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A B S T R A C T   

Mycobacterium tuberculosis (MTB) serine proteases are important pathogen-associated virulence factors that are 
involved in the invasion, bacterial persistence, and degradation of host defense factors. The current study 
identified and characterized a novel serine protease, Rv3194c, of MTB. A heterologous Rv3194c protein, purified 
from Escherichia coli, possessed proteolytic activity that could hydrolyze bovine serum albumin (BSA), milk, 
casein, and gelatin at an optimal temperature of 40 �C and a pH of 8.0. Furthermore, the divalent metal ions Ca2þ

and Mn2þ increased the activity of Rv3194c. Betulinic acid, a Traditional Chinese Medicine (TCM) monomer; 
PMSF, a chemical inhibitor; and the Roche inhibitor cocktail inhibited proteolytic activity. Site-directed muta
genesis demonstrated that D308 and particularly S309 play a crucial role in the catalytic activity of Rv3194c 
protease. The cellular assays revealed that Rv3194c inhibits THP1-derived macrophage migration. Moreover, 
Rv3194c degraded the complement components, C3b and C5a, causing inhibition of phagocytosis and chemo
taxis. In mice, Rv3194c enhanced the persistence of Mycobacterium smegmatis (Ms) in the lung, induced lung 
lesions, and promoted the release of inflammatory cytokines. The results of this study indicate that Rv3194c may 
play an important role in the pathogenicity of mycobacteria.   

1. Introduction 

Mycobacterium tuberculosis (MTB), the pathogenic agent of tubercu
losis (TB), is a life-threatening infectious disease. Globally, TB remains 
one of the top 10 causes of death and affects millions of people each 
year. In 2017, nearly 10 million people were estimated to have been 
infected with TB, and 300,000 TB-related deaths occurred in human 
immunodeficiency virus (HIV)-positive patients [1]. Meanwhile, the 
emergence of multidrug-resistance (MDR) strains in infection alone or 
co-infection with HIV complicates TB treatment and prevention [2]. 
Thus, it is vital to explore the pathogenic mechanisms of TB and identify 
new pathogenic factors to design novel drugs to fight TB and reduce its 
threat to public health. 

Bacterial serine proteases are important factors involved in the in
vasion of mammalian cells, especially macrophages [3,4], and they can 
contribute to MTB virulence infection and proliferation. Many MTB 

serine proteases, such as Rv2869c, Rv0125c (pepA), and Rv0983c, have 
been identified and characterized. These serine proteases regulate 
mononuclear cell proliferation and inflammatory cytokine secretion and 
increase the virulence and persistence of MTB [5,6]. In host-pathogen 
interactions, serine proteases counteract the host immune responses 
through the cleavage of immunoglobulins and complement to escape 
from host immune surveillance and the manipulation of the immune cell 
signals to increase the proliferation of pathogens [7–9]. Rv3194c be
longs to the S16 serine protease family. Bioinformatic analysis (SignalP 
4.1 Server and TMHMM Server v. 2.0) has shown that 1–23 amino acids 
are a potential signal peptide and 1–27 amino acids are a trans
membrane helix. In addition, a recent study demonstrated that Rv3194c 
might possess adhesion characteristics [10]. In this study, we show that 
Rv3194c could hydrolyze BSA, casein, gelatin, and milk in vitro, and 
inhibit THP1-derived macrophage migration and phagocytosis. In 
addition, Rv3194c serine protease promoted the persistence of 
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Mycobacterium smegmatis in mice and induced pathological lung injury 
and the release of inflammatory cytokines. 

2. Materials and methods 

2.1. Animals, bacterial strains, plasmids, and antibodies 

Mice (5-week-old female C57BL/6 and BALB/c) and New Zealand 
white rabbits were purchased from Vital River (Beijing, China). Exper
iments involving mice were performed according to the recommenda
tions of the Heilongjiang Animal Ethics Committee (Harbin, 
Heilongjiang, China). The Animal Welfare Commissioner approved the 
ethical guidelines. Distress was minimized in all of the experimental 
animals. Mycobacterium smegmatis (Ms) mc2155 and bacillus Calmette- 
Gu�erin (BCG bovis Tokyo 172) strains were cultivated in 7H9 and 7H10 
medium (BD Biosciences, San Jose, CA, USA) with 0.2% glycerol, 0.05% 
Tween 80 (Sigma-Aldrich, St. Louis, MO, USA), and 10% oleic acid/al
bumin/catalase (OADC) (BD Biosciences). The MTB (H37Rv) genome 
was used to amplify the rv3194c and rv0983c genes. The pMV261-AI-N 
vector (Supplementary data), based on the pMV261 vector backbone, 
was modified and used to construct recombinant plasmids. The poly
clonal antibodies anti-Rv3194c and anti-KatG were prepared from 
BALB/c mice and rabbits, respectively. Anti-6 �His monoclonal anti
body (1:5,000) from mouse (Sigma-Aldrich), goat anti-rabbit IgG 
Dylight 800-labeled antibody, and goat anti-mouse IgG Dylight 800- 
labeled antibody (1:10,000) (KPL, USA) were used for Western blotting. 

2.2. Expression, purification, and identification of Rv3194c 

The rv3194c gene from the genomic DNA of MTB H37Rv was 
amplified by PCR using specific primers (Supplementary Table S1). The 
products were digested and ligated into the pET22b vector (Novagen, 
Darmstadt, Germany) with a sequence encoding a 6 �His-tag on the C- 
terminus. The Rv3194c protein was expressed in E. coli BL21 and puri
fied by affinity chromatography, gel filtration chromatography, and ion- 
exchange chromatography. The purified protein was analyzed by SDS- 
PAGE. Western blotting was also conducted to analyze Rv3194c 
expression with anti-6 �His and anti-Rv3194c antibodies. Finally, 
Rv3194c identification was completed by mass spectrometry. 

2.3. Substrates for Rv3194c serine protease 

Preliminary determination of the Rv3194c serine protease was con
ducted using a Protease Fluorescent Detection Kit (Sigma-Aldrich). The 
serine protease Rv0983c (pepD) was purified as a mycobacterial serine 
protease control [11]. The assay was done according to the manufac
turer’s instructions. Briefly, all of the test samples were incubated with 
incubation buffer (20 mM Na3PO4, 150 mM NaCl, pH 7.6) and 
FITC-casein (20 ng). After incubation, fluorescence intensity at the 
excitation and emission wavelengths of 485 and 535 nm were measured 
in the supernatant containing FITC-labeled fragments using a Multiskan 
Spectrum microplate spectrophotometer (Enspire, PerkinElmer, Wal
tham, MA, USA). All of the measurements were repeated in triplicate. 

The substrates casein, gelatin, and milk were used to measure the 
protease activity of Rv3194c. PepD (50 μg), Rv3194c (50 μg), and 
Rv3194c (50 μg) with 10 μL of the Roche protease inhibitor cocktail, 
trypsin (10 μg), and 50 μL of 20 mM Tris-HCl were added to the plates of 
casein, gelatin, and milk, respectively. After incubation overnight at 
37 �C, the protease hydrolytic substrate activity of Rv3194c was 
examined. 

2.4. Effects of pH, temperature, divalent ions, and kinetic studies of 
Rv3194c 

The effect of pH on Rv3194c serine protease activity was determined 
over a wide pH ranging from 3.0 to 12.0 (at 1.0 intervals) using Britton- 

Robinson buffer (20 mM acetic acid, 20 mM boric acid, and 20 mM hy
drochloric acid, adjusted to the desired pH using 0.2 M NaOH) [12] as 
the reaction solution, following incubation at 37 �C for 1 h. The re
actions were conducted at temperatures ranging from 30 �C to 50 �C (at 
2 �C intervals) at an optimal pH of 8.0. All of the results were confirmed 
by 15% SDS-PAGE. Quantitative detection of Rv3194c activity was 
determined using a previously described method [13]. The total reaction 
volume was 100 μL. All of the test samples were co-incubated with 10 μg 
BSA (Ameresco, Solon, OH, USA) substrate in Britton-Robinson buffer at 
different temperatures and pH levels for 1 h. Then 20 μL of 50% (w/v) 
TCA was added to terminate the reaction, after which the mixture was 
chilled on ice for 15 min followed by centrifugation at 10,000 rpm for 
5 min. The supernatant was collected to measure the increase at 280 nm 
(dA280) using the Nanophotometer™ Peal Ultramicro UV–Vis spectro
photometer. One unit of enzymatic activity was defined as the amount of 
Rv3194c (per mg) that hydrolyzed the BSA substrate, causing an 
absorbance value increase of 0.001 at A280 per min. 

Different divalent ions affect the activity of serine proteases [14]. To 
verify the effects of divalent ions on the activity of Rv3194c, BSA sub
strate (10 μg) with Rv3194c (10 μg) and 5 mM of eight different divalent 
metal ion salts (MgCl2, FeCl2, MnCl2, CaCl2, BaCl2, NiCl2, CuCl2, and 
ZnCl2) were mixed in Britton-Robinson buffer and incubated at an 
optimal temperature of 40 �C and pH of 8.0. The effects of the divalent 
ions were measured using the spectrophotometric method described 
above. The value of dA280 in the reaction of Rv3194c with BSA substrate 
was set as 100% protease activity, and the relative activity of the other 
samples was calculated according to the 100% specimen. Each assay was 
repeated at least three times. 

The parameters of the Michaelis-Menten kinetic curve on Rv3194c 
were measured with UV spectrophotometry. Briefly, 10 μg Rv3194c 
protein was co-incubated for 1 h with varying concentrations of BSA 
substrate (0.03125, 0.0625, 0.125, 0.25, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 
4.25, 4.5, 4.75, 5, 5.25, 5.5, 5.75, 6, 6.25, 6.5, 6.75, 7, 7.25, 7.5, 7.75, 8, 
8.25, 8.5, 9, 9.25, 9.5, 9.75, and 10 mg/mL) at 40 �C, pH 8.0 with 5 mM 
CaCl2. Tris-HCl buffer at 20 mM (pH 8.0, containing 5 mM CaCl2) was 
used as a negative control. A 20 μL volume of 50% TCA was used to 
terminate the reaction. The supernatant was measured at 280 nm. All of 
the samples were measured in triplicate. 

2.5. Screening of Rv3194c inhibitors 

Inhibitors of Rv3194c were screened using 20 types of traditional 
Chinese medicine (TCM) monomers (Genistein, Iris Flavonoids, Vitexin, 
Quercetin, Luteolin, Garbanzoin, Gallnut, Curcumin, Rutin, Arbutin, 
Saponin, Cedarin, Ferulic acid, Betulinic acid (50% dimethyl sulfoxide 
dissolved), Forsythiaside, Isoquercetin, Scutellarin, Han Huangqi, Ver
bascoside, and Baicalin (50% absolute ethanol dissolved)) and seven 
types of chemical inhibitors (pepstatin A, EDTA, leupeptin, aprotinin, 
dithiothreitol (DTT), PMSF, and Roche inhibitor cocktail (dissolved in 
sterile water)). All TCM monomers, EDTA, DTT, and PMSF were pur
chased from Sigma-Aldrich. Pepstatin A, leupeptin, and aprotinin were 
purchased from APExBio (Houston, TX, USA). Purified Rv3194c (10 μg) 
was co-incubated for 1 h with 0.5 mM TCM monomers or 5 mM chemical 
inhibitors at 40 �C, pH 8.0 with 5 mM CaCl2; 10 μg BSA was then added, 
and the mixture was incubated for an additional 1 h. Next, 20 μL of 50% 
(w/v) TCA was used to terminate the reaction in a total volume of 
100 μL. Measurement of Rv3194c activity with different inhibitors was 
conducted by spectrophotometry. SDS-PAGE was used to detect BSA 
hydrolysis. 

2.6. Site-directed mutagenesis and circular dichroism 

The pET22b-Rv3194c plasmid was used as a template for amplifi
cation by PCR with complementary mutagenic primer sequences (Sup
plementary Materials Table S2). A total of 12 recombinant protein 
mutants (A135G/V136A, V138A, N167A/L168A, D169A, Q170A/ 
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F171A, T172A/A173G, L174A/L175A, S253A/G254A, S86A/G87A, 
D308A/S309A, D308A, and S309A) were purified, and their relative 
protease activities were measured using the aforementioned methods. 

Circular dichroism of variable temperature (20 �C and 40 �C) was 
used to verify the correct fold and changes in temperature stability of 
Rv3194c and the 12 mutants. UV CD spectra, between 190 and 260 nm, 
were collected using a 1-mm quartz cuvette containing 250 μL of protein 
solution (1 μg protein dissolved in 20 mM Tris-HCl buffer (pH 6.0), with 
a data pitch of 0.1 nm, a bandwidth of 2.0 nm, and a scanning speed of 
50 nm/min on a Chirascan spectropolarimeter (Applied Photophysics 
Ltd., UK). All of the specimens were analyzed in triplicate. 

2.7. Subcellular localization of Rv3194c 

To investigate the subcellular localization of Rv3194c in recombi
nant Ms (rMs), the rv3194c gene was cloned into the pMV261-AI-N 
shuttle vector to generate a pMV261-rv3194c recombinant plasmid. 
The plasmid was then electroporated into Ms to construct the Ms-261- 
Rv3194c rMs strain. The preparation of subcellular fractions of BCG 
and rMs was conducted as previously described [15]. All of the fractions 
were analyzed by Western blotting using an anti-Rv3194c protein 
polyclonal antibody. The cytoplasmic control protein, KatG (catalase 
peroxidase), was also detected via Western blot. The results were 
detected and recorded using a Li-Cor Odyssey imaging system (Li-Cor 
Biosciences, USA). 

2.8. Cellular assays 

The wound-healing assay was conducted using THP1-derived mac
rophages. The monolayer macrophages (2 � 105 cells/mL) were treated 
for 2 h with 10 μg/mL of Rv3194c and Rv3194cM (D308, S309). RPMI 
1640 medium was substituted as the blank control. The cells were then 
scratched with sterile 10 μL pipette tips, washed three times with PBS, 
and incubated with FBS-free RPMI 1640 medium. The cell migration 
distance was detected by microscopy at 0 h, 12 h, and 24 h. Meanwhile, 
the extent of the wound width was calculated using ImageJ software. 
Each assay was repeated in triplicate. 

A concentration of 5 μg standard protein (C5, C5a, C3, and C3b; 
Sigma-Aldrich) was co-incubated for 2 h with 5 μg of Rv3194c protein at 
40 �C, pH 8.0, and 5 mM CaCl2 in 20 mM Tris-HCl. The digestion of C5, 
C5a, C3, and C3b by Rv3194c was examined by SDS-PAGE. The 
chemotaxis assay was then conducted in a 6.5-mm transwell chamber 
(Corning, Corning, NY, USA). THP1 monocytes were seeded at a density 
of 1 � 105 cells/mL in the upper chamber with 300 μL FBS-free RPMI 
1640, and the lower compartment contained 700 μL of RPMI 1640 with 
10% FBS, 10 μg/mL C5a, 10 μg/mL C5a þ Rv3194c, 10 μg/mL C5a þ
Rv3194cM, 10 μg/mL FMLP (chemotactic peptide), and 1% sterile PBS 
as chemoattractants. After incubation for 24 h, the upper compartment 
of the chamber, with no migrating cells, was removed, and the traversed 
membrane cells were counted by microscopy. Each assay was repeated 
three times. 

Phagocytosis and phagocytosis inhibition were evaluated with the 
Rv3194c protein and rMs strains (Ms-261, Ms-261-Rv3194c Ms-261- 
Rv3194cM (D308, S309), respectively. Rv3194c and Rv3194cM pro
teins were added to THP1-derived macrophages (2 � 107 cells/mL) to a 
final concentration of 10 μg/mL. Rv3194c, pre-incubated with Roche 
protease inhibitor cocktail, was used as the positive control, and RPMI 
1640 instead of Rv3194c served as the blank control. After incubation 
for 2 h, the medium was replaced with fresh RPMI 1640, and the cells 
were infected with the Ms strain at an MOI of 10:1. After a 6-h infection, 
the THP1 cells were washed three times with sterile PBS, lysed with 
80 μL mild cell lysis buffer (Beyotime, Beijing, China), and centrifuged. 
The pellets were then re-suspended in 7H9 broth, and the cell suspension 
was spread onto 7H10 agar plates. The Ms colony-forming units (CFU) 
were counted after three days of cultivation. To verify the results, three 
rMs strains (Ms-261, Ms-261-Rv3194c, and Ms-261-Rv3194cM) were 

used to infect the THP1-derived macrophages. The growth curve mea
surement of rMs in vitro showed no significant changes in growth 
character among the rMs (Fig. S6A in supplementary materials). The 
CFU of the rMs was counted using the method above. All of the assays 
were done in triplicate. 

2.9. Lung infection, pathological examination, and cytokine assays of 
mice 

C57BL/6 mice were randomly separated into four groups and anes
thetized with dry ice prior to bacterial infection. The rMs strains 
(1 � 108 CFU in 100 μL sterile PBS) were used to inoculate the mice via 
nasal administration. Three mice from each group were randomly 
euthanized at different time points (1, 7, 14, 21, and 28 d). The whole 
lungs of all of the challenged mice were removed, and the left lung was 
used for histopathological examination. The right lung was homoge
nized, and the lung slurry was spread onto 7H10 plates with 50 μg/mL 
kanamycin. After 3–4 d of incubation at 37 �C, the CFU of the rMs was 
calculated. The spleens were also taken from the euthanized mice at the 
above time points, and spleen lymphocytes were collected using the 
Mouse Spleen Lymphocyte Separation Kit (TBD, Tianjin, China). The 
spleen lymphocytes were stimulated overnight with 1 � 105 CFU/mL 
rMs strains. The secreted levels of IFN-γ, IL-1β, TNF-α, and IL-6 were 
examined in the supernatants using mouse IFN-γ, IL-1β, TNF-α, and IL-6 
ELISA Kits (eBioscience, San Diego, CA, USA). 

2.10. Statistical analysis 

The data are expressed as the mean � standard error of the mean 
(SEM). Significant differences were analyzed with one-way analysis of 
variance (ANOVA) and two-way ANOVA, followed by Bonferroni’s 
multiple comparisons test. Statistical analysis of the data was performed 
using Prism 5.0 software (San Diego, CA, USA). P values were used to 
distinguish significant differences (* 0.01 < P < 0.05, **P < 0.01, 
***P < 0.001). 

3. Results 

3.1. Expression, purification, and identification of Rv3194c 

The rv3194c gene was cloned into pET22b vector and transformed 
into E. coli. In order to identify whether Rv3194c was expressed in E. coli 
and purify the Rv3194c protein in vitro, immunoblotting was used to 
analyze Rv3194c expression with anti-6xHis and anti-Rv3194c (Fig. 1A 
and B). SDS-PAGE analysis showed that the Rv3194c protein was pre
sent in inclusion body forms. The Rv3194c was subsequently re-natured 
and purified by Ni2þ affinity chromatography (Fig. 1C), gel filtration 
chromatography, and ion-exchange chromatography purification 
(Figs. S1A and B in Supplementary Materials). More than 98% of puri
fied soluble protein was obtained. Subsequent mass spectrometry and 
peptide mass fingerprinting results showed that the expected protein, 
Rv3194c (Accession No. NP_217710.1), was obtained from MTB H37Rv 
(Fig. S1C in Supplementary Materials). 

3.2. Specificity of Rv3194c serine protease activity 

To verify the serine protease activity of purified Rv3194c, FITC- 
labeled casein and casein, milk, and gelatin agar plates were used to 
detect Rv3194c protease activity. Purified serine protease Rv0983c 
(pepD) (Fig. S2A� D in Supplementary Materials) was used as a myco
bacterial serine protease control. The results indicated that Rv3194c 
protein could cleave the FITC-labeled casein substrate (Fig. 2A) and 
hydrolyze milk, casein, and gelatin, showing visible hydrolysis on the 
plates (Fig. 2B). These results indicated that Rv3194c has serine protease 
activity. 
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3.3. Effects of pH, temperature, and divalent ions, and kinetic study of 
Rv3194c 

Optimal pH, temperature, and divalent metal ions are important to 
enzymatic function. The results of BSA hydrolyzation demonstrated that 
Rv3194c was able to tolerate a wide pH range of 6.0–12.0 (Fig. S3A in 
Supplementary Materials), with maximal protease activity at pH 8.0 
(Fig. 3A). Furthermore, Rv3194c hydrolyzed BSA at temperatures 
ranging from 30 �C to 50 �C (Fig. S3B in Supplementary Materials) with 
an optimal temperature of 40 �C (Fig. 3B). The effect of different diva
lent ions on Rv3194c activity was calculated at 40 �C and pH 8.0. The 
enzymatic activity of Rv3194c increased nearly 148.77% and 71.15% in 
the presence of 10 mM CaCl2 and 10 mM MnCl2, respectively. The same 
concentrations of FeCl2 and MgCl2 had no significant effect on Rv3194c 
activity; however, Ba2þ, Ni2þ, Cu2þ, and Zn2þ inhibited Rv3194c ac
tivity by approximately 66.62%, 89.78%, 85.6%, and 97.58%, respec
tively (Fig. 3C). These results demonstrate that the optimal enzymatic 
activity conditions for Rv3194c are 40 �C, at pH 8.0 with Ca2þ. 

The enzymatic kinetic parameters of Rv3194c serine protease were 
determined under conditions of pH 8.0 and 40 �C in a 5 mM CaCl2 
divalent ionic salt solution with BSA substrate. Michaelis–Menten 
enzyme dynamic assays showed a Km value of 1.428 � 0.18 mg/mL, and 
the Vmax value was calculated to be 26.74 U/mg/min for BSA hydro
lysis (Fig. 3D). 

3.4. Screening of TCMs and chemical inhibitors of Rv3194c 

To determine the inhibitors of Rv3194c, the proteolytic activity was 
evaluated in the presence of 20 types of TCM monomers and seven 
chemical inhibitors (Figs. S4A and B in Supplementary Materials). 

Betulinic acid (No. 14) had significant protease inhibitor activity with an 
inhibitory rate of nearly 40.5%, and the other TCM inhibitors had no 
inhibitory effects on Rv3194c activity (Fig. 4A). EDTA, leupeptin, 
aprotinin, PMSF, and Roche protease inhibitor cocktail also inhibited 
protease activity. The inhibitory rates of PMSF and Roche cocktail were 
90.7% and 94.8%, respectively, and were much higher than the inhib
itory rates of EDTA, leupeptin, and aprotinin compared to the control 
group (***P < 0.001; Fig. 4B). These results demonstrate that betulinic 
acid, PMSF, and Roche cocktail are efficacious inhibitors of Rv3194c 
protease activity. 

3.5. Site-directed mutagenesis and circular dichroism (CD) 

Twelve variant proteins were purified (Fig. S5C in Supplementary 
Materials), each with a single or double residue of the predicted resi
dues. Examination of the enzymatic activity by cleaving FITC-labeled 
casein substrates (Fig. S5D in Supplementary Materials) and the rela
tive activity of the 12 mutants showed that the Rv3194cM D308A/ 
S309A mutant protein caused 70.2% loss of protease activity, and the 
single point mutant S309A was shown to play an important role in 
catalytic activity causing 69.91% of enzymatic activity loss. The double- 
point mutants S253A/G254A and S86A/G87A caused 40% and 30% loss 
of activity, respectively. The other eight substitutions (A135G/V136A, 
V138A, N167A/L168A, D169A, Q170A/F171A, T172A/A173G; L174A/ 
L175A, and D308A) resulted in relative activity losses of 8%, 7%, 6.6%, 
12%, 15%, 13%, 10%, and 3.3%, respectively (Fig. 5A). To determine 
the correct fold and stability of the secondary structural elements of 
Rv3194c and the 12 mutants, CD spectroscopy was performed over 
wavelengths ranging from 190 to 240 nm at 20 �C and 40 �C, at pH 6.0. 
The curves converged at 20 �C and 40 �C, between a wavelength of 200 

Fig. 1. Purification and identification of Rv3194c. 
(A) and (B) Western blotting analysis of Rv3194c protein with anti-6 �His antibody and anti-Rv3194c. Line 1: induced empty vector pET-22b; Line 2: pET22b- 
Rv3194c without induction; Line 3: pET22b-Rv3194c with induction. (C) The affinity-purified Rv3194c protein was analyzed by SDS-PAGE. Purified Rv3194c 
protein was eluted by different imidazole concentration gradients. Line 1: 60 mM imidazole; Line 2: 100 mM imidazole; Line 3: 125 mM imidazole; Line 4: 150 mM 
imidazole; Line 5: 175 mM imidazole; Line 6: 200 mM imidazole; and Line M: protein molecular weight marker. 

Fig. 2. Rv3194c hydrolyzes substrates and exhibits serine protease activity. 
(A) Fluorescent detection of FITC-casein hydrolyzation by Rv3194c protein. The protease activity of Rv3194c was measured by cleaving FITC-labeled casein sub
strates, causing an increase of fluorescent units at excitation and emission wavelengths of 485 and 535 nm. The experimental samples, including Rv3194c, Rv0983c 
(pepD), supernatants of cellular lysis of induced or non-induced recombinant E. coli (pET22b-Rv3194c and pET28b-Rv0983c), and Trypsin-treated FITC-labeled 
casein were detected under the same conditions. All of the assays were replicated in triplicate. (B) Different substrate hydrolysis of Rv3194c was performed by the 
agar plate method. Tris-HCl, Rv3194c þ Roche cocktail protease inhibitor served as a negative control. Rv0983c (pepD) and Trypsin served as a mycobacterial serine 
protease and positive control, respectively. 
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and 220 nm demonstrating a temperature stability of Rv3194c, effica
cious mutant (D308A/S309A) (Fig. 5B) and the other 11 mutants 
(Fig. S7 in Supplementary Materials). 

3.6. Subcellular localization of Rv3194c 

Western blotting was conducted to investigate the subcellular 
localization of Rv3194c in rMs (Ms-261-Rv3194c) and BCG. The results 
demonstrated that Rv3194c was expressed in the total cell lysate, cell 
wall, cytoplasm, cell membrane, and cell culture filtrate in Ms-261- 

Fig. 3. Effect of pH, temperature, and 
divalent metal ions, and kinetic study on 
the protease activity of Rv3194c. 
The effects of different pH, temperature, 
divalent metal ions, and kinetic study on the 
Rv3194c activity were evaluated by BSA 
hydrolyzation. (A) The different pH effect on 
Rv3194c serine protease activity was 
measured by the spectrophotometry method; 
error bars represent the SEM. (B) The effect 
of different temperatures on Rv3194c activ
ity. (C) Effect of divalent metal ions on 
Rv3194c serine protease activity. One unit of 
Rv3194c enzyme activity was defined as the 
amount of Rv3194c (per mg) hydrolyzed 
substrate of BSA causing an absorbance 
value increase of 0.001 at A280/min at 40 �C 
with pH 8.0. Error bars represent SEM. (D) 
Michaelis-Menten kinetics analysis of serine 
protease activity of Rv3194c. Km value for 
BSA substrate hydrolyzation was 
1.428 � 0.18 mg/mL, and the Vmax value 
was 26.74 U/mg/min.   

Fig. 4. Effects of TCMs and chemical inhibitors on Rv3194c activity. 
(A) Quantitative analysis of TCM effect on Rv3194c activity. Control: Rv3194c þ BSA; 1–20: Genistein; Iris Flavonoids; Vitexin; Quercetin; Luteolin; Garbanzoin; 
Gallnut; Curcumin; Rutin; Arbutin; Saponin; Cedarin; Ferulic acid; Betulinic acid; Forsythiaside; Isoquercetin; Scutellarin; Han Huangqi; Verbascoside; Baicalin. The 
relative activity of BSA hydrolyzation by the Betulinic acid monomer inhibitor was remarkably lower than other Chinese medicine monomers (***P < 0.001). (B) 
Quantitative analysis by spectrophotometry of the effect of chemical inhibitors on Rv3194c activity. Error bars represent SEM. The data were analyzed by two-way 
ANOVA, * 0.01 < P < 0.05, **P < 0.01, ***P < 0.001. 
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Rv3194c (Fig. 6A). KatG, a cytoplasmic control protein, was only pre
sent in the total cell lysate and cytoplasm (Fig. 6A and B). Rv3194c had 
the same cellular localization in wildtype BCG cellular fractions, except 
for the cell culture filtrate (Fig. 6B). These data demonstrated that MTB 
Rv3194c is expressed in both the intracellular and extracellular contents 
in rMs and wild-type Rv3194c protein localized in the cell wall, cyto
plasm, and cell membrane in BCG. 

3.7. Wound healing assays in macrophages 

A wound-healing assay was used to determine if Rv3194c affected 
macrophage migration. THP1-derived macrophages were treated with 
purified Rv3194c or the Rv3194cM protein. Migration was more 
inhibited in Rv3194c protein-treated THP1 macrophages at both 12 and 
24 h than with Rv3194cM protein-treated (* 0.01 < P < 0.05) and 
control groups (**P < 0.01; Fig. 7A). Wound width was also calculated 
using Image J software. The percentage of wound width was nearly 
30.53% (Blank), 71.03% (Rv3194c), and 52.77% (Rv3194cM) at 12 h 

and 9.43% (Blank), 52.8% (Rv3194c), and 30.71% (Rv3194cM) at 24 h. 
The inhibitory migration rate of Rv3194c-treated cells was higher 
compared to Rv3194cM-treated cells (* 0.01 < P < 0.05) and much 
higher compared to blank (**P < 0.01) (Fig. 7B), demonstrating that 
Rv3194c serine protease can inhibit migration of THP-1-derived 
macrophages. 

3.8. Chemotactic inhibition by C5a degradation and anti-phagocytosis by 
C3b digestion of Rv3194c 

C5a is an important factor of complement components, which has a 
chemoattractive effect that can recruit macrophages to an infection site. 
The current study investigated whether Rv3194c could degrade C5a, 
thus indirectly causing inhibition of chemotaxis in vitro. The assay of C5 
and C5a degradation demonstrated that Rv3194c could hydrolyze C5 
and C5a in vitro by its protease activity (Fig. 7C). The transwell system 
assay showed that the number of cells with C5a treatment was higher 
than that with Rv3194c and Rv3194cM treatment (* 0.01 < P < 0.05; 
Fig. 7D) demonstrating that C5a can recruit THP1 monocyte migration. 
There was no significant difference in cell number between C5a and 
FMLP treatments; however, cell number was lower with both C5a and 
FMLP treatments compared to treatment with the FBS control (* 0.01 <
P < 0.05; Fig. 7D). It was also found that Rv3194c can digest C3 and C3b 
α chain fragments (Fig. 7E). C3b plays an important role in phagocytosis 
as a component of the complement complex. Cellular phagocytosis of 
THP1-derived macrophages was evaluated to verify whether Rv3194c 
affected the cellular phagocytosis of mycobacteria. As mentioned above, 
purified Rv3194c protein was added to pre-cultured THP1-derived 
macrophages along with FBS. The THP1 macrophages were then infec
ted with M. smegmatis. Phagocytosis of Ms by untreated THP1 macro
phages was higher compared to THP1 macrophages treated with 
Rv3194c and Rv3194cM (***P < 0.001); however, there was no signif
icant difference when cells were pre-incubated with the cocktail inhib
itor (Fig. 7F). To further confirm these results, THP1 macrophages were 
infected with three rMs (Ms-261-Rv3194c, Ms-261-Rv3194cM, and Ms- 
261) under the same conditions. The results demonstrated that the CFU/ 
mL of Ms-261-Rv3194c and Ms-261-Rv3194cM was lower than that of 
Ms-261 at 12 and 24 h (* 0.01 < P < 0.05; Fig. 7G). However, the CFU/ 
mL of Ms-261-Rv3194cM was higher than the CFU/mL of Ms-261- 
Rv3194c at 6, 12, 24 and 36 h, although this difference was not signif
icant. Taken together, these results show that Rv3194c can degrade C5a, 
causing chemotactic inhibition, and can digest C3b, thereby reducing 
phagocytosis by macrophages. 

Fig. 5. Site-directed mutagenesis and circular dichroism. 
(A) The relative activity of the site-directed mutants of Rv3194c. * 0.01 < P < 0.05, **P < 0.01. Error bars represent SEM. The data were analyzed by two-way 
ANOVA. (B) Circular dichroism assay of Rv3194c and Rv3194cM (D308A, S309A) at two different temperatures (20 �C and 40 �C). 

Fig. 6. Subcellular localization of Rv3194c. 
Subcellular localization of Rv3194c in rMs strain and BCG were detected by 
Western blotting. Subcellular localization of Rv3194c in rMs (A) and BCG (B) 
strain. Whole-cell lysates (WC), cell wall (CW), cytoplasm (Cyto), cell mem
brane (CM), and cell culture filtrates (CF). KatG protein serves as a cyto
plasm marker. 
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3.9. Rv3194c promotes persistence in the lung and induces lung lesions 

The lung is one of the main organs infected by MTB, and epithelial 
cells are target cells for adherence and invasion by mycobacteria [16]. 
To evaluate the function of Rv3194c in mycobacterial pathogenicity in 
mice, three rMs strains (Ms-261, Ms-261-Rv3194c, and 
Ms-261-Rv3194cM) were used to infect C57BL/6 mice. Bacterial load in 

the infected lung tissue was estimated at 1, 7, 14, 21, and 28 d after 
infection. There was no significant difference among the three groups 1 
d after infection. However, the bacterial load was notably higher after 
infection with Ms-261-Rv3194c and Ms-261-Rv3194 cM at 7 d (**P <
0.01) and 14 d (***P < 0.001) compared to Ms-261. Furthermore, bac
terial loads in the lung tissues of the Ms-261 group mice were totally 
cleared 14 d after infection, whereas the bacterial load was not 

Fig. 7. Cellular assays verified Rv3194c protein function in vitro. 
(A) The wound healing assays of Rv3194c- and Rv3194cM-treated THP1-derived macrophages at different time points (0, 12, 24 h). Blank group: THP1 macrophages 
were treated with 20 mM Tris-HCl, 150 mM NaCl, pH 8.0, 5 mM CaCl2 at 40 �C. (B) The percentage of wound width was calculated with Image J software. Error bars 
represent SEM, * 0.01 < P < 0.05, **P < 0.01. (C) SDS-PAGE analysis of C5 and C5a degradation by Rv3194c in vitro. (D) Chemotactic inhibition by C5a degradation 
of THP1-derived macrophages, * 0.01 < P < 0.05. (E) SDS-PAGE analysis of C3 and C3b digestion by Rv3194c in vitro. (F) THP-1-derived macrophages anti
phagocytosis of Ms by C3b digestion of Rv3194c, ***P < 0.001. (G) THP1-derived macrophages antiphagocytosis of rMs by C3b digestion of Rv3194c, * 0.01 <
P < 0.05. Each assay was repeated three times, and data analysis was conducted by two-way ANOVA. 
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completely cleared in Ms-261-Rv3194cM mice until 28 d after infection. 
Bacteria could still be detected at 28 d after infection with 
Ms-261-Rv3194c (Fig. 8A). Histological lesions in the immunized 
groups were examined 14 d after infection. No histological changes were 
detected in the PBS or Ms-261 groups. Lung tissues from the 
Ms-261-Rv3194cM group displayed mild inflammatory cell infiltration, 
whereas severe congestion and inflammatory cell infiltration were 
observed in the Ms-261-Rv3194c group (Fig. 8B). These results show 
that Rv3194c promotes Ms persistence in the lungs and induces lung 
lesions. 

3.10. Rv3194c regulates inflammatory responses 

To quantify the levels of inflammatory cytokines, IFN-γ, IL-1β, TNF- 
α, and IL-6 were measured in the supernatant of stimulated spleen 
lymphocytes. No significant changes in the levels of secreted IFN-γ were 
found in PBS- or Ms-261-infected mice at any time point (1, 7, 14, 21, 
and 28 d); however, IFN-γ levels were significantly higher in the Ms-261- 
Rv3194c group at 14 and 21 d compared to Ms-261-infected, PBS- 
infected (**P < 0.01), and Ms-261-Rv3194cM-infected (* 0.01 < P <
0.05) mice. The high level of IFN-γ secretion in the Ms-261-Rv3194c 
group persisted 28 d after infection and was higher than levels in the 
Ms-261-Rv3194cM, Ms-261, and PBS groups (* 0.01 < P < 0.05; 
Fig. 9A). IL-1β secretion in the Ms-261-Rv3194c group showed an 
increasing trend from 1 to 7 d, peaked at 14 d, and then decreased at 21 
and 28 d after inoculation. The level of IL-1β in the Ms-261-Rv3194c 
group was significantly higher than that in the other three groups at 
7 d (* 0.01 < P < 0.05), 14 d (* 0.01 < P < 0.05), and 21 
d (***P < 0.001; Fig. 9B). A similar phenomenon was observed with 
TNF-α and IL-6. TNF-α levels in spleen lymphocytes treated with Ms- 
216-Rv3194c were markedly higher than those in the other groups at 
7, 14, 21, and 28 d (***P < 0.001; Fig. 9C). The highest level of IL-6 
secretion appeared at 7 d and decreased at 14 d; however, there was 
no significant difference among the four groups at 7, 21, and 28 d 
(Fig. 9D). These data show that Rv3194c can regulate inflammatory 
responses by upregulating the secretion of IFN-γ, IL-1β, TNF-α, and IL-6. 

4. Discussion 

Serine proteases are a large family of enzymes that exist in 

prokaryotic and eukaryotic organisms and possess important biological 
functions. The protease Esp regulates bacterial biofilm formation and 
inhibits nasal colonization of Staphylococcus aureus; Gp63 cleaves the 
NF-κB, p65 of macrophages, inducing chemokine expression; and 
PfSUB1 mediates the release of malaria parasites from host erythrocytes 
[17–20]. A considerable number of serine protease have been identified 
in pathogenic and non-pathogenic MTB due to their important biological 
significance [21,22]. However, until now, no evidence has been avail
able regarding the identification and characterization of Rv3914c, the 
putative serine protease of the pathogenic MTB. To the best of our 
knowledge, the current study is the first to identify, characterize, and 
establish Rv3194c as a novel MTB serine protease, and to describe its 
physical and biochemical properties and immunomodulatory features. 

The current study found an optimal temperature of 40 �C and an 
optimal pH of 8.0 for Rv3194c, similar to the previously reported tem
perature and pH values for the Sep1 serine protease from Bacilus firmus 
[23] and ScpA from Alicyclobacillus sendaiensis [13]. Furthermore, cir
cular dichroism spectroscopy analysis demonstrated that Rv3194c and 
its 12 mutant proteins maintained a complete spectrum over a wide 
temperature range (20 �C� 40 �C), showing that these proteins can sta
bilize their correct structural fold and tolerate widely varying temper
atures, particularly 40 �C, which is consistent with the appearance of 
fever after MTB infection. This suggests that Rv3194c may contribute to 
the virulence of MTB. Although Fe2þ and Mg2þ had no significant in
fluence on Rv3194c activity, Mn2þ and Ca2þ were found to promote the 
enzymatic activity of Rv3194c. This activity was inhibited by the diva
lent metal salt ions Cu2þ and Zn2þ. This may be because Rv3194c pro
tease is denatured by heavy metal salts, which is a phenomenon found 
with Da-36 serine proteases in Deinagkistrodon acutus venom [24]. The 
effects of different ions on Rv3194c demonstrate that these divalent 
cations may bind to different amino acids to maintain enzymatic activity 
but are not important factors for integration with catalytic sites, such as 
in the E. coli protease Colicin E9 [25]. Moreover, Mn2þ and Ca2þ ions 
increased Rv3194c activity suggesting they play important roles in 
stabilizing the structure of the protease. The enzymatic activity of 
Rv3194c was strongly inhibited by the serine protease inhibitor PMSF 
(90%) [26] and the Roche protease inhibitor cocktail (94%). Mean
while, EDTA, a divalent cations chelator, could chelate Ca2þ and showed 
a protease inhibitory effect on Rv3194c activity. Betulinic acid (40%) 
was first reported in this study as a TCM monomer that serves as an 

Fig. 8. Rv3194c promotes Ms persistence in the lung and induces lung lesions. 
(A) Persistent rMs in mice lungs; bacterial loads in infected lung tissue from C57BL/6 mice, as transmitted by intranasal infection with Ms-261, Ms-261-Rv3194c, and 
Ms-261-Rv3194cM, were determined at 1, 7, 14, 21, and 28 d after infection. * 0.01 < P < 0.05, **P < 0.01, and ***P < 0.001. (B) Histopathological examination of 
mice lungs; Ms-261-Rv3194c group: Severe hemorrhagic degeneration in alveolar epithelial cells and inflammatory cell infiltration. Ms-261-Rv3194cM group: Mild 
inflammatory cell infiltration. Ms-261 and PBS group: No pathological changes. 
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effective inhibitor of mycobacteria serine protease. Furthermore, this 
natural product-based medicine was also found to have an inhibitory 
effect on the growth of Ms and Ms-261-Rv3194c (Figs. S6B and C in 
supplementary materials). Betulinic acid has also been found to increase 
anti-mycobacterial activity and has been considered to be an efficacious 
natural agent for mycobacteria therapy [27,28]. New studies on TCMs 
are currently ongoing to discover novel agents against drug-resistant 
pathogens. Therefore, the identification of new virulence factors and 
the screening of TCM inhibitors may be an effective method for devel
oping new methods of treating TB [29]. 

Amino acid substitution studies indicated that D308 and S309, but 
especially the latter residue, may play an important role in Rv3194c 
serine protease activity, as the substitution of S309 caused a nearly 70% 
loss of Rv3194c serine protease activity. The importance of the residue 
substitution indicates that Rv3194c has a domain similar to the Asp/ 
His/Ser catalytic triad, which is similar to that found in trypsin-like 
proteases [30]. C3b and C5a are important factors of complement 
components [31,32]. In vitro cellular assays demonstrated that Rv3194c 
could degrade C5a and digest C3b, causing inhibition of chemotaxis and 
indirectly inhibiting phagocytosis by THP1-derived macrophages, 
respectively. Rv3194c also inhibited the migration of macrophages, 
demonstrating that Rv3194c is an important mycobacterium virulence 
factor. Inflammatory cytokines, such as IFN-γ, can activate macrophage 
antimicrobial mechanisms against MTB. TNF-α is a crucial 
pro-inflammatory cytokine for MTB control in animals [33], 

contributing to the activation of macrophages to kill intracellular 
mycobacteria [34]. IL-6 is a cytokine that is critical for resistance against 
MTB but is not necessary to control the mycobacterial growth in infected 
loci after a low dose aerosol-delivered infection [35]. IL-6 is important 
for mediating inflammation in MTB infection but is not as essential as 
the TNF-α cytokine for anti-mycobacterial effector mechanisms [36]. 
IL-1β is another important pro-inflammatory cytokine, produced by 
macrophages, which is essential for killing MTB. Mice lacking IL-1β or 
the IL-1β receptor are highly susceptible to MTB infection. In addition, 
IL-1β directly inhibits the intracellular growth of MTB [37,38]. Here, we 
showed that Ms-261-Rv3194c rMs is capable of immunomodulating 
immunized mice spleen cells by inducing secretion of the 
pro-inflammatory Th1 cytokines TNF-α, IL-1β, IL-6, and IFN-γ, and ob
servations in bacterial persistence and lung histopathology indicated 
that Rv3194c could significantly contribute to the TB 
immunopathology. 

In summary, Rv3194c is a novel MTB serine protease that is associ
ated with MTB pathogenicity. The current study provides the first 
biochemical and pathological analysis of the Rv3194c serine protease 
together with an in vitro immunized index detection of THP-1-derived 
macrophages and immunomodulatory responses elicited by the intact 
protease. Additional studies are needed to determine if the native 
Rv3194c in the original MTB strain plays a role in the virulence of 
mycobacterial infection. Rv3194c may be a novel target for the devel
opment of anti-mycobacterial drugs. 

Fig. 9. Rv3194c upregulates the inflammatory responses of IFN-γ, IL-1β, TNF-α, and IL-6. 
Quantitative analysis of inflammatory indicators in mice changed with rMs. The spleen samples of infected mice (n ¼
3 each group) were removed, and spleen lymphocytes were stimulated with PBS, Ms-261, Ms-261-Rv3194c, and Ms-261-Rv3194cM (D308A-S309A) in vitro. The 
secretion levels of cytokines were detected in the supernatant of cellular cultures. (A) Analysis of IFN-γ. (B) Analysis of IL-1β. (C) Analysis of TNF-α. (D) Analysis of IL- 
6. Two-way ANOVA followed by Bonferroni’s multiple comparisons was used to analyze the data, **P < 0.01 and ***P < 0.001. 
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