component system, NtrC family, response regulator PilR 1,674.38

4562 Two-component system response regulator WspR, GGDEF domain 

containing protein

1,643.62

0155 GGDEF domain-containing protein 1,617.86

1020 3-Oxoacyl-[acyl-carrier protein] reductase 1,594.19

3049 Peptide chain release factor 3 1,583.60

0691 ATP-dependent Clp protease ATP-binding subunit ClpB 1,562.76

4875 GGDEF domain-containing protein 1,561.41

3688 GGDEF domain-containing protein 1,560.77

0067 GGDEF domain-containing protein 1,557.90

0770 Type II secretion system ATPase GspE 1,547.64

4029 GGDEF domain-containing protein 1,474.64

4656 MerR family transcriptional regulator, copper efflux regulator 1,458.28

3677 GGDEF domain-containing protein 1,390.65

2512 PAS domain S-box protein 1,385.58

5095 Two-component system, OmpR family, sensor histidine kinase KdpD 1,384.01

1158 GGDEF domain-containing protein 1,372.03

4727 (RpfG) Two-component system, response regulator RpfG, HD-GYP domain 

containing protein

1,369.92

3810 Biofilm PGA synthesis N-glycosyltransferase PgaC 1,364.51

0820 Hypothetical protein 1,357.96

2762 (LchP) GGDEF and EAL domain-containing protein 1,338.04

1363 Hypothetical protein 1,325.54

0229 Hypothetical protein 1,310.95

0910 Hypothetical protein 1,284.18

4558 Chemotaxis protein methyltransferase WspC 1,283.28

4781 Molecular chaperone GrpE 1,255.45

1583 Type III secretion protein SctV 1,242.25

1157 LysM peptidoglycan-binding domain-containing protein 1,224.18

3498 Two-component system, NarL family, response regulator YdfI 1,199.31

4096 Hydrophobic/amphiphilic exporter-1 (mainly G-bacteria), HAE1 

family

1,179.93

0440 Peptidyl-tRNA hydrolase, PTH1 family 1,166.91

2012 Hypothetical protein 1,041.79

1012 Shape-determining protein MreB and related proteins 1,041.21

1632 GGDEF domain-containing protein 964.89

4431 Hypothetical protein 902.47

3194 DMT family transporter 854.90

2535 Hypothetical protein 809.27

2784 Parallel beta-helix repeat protein 770.13

0285 Type IV pilus assembly protein PilY1 747.79

3928 N-acetyltransferase 734.80

1452 Fatty acyl CoA synthetase 732.42

1252 Hypothetical protein 658.70

(Continued on next page)
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FIG 1 Comparison of HSAF production in a series of potential c-di-GMP receptor protein deletion mutants. The HSAF 

production in all strains was detected by HPLC. The peak area corresponding to HSAF in the wild-type strain OH11 was 

assumed to be 1, and all other strains were compared to the wild type. Statistical comparisons were performed with GraphPad 

software (GraphPad, La Jolla, CA) using one-way ANOVA (Dunnett’s multiple comparisons test). The error bars indicate 

standard errors. ****P < 0.0001, relative to the wild-type OH11. Biological experiments for each treatment were performed 

three times and assayed in triplicate.

TABLE 1 Table1 Potential c-di-GMP receptor proteins by SPR assaya (Continued)

Protein ID Predicted function Score

4774 Carbamoyl-phosphate synthase small subunit 647.30

2394 Hydrophobic/amphiphilic exporter-1 (mainly G-bacteria), HAE1 

family

631.31

0606 Hypothetical protein 623.39

1277 Citrate-Mg2+:H + or citrate-Ca2+:H + symporter, CitMHS family 614.70

3555 Membrane glycosyltransferase 600.43

4468 Gluconate 2-dehydrogenase subunit 3 family protein 566.59

2781 Hypothetical protein 530.31

0381 GTP-binding protein 507.00

0031 DUF1800 domain-containing protein 491.73

4429 2,3-Dihydroxybenzoate-AMP ligase 456.72

4088 DUF4189 domain-containing protein 421.99

3061 Xanthine dehydrogenase family protein molybdopterin-binding 

subunit

400.97

1499 TonB-dependent receptor 343.01

4605 Malate dehydrogenase (quinone) 331.51

4739 TonB-dependent receptor 299.15

0463 Membrane protein 296.08

0848 (Clp) CRP/FNR family transcriptional regulator, cyclic AMP receptor protein 

(27)

294.43

0385 DUF2127 domain-containing protein 208.03

3440 Hypothetical protein 176.70
aThe putative c-di-GMP binding proteins were captured from the whole-cell lysate of OH11 through SPR assay. The 
score is the probability that the observed match is a random event. We report scores as −10*LOG10(P), where P is 
the absolute probability. Therefore, the higher the score, the greater the likelihood of this protein being a c-di-GMP 
receptor. The gray shading represents known c-di-GMP receptor proteins.
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the ratio of LspE-Hcp1 to ATP-gamma-S in the interaction system is 1:1, the KD value is 
1.83 ± 0.12 µM, and when their ratio is 1:10, the KD value is 2.12 ± 0.03 µM. Although a 
slight decrease in affinity of LspE-Hcp1 for c-di-GMP was observed in the presence of the 
non-hydrolyzable ATP analog, such a minor difference is unlikely to be the result of 
competitive binding between c-di-GMP and ATP-gamma-S. It may be due to a slight 
conformational change in LspE-Hcp1 upon ATP-gamma-S binding. These results indicate 
that there is no competitive binding between c-di-GMP and ATP to LspE. Overall, our 
findings indicate that LspE, as an ATPase of the type II secretion system, is a c-di-GMP 
receptor protein.

FIG 2 LspE is a T2SS ATPase and a c-di-GMP receptor. (A) The protease activity of the wild-type and LspE mutants. Statistical comparisons were performed with 

GraphPad software (GraphPad, La Jolla, CA) using one-way ANOVA (Dunnett’s multiple comparisons test). The error bars indicate standard errors. *P ≤ 0.05, **P < 

0.01, ***P < 0.001, ****P < 0.0001, relative to the wild type. Biological experiments for each treatment were performed three times and assayed in triplicate. (B) In 

vitro ATP hydrolysis activity assay of LspE-Hcp1 protein. (C) SPR experiments were performed to evaluate the binding ability of c-di-GMP with LspE-Hcp1 with or 

without ATP-gamma-S.
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K358 and T359 of LspE are required for c-di-GMP binding and are related to 
HSAF production

To elucidate the c-di-GMP binding site of LspE, molecular docking simulations were 
performed between LspE and c-di-GMP. The results indicated that the amino acids 
K358 and T359 might serve as the binding site for c-di-GMP (Fig. 3A). To validate this 
hypothesis, site-directed mutagenesis was performed on these two residues, resulting 
in the generation of the purified LspEK358A-Hcp1 and LspET359A-Hcp1 proteins through 
heterologous expression. Circular dichroism measurement was used to confirm that 
these two mutant proteins still correctly folded (Table S3). Subsequent SPR analysis 
revealed a significant increase in the dissociation constants of LspEK358A-Hcp1 and 
LspET359A-Hcp1 with c-di-GMP, measured as 0.41 ± 0.01 mM and 0.12 ± 0.00 mM (Fig. 
3B), respectively, indicating a weakened binding affinity with c-di-GMP. These results 
indicated that the amino acid residues K358 and T359 are required for the binding of 
LspE to c-di-GMP.

We then compared the amino acid sequences of LspE with homologous proteins from 
different bacteria and found that the amino acid lysine is completely conserved in all 
seven GspE proteins, and the amino acid threonine is also conserved, except for GspE 
from V. cholerae and Enterobacter hormaechei (Fig. 4, in red box). This result suggests that 
ATPase proteins in the T2SS of bacteria are likely to be conserved c-di-GMP receptor 
proteins although their specific functions in their respective host bacteria are still 
unknown.

Furthermore, we introduced the mutations K358A and T359A of LspE into the 
genome of L. enzymogenes strain OH11, resulting in the generation of the OH11LspE-

K358A and OH11LspE-T359A mutants. Extraction and detection of HSAF demonstrated a 
significant decrease in the production of HSAF in both OH11LspE-K358A and OH11LspE-

T359A strains (Fig. 3C), indicating a positive correlation between the c-di-GMP-binding 
capacity of LspE and its impact on HSAF production.

The ATPase activity of LspE plays a key role in HSAF production regulation

As an ATPase, is there a correlation between the ATP hydrolysis activity of LspE and HSAF 
production? By comparing with the amino acid residues reported to affect ATPase 
activity in EspE of V. cholerae (35), we identified four potential ATPase activity sites in 
LspE, including R298, R313, R424, and R457 (Fig. 4, in blue box). We generated their site 
mutation and expressed their fusion proteins with Hcp1, followed by the measurement 
of ATP hydrolysis activity in vitro. The results showed a significant reduction in ATPase 
activity in these four mutant proteins, LspER298A-Hcp1, LspER313A-Hcp1, LspER424A-Hcp1, 
and LspER457A-Hcp1, compared to the wild-type LspE-Hcp1 (Fig. 5A; Fig. S3), indicating 
that these identified sites are, indeed, ATPase activity key amino acid residues. Further­
more, we introduced point mutations in these four amino acid sites in the OH11 genome, 
resulting in the generation of four strains, including OH11LspE-R298A, OH11LspE-R313A, 
OH11LspE-R424A, and OH11LspE-R457A. As expected, these mutant strains showed a 
weakened protease activity compared to the wild type due to the impaired ATPase 
function (Fig. 2A). HSAF production was then measured in these strains. As shown in Fig. 
5B, the HSAF production of OH11LspE-R424A is approximately half of that of the wild-type 
strain, while the other three mutant strains almost do not produce any HSAF (Fig. 5B). 
These findings revealed that the decreases in ATPase activity of LspE also resulted in 
decreases in HSAF production.

ATP hydrolysis activity of LspE is independent of its binding to c-di-GMP

Is the ATP hydrolysis activity of LspE affected by its binding to c-di-GMP, considering that 
its impact on HSAF production is correlated with both its ATPase activity and c-di-GMP 
binding? We conducted experiments by adding a gradient concentration of c-di-GMP to 
the system used to measure LspE’s ATP hydrolysis ability. We incubated 1, 2, 4, and 8 µM 
c-di-GMP with 0.5 µM LspE-Hcp1 for 0.5 h to allow sufficient time for binding to occur. 
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After that, we detected the ATPase activity, respectively. The results showed only a slight 
increase in activity compared to the control without c-di-GMP, and there was no 

FIG 3 The amino acids lysine at position 358 (K358) and threonine at position 359 (T359) are key binding sites of LspE to c-di-GMP. (A) Molecular docking 

predicts that K358 and T359 are crucial binding sites for c-di-GMP. The structure of LspE generated by AlphaFold is represented in purple, and the c-di-GMP 

molecule is shown in green. (B) SPR experiments are conducted to measure the binding affinity of c-di-GMP to LspE-Hcp1, LspEK358A-Hcp1, and LspET359A-Hcp1, 

respectively. (C) HSAF production comparison between the two site-mutated strain OH11LspE-K358A and OH11LspE-T359A to the wild-type strain. The peak area 

corresponding to HSAF in the wild-type strain OH11 was assumed to be 1, and all other strains were compared to the wild type. Statistical comparisons were 

performed with GraphPad software (GraphPad, La Jolla, CA) using one-way ANOVA (Dunnett’s multiple comparisons test). The error bars indicate standard errors. 

****P < 0.0001, relative to the wild-type OH11. Biological experiments for each treatment were performed three times and assayed in triplicate.
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FIG 4 Sequence alignment of amino acid sequences of GspE proteins from seven different bacteria. The amino acids represented in the red boxes are identified 

as key binding sites of c-di-GMP with LspE in this study. The amino acids represented in the blue boxes are ATPase activity key sites reported in EspE from V. 

cholerae (31).
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significant difference (Fig. 6). Although the ATPase activity of LspE and its binding to c-di-
GMP demonstrate consistency in their impact on HSAF production, based on the current 
data, these two processes do not appear to be related.

DISCUSSION

As one of the important secretion systems, since its discovery in the 1980s (36), the T2SS 
has been extensively studied in the composition, structure, and function (37–40). 
Comprising 12–15 proteins spanning the inner to outer membranes, the T2SS transports 
toxins and enzymes such as proteases (41–43), lipid-modifying enzymes (44, 45), 
carbohydrate-active enzymes (46, 47), phosphatases (48, 49), nucleic acid-targeting 
enzymes (50, 51), and more, to the extracellular space. The ATPase GspE serves as the 
energy supplier for the T2SS (33), and it is the main focus of our present study.

The c-di-GMP signaling molecule is widely present in bacteria, participating in various 
physiological and biochemical functions such as biofilm formation, motility, and 
virulence factor expression (4). However, there are currently only two published articles 
concerning the c-di-GMP signaling molecule and its relationship with the T2SS. One 
discovered that c-di-GMP can induce the expression of the gene cluster-encoding T2SS 
proteins in V. cholerae in a transcriptional factor VpsR-dependent manner (52) and the 
other reported that T2SS ATPase PA14_29490 in P. aeruginosa is a c-di-GMP receptor but 
with limited function study (30).

c-di-GMP receptor proteins are typically identified using experimental methods. One 
common approach is to capture the complex of c-di-GMP and receptor protein through 
methods such as biotin labeling or UV crosslinking and then identify the captured 
receptor protein by LC/MS/MS (Liquid Chromatography-Tandem Mass Spectrometry) (53, 
54). Another method involves constructing a protein expression library, immobilizing 

FIG 5 The ATPase activity of LspE is closely correlated with HSAF production. (A) Mutation R298, R313, R424, and R457 of LspE, respectively, significantly reduces 

the ATP hydrolysis ability compared to the wild type. Statistical comparisons were performed with GraphPad software (GraphPad, La Jolla, CA) using one-way 

ANOVA (Dunnett’s multiple comparisons test). The error bars indicate standard errors. ****P < 0.0001, relative to the LspE-Hcp1. Biological experiments for each 

treatment were performed three times and assayed in triplicate. (B) Point mutations of the four R residues in L. enzymogenes OH11 genome severely impair the 

ability of the strain to produce HSAF. Statistical comparisons were performed with GraphPad software (GraphPad, La Jolla, CA) using one-way ANOVA (Dunnett’s 

multiple comparisons test). The error bars indicate standard errors. ****P < 0.0001, relative to the wild-type OH11. Biological experiments for each treatment were 

performed three times and assayed in triplicate.
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proteins on nitrocellulose membrane, co-incubating with [α32P]c-di-GMP and identifying 
receptor proteins using the DRaCALA (Differential radial capillary action of ligand assay) 
method (30). The method used in the present study is more similar to the first approach 
but without any molecular labeling. It involves batch capturing c-di-GMP-binding 
proteins from the whole-cell lysate of L. enzymogenes OH11 using SPR experiments, 
ultimately leading to the identification of the T2SS protein GspE. Through our investiga­
tion, we determined that K358 and T359 of LspE contribute to c-di-GMP binding (Fig. 3). 
It is noteworthy that K358 is conserved among the GspE proteins of the seven different 
bacteria we compared, and T359 is conserved in five out of the seven proteins (Fig. 4). 
This suggests that the GspE protein of the T2SS is likely to serve as a receptor protein for 
c-di-GMP in different species of bacteria, making the GspE protein a conserved c-di-GMP-
binding protein.

Our study has also revealed an intriguing link between the GspE protein and the 
production of the antifungal antibiotic HSAF in L. enzymogenes. This discovery marks 
the first time that the T2SS in bacteria has been associated with the production of 
antibiotics. HSAF has been extensively studied for over a decade, with research focusing 
on its gene cluster, biosynthetic pathway, and regulatory mechanisms (22, 23, 28, 29, 
55–57). However, there is limited understanding of how HSAF is transported to the 
extracellular space. Currently, only Yue and colleagues have reported that HSAF can be 
released through outer membrane vesicles (OMVs) produced by L. enzymogenes strain 
OH11 (58). Nevertheless, with genetic modifications of strain OH11 and optimization of 

FIG 6 c-di-GMP binding does not affect the ATPase activity of LspE. Statistical comparisons were performed with GraphPad 

software (GraphPad, La Jolla, CA) using one-way ANOVA (Dunnett’s multiple comparisons test). The error bars indicate 

standard errors. Biological experiments for both treatment were performed three times and assayed in triplicate.
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fermentation conditions, HSAF production has been increased to 440.26 ± 16.14 mg/L 
(59, 60), making it unlikely that such a large amount of HSAF can solely rely on OMVs for 
transport.

In our study, we observed that the deletion of lspE resulted in a significant reduction 
in HSAF production (Fig. 1), and mutations in the ATPase active site of LspE also led 
to decreased HSAF production (Fig. 5B). These findings raise the possibility that HSAF 
secretion to the extracellular space occurs through the T2SS. To test this hypothesis, we 
deleted the essential structural protein encoding gene gspD of the T2SS in L. enzymo­
genes strain OH11 and observed a significant decrease in HSAF production (Fig. S4), 
providing further evidence for the involvement of the T2SS in HSAF secretion. However, 
considering that the T2SS is typically responsible for transporting various enzymes to 
the extracellular space, and there are no direct reports on the transport of antibiotics, 
it is conceivable that HSAF may bind to a specific protein before being transported 
through the T2SS. Further investigations will be conducted in future studies to explore 
and validate this hypothesis.

Furthermore, we found that LspE, functioning as a c-di-GMP receptor protein, 
also influences HSAF production when its c-di-GMP-binding site is mutated (Fig. 3C). 
However, based on the current results, c-di-GMP binding does not affect the ATPase 
activity of LspE (Fig. 6), suggesting that LspE not only affects HSAF production through 
the T2SS but also independently influences HSAF production as a c-di-GMP receptor. 
Currently, except the report on MshE, the type IV pilus ATPase, also a c-di-GMP receptor, 
that its ATPase activity could be enhanced by c-di-GMP binding (30), there is still a lack 
of research on how this kind of c-di-GMP receptor transmits c-di-GMP signals down­
stream. By comparing transcriptome data (data not shown) of differentially expressed 
genes between LspE mutant and the wild-type OH11, we identified that LspE seems to 
influence the expression of multiple gene clusters, including the HSAF biosynthesis gene 
cluster (qRT-PCR data in Fig. S5), in a pattern similar to that of a transcriptional factor. In 
recent years, there has been extensive research on enzymes acting as transcriptional 
regulators, such as inosine monophosphate dehydrogenase in Drosophila acting as 
a DNA-binding transcriptional repressor to regulate cell proliferation (61), fructose-1,6-
bisphosphate aldolase acting as a transcriptional regulator in Francisella (62), and AAA+ 
protease family protein Lon in P. syringae and E. coli identified as a DNA-binding protein 
(63, 64). Therefore, it is not ruled out that LspE may function as a transcriptional factor to 
regulate the biosynthesis of HSAF. Further investigation will be conducted to explore this 
possibility and uncover the role that c-di-GMP plays in this regulation. We also encourage 
researchers to re-examine the function and mechanism of action of the T2SS ATPase 
GspE in other bacteria species.

MATERIALS AND METHODS

Strains, plasmids and growth conditions

The bacterial strains and plasmids utilized in this study were presented in Table S1. 
Lysobacter strains were cultured in LB medium at a temperature of 28°C unless specifi-
cally mentioned. E. coli strains were cultured in LB medium at 37°C. Antibiotics, including 
kanamycin (25 µg/mL), gentamicin (25 µg/mL), and ampicillin (100 µg/mL), were added 
when necessary.

Gene deletion and site mutation

In-frame gene deletion in L. enzymogenes OH11 was performed as described in our 
previous study before (65). Primers used in this study were listed in Table S2. The 
site mutant gene fragment of LspE was synthesized by TsingKe Biological Technology 
Company, Beijing. After sequencing verification, depending on the specific purpose, it 
was cloned into an expression vector or integrated into the genome using the gene 
knockout method described above.
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SPR analysis

SPR analysis was performed by Betterways Inc., China. Briefly, for c-di-GMP-binding 
proteins capturing, c-di-GMP was first immobilized on a photo cross-linker SPRi sensor 
chip, followed by flowing the cell lysate of Lysobacter over the sensor chip surface. The 
proteins bound to c-di-GMP were captured and detected by bScreen LB 991 label-free 
microarray system (Berthold Technologies, Germany). Then, LC/MS/MS experiment was 
used to identify the types and relative abundance of proteins captured on the surface 
of the chip. For binding affinity of c-di-GMP to LspE and its derivatives, c-di-GMP was 
first immobilized on photo cross-linker SPRi sensor chip, LspE and its derivatives were 
diluted separately with running buffer at the concentrations of 200, 400, 800, 1,600, and 
3,200 nM and injected over 600 s at a flow rate of 0.5 µL/s in each associating stage, 
followed by running buffer for 360 s at a flow rate of 0.5 µL/s in each dissociating stage. 
At the end of each associating-dissociating circle, the surface was regenerated to remove 
any remaining bound material with a pulse of 10 mM glycine-HCl (pH 2.5) at 20 µL/min 
for 30 s.

Protein expression and purification

LspE gene and its derivatives were amplified and cloned into the pET-30a (+) plasmid 
(Table S1). The resulting constructs were transformed into E. coli strain BL21 (DE3) (Table 
S1) for protein expression and purification. An overnight culture (2 mL) was transferred 
to 200 mL of fresh LB medium and grown at 37°C with shaking at 200 rpm until reaching 
an OD600nm of 0.6. Isopropyl β-D-1-thiogalactopyranoside (IPTG, Sigma) was then added 
into the culture to a final concentration of 0.5 mM, followed by incubation at 16°C for 
16 h. The cell pellet was collected by centrifugation (6,000 rpm) at 4°C; resuspended in 
purification buffer (33) consisting of 20 mM Tris-HCl (pH 8), 500 mM NaCl, 5% (vol/vol) 
glycerol, 1 mM TCEP/HCl, 0.1 mM ATP, and 5 mM MgCl2; and sonicated using a Sonifier 
250 (Branson Digital Sonifier, Branson). After centrifugation, the soluble proteins were 
mixed with pre-equilibrated Ni2+ resin (GE Healthcare, Shanghai, China) and washed with 
75 mM imidazole. The target protein was eluted with 250 mM imidazole. The purified 
protein was diluted 10 times with imidazole-free purification buffer, centrifuged with 
Milibo ultrafiltration tube to achieve buffer replacement, and repeated twice. Finally, 
the protein was diluted 10 times with purified buffer supplemented with 10% (vol/vol) 
glycerol and centrifuged to the appropriate concentration and stored. The purity of the 
protein was evaluated by SDS-PAGE, and the protein concentration was determined 
using a BCA assay kit (TransGen Biotech, China).

HSAF extraction and detection

The extraction and quantification of HSAF were performed following previously 
described methods (65). Given that HSAF is hardly accumulated in the cell interior, we 
extracted HSAF from the whole fermentation broth. Briefly, HSAF was extracted from 
L. enzymogenes whole cell cultures grown in 1/10 TSB by adding an equal volume of 
ethyl acetate. The HSAF content was detected and quantified using high-performance 
liquid chromatography (HPLC). Each treatment was performed in biological triplicates 
and repeated three times for experimental consistency.

qRT-PCR

Strains were cultured in LB medium at 28°C overnight. One milliliter of the culture 
was transferred into 50 mL of 1/10 TSB, and cells were collected at OD600nm = 
1.0. RNA extraction was performed using the Bacterial RNA Kit (Omega, China), and 
RNA concentrations were measured with a Nanodrop ND-1000 UV Spectrophotometer 
(Thermo Fisher, USA). cDNA was synthesized using the PrimeScript RT Reagent Kit with 
gDNA Eraser (Takara, Japan). qRT-PCR was conducted using an Applied Biosystems 7500 
system, with the 16S rRNA gene used as an internal control as previously described (29). 
The primers utilized in this study are listed in Table S2.
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Molecular docking

The 3D structure of LspE, predicted by AlphaFold (66) (https://alphafold.com/), was 
obtained from UniProt and downloaded for further analysis. The obtained structure was 
processed using PyMOL (67), involving the removal of water molecules and unwanted 
heteroatoms, resulting in the modified receptor structure. For the ligand structure, 
the c-di-GMP molecule was checked for charge and protonation state using PyMOL. 
The molecular docking analysis was performed using AutoDockTools (68). Finally, the 
molecular docking figure was generated using PyMOL.

In vitro ATPase activity assay

ATPase activities were measured using the Malachite Green Phosphate Assay Kit 
(Sigma-Aldrich). The reaction mixture consisted of 0.5 µM protein, 5 mM ATP, and 5 mM 
MgCl2, in a buffer containing 100 mM HEPES (pH 8.5), 65 mM NaCl, and 5% (vol/vol) 
glycerol (34). The reactions were incubated at 37°C for different time intervals (0, 5, 
10, 15, and 20 min for LspE-Hcp1; 0, 120, 180, 240, and 300 min for LspER298A-Hcp1, 
LspER313A-Hcp1, LspER424A-Hcp1, and LspER457A-Hcp1) and then assayed for the release 
of inorganic phosphate. The amount of phosphate was determined by measuring the 
absorbance at 650 nm and comparing it to a phosphate standard curve. The reported 
data were obtained from three independent samples of the same purified proteins, and 
each sample was assayed in duplicate.

For the reaction system supplemented with different concentrations of c-di-GMP, 
protein and c-di-GMP were mixed in the reaction buffer and pre-incubated at 37°C 
for 0.5 h. Then, the remaining reaction components were added, and the mixture was 
incubated for 10 min at 37°C. A blank control was prepared by replacing c-di-GMP with a 
reaction buffer.

Protease activity assay

LB agar plates containing 10% (wt/vol) skim milk were used to detect protease activ­
ity. Fresh bacterial cultures of strain OH11 and its derivatives were spotted onto the 
plate. After 60 h of incubation at 28°C, the protein hydrolysis zones on the plates were 
observed. One milliliter of ddH2O was used to suspend the colonies and measure the 
OD600nm value. Ultimately, the ratio of the hydrolysis zone area to the OD600nm of the 
bacteria was used to indicate the strength of protease activity. Each treatment was 
performed in biological triplicates and repeated three times for experimental consis­
tency.

Statistical analysis

In this study, certain experiments were conducted in triplicates and repeated three times. 
The means of three replicates are presented, with error bars representing the stand­
ard errors. Statistical comparisons were performed using one-way ANOVA (Dunnett’s 
multiple comparisons test) with GraphPad software (GraphPad, La Jolla, CA). A signifi-
cance level of P < 0.05 was considered statistically significant.
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