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Introduction

The gram-negative bacteria Serratia are facultative path-
ogens able to cause nosocomial infections or infections 
in immunocompromised patients (Grimont and Grimont 
2006; Mahlen 2011). The most clinically relevant strain 
of the genus Serratia is S. marcescens (Hejazi and Falki-
ner 1997; Grimont and Grimont 2006; Mahlen 2011). In 
addition, a number of reports describe human diseases 
from infections with other Serratia species including 
S. rubidaea, S. liquefaciens, S. grimesii and S. protea-
maculans (Bollet et al. 1993; Ursua et al. 1996; Hertle 
2005; Grimont and Grimont 2006). Serratia has also been 
associated with animal infections (Grimont and Grimont 
2006). We have recently shown that, similar to pathogenic 
bacteria (Cossart and Sansonetti 2004) and S. marces-
cens (Hertle and Schwarz 2004), S. grimesii and S. pro-
teamaculans can penetrate into eukaryotic cells being 
detected both in vacuoles and freely in cytoplasm of the 
infected cells (Efremova et al. 2001; Tsaplina et al. 2009; 
Bozhokina et al. 2011). The efficiency of the internaliza-
tion of S. grimesii and S. proteamaculans is rather low, 
with only about 10 % of the cultured cells being invaded 
by the bacteria (Bozhokina et al. 2011). However, it can 
be enhanced under conditions that modify cell surface 
receptors playing a role in cell adhesion and cell–cell 
junctions, like incubation of eukaryotic cells with antioxi-
dants (Gamaley et al. 2006; Bozhokina et al. 2013), i.e., 
by the factors that may accompany the Serratia nosoco-
mial infection. Therefore, invasion of cultured mamma-
lian cells by S. grimesii or S. proteamaculans can be a 
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useful model to study the involvement of various factors 
in the Serratia infections.

The invasive activities of S. grimesii and S. pro-
teamaculans turned out to correlate with synthesis of 
homologous thermolysin-like metalloproteases ECP32/
grimelysin or protealysin, respectively, characterized by 
high specificity toward actin (Khaitlina et al. 1991; Efre-
mova et al. 2001; Demidyuk et al. 2006; Tsaplina et al. 
2009; Bozhokina et al. 2011). Moreover, transformation 
of noninvasive Escherichia coli with a plasmid encoding 
grimelysin or protealysin confers to the bacteria invasive 
capacity (Bozhokina et al. 2011). However, inactivation 
of protealysin gene resulted in the loss of actin-hydro-
lyzing activity of S. proteamaculans extracts but did not 
abolish the ability of the bacteria to be internalized within 
the eukaryotic cells, thus indicating the presence of other 
factors promoting invasion of these bacteria. Among the 
possible virulence factors found in Serratia strains are a 
pore-forming toxin (hemolysin) ShlA known to promote 
invasion of S. marcescens (Hertle and Schwarz 2004; 
Hertle 2005), extracellular proteases (Marty et al. 2002), 
and a nuclease (Benedik and Strych 1998). The aim of the 
present work was to evaluate contribution of these viru-
lence factors in invasive capacities of S. grimesii and S. 
proteamaculans.

Our results show that the invasive activity of S. pro-
teamaculans toward human cultured cells is fourfold to 
fivefold higher than that of S. grimesii, which correlates 
with the high activities of the pore-forming toxin hemo-
lysin ShlA and an extracellular gelatinase serralysin of 
S. proteamaculans. Under the invasion conditions, activ-
ity of S. grimesii virulence factors is very low, consistent 
with the relatively low invasive activity of these bacte-
ria. These results indicate that along with protealysin, 
the invasive activity of S. proteamaculans is mediated by 
hemolysin and serralysin. On the other hand, grimely-
sin is so far the only known invasion factor of Serratia 
grimesii.

Materials and methods

Reagents

EMEM culture medium was obtained from Biolot LLC 
(Russia). Fetal bovine serum (FBS) was from Thermo 
Scientific (Thermo Fisher Scientific Inc.). Peptone and 
yeast extract were obtained from Difco (Franklin Lakes, 
NJ, USA); NEAA, PBS, Sodium deoxycholate, gelatin, 
2,2′-bipyridyl, LB medium, LB-agar, Triton X100, azo-
casein, PMSF, O-phenanthroline, DNA, reagents for elec-
trophoresis were purchased from Sigma Chemical Co. (St 
Louis, MO, USA).

Bacterial strains, cell cultures and growth conditions

Human cervical carcinoma HeLa M cells were obtained 
from the Russian Cell Culture Collection (Institute of 
Cytology, St. Petersburg, Russia). Cells were grown in 
the antibiotic-free EMEM supplemented with 10 % fetal 
bovine serum and 1 % NEAA (Non-Essential Amino 
Acids) at 37 °C under 5 % CO2 atmosphere, for the time 
required to form a monolayer (usually about 18–40 h).

Serratia grimesii strain 30063 was from the German 
Collection of Microorganisms and Cell Cultures (DSM 
30063). Serratia proteamaculans strain 94 was a generous 
gift of Dr. Ilya Demidyuk (Institute of Molecular Genet-
ics, RAS, Russia). The recombinant E. coli BL21 (DE3) 
(Novagen), expressing protealysin gene pProPlnHis6 was 
obtained as described previously (Gromova et al. 2009). 
Bacteria were grown either in Luria broth (LB medium) 
containing 1 % peptone, 0.5 % yeast extract and 1 % NaCl 
in the absence or presence of 0.3 mM 2,2′-bipyridyl at pH 
7.0 or in M9 medium containing 0.6 % Na2HPO4, 0.3 % 
KH2PO4, 0.1 % NH4Cl, 0.05 % NaCl, 2 % glucose, 1 % thi-
amin, 0.1 mM CaCl2 in the absence or presence of 0.2 mM 
Fe2SO4. S. grimesii and E. coli BL21 (DE3) (pProPlnHis6) 
were grown at 37 °C with aeration. S. proteamaculans was 
grown at 30 °C with aeration, because they do not grow 
at 37 °C. For experiments, all bacteria were grown till the 
late stationary growth phase, and the aliquots of the every 
bacterial culture were diluted with growth medium to equal 
optical densities at 600 nm.

Gentamicin invasion assay

Efficiency of invasion was evaluated by gentamicin invasion 
assay (Prouty and Gunn 2000). Bacteria that were grown for 
48 h until actinase activity on their extracts could be deter-
mined (Tsaplina et al. 2009; Bozhokina et al. 2011). Bacte-
ria were pelleted by centrifugation at 12,000g for 10 min, 
resuspended in EMEM, and the bacteria suspension was 
added to HeLa M cells grown in 6-well plates containing 
nearly confluent monolayers of ~2 × 105 cells per well, to 
a multiplicity of infection (MOI) of approximately 100 bac-
teria per cell. Then the plates were centrifuged at 2,000g 
for 5 min to get bacteria to attach the cells. The plates were 
incubated for 2 h at 37 °C, and EMEM with bacteria was 
removed. After washing three times with PBS, the infected 
cells were suspended in 1 ml of trypsin in PBS and 400 μl 
of the cells suspension was incubated with 400 μl EMEM 
containing gentamicin (100 μg/ml) with shaking at 37 °C 
for 1 h, to get rid of extracellular bacteria. At the concentra-
tion used, gentamicin is impermeable to mammalian cells; 
therefore, it kills only extracellular rather than internalized 
bacteria. Then 400 μl of this cell suspension was lysed with 
200 μl 4.5 % sodium deoxycholate in water, pipetted to 
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disperse bacterial aggregates and plated out on LB-agar to 
determine the number of colony forming units (CFU). The 
results for each experiment are the average of an assay per-
formed in triplicate and independently repeated three times.

Hemolysis assay

To determine hemolytic activity of S. proteamaculans 
94 and S. grimesii 30063, the standard hemolysis assay 
with erythrocytes was used (Hertle and Schwarz 2004). 
Horse erythrocytes were a generous gift of Maria Ser-
geeva (Research Institute of Influenza, Saint Petersburg, 
Russia). Washed erythrocytes were suspended in PBS to a 
final concentration of 2 %. Bacteria were grown for 48 h, 
and the extracts were tested for the actinase activity (Tsap-
lina et al. 2009; Bozhokina et al. 2011). Similar amounts 
of bacteria were pelleted by centrifugation at 12,000g for 
10 min, resuspended in 100 μl PBS, and the bacteria sus-
pension was added to 1 ml of erythrocyte suspension for 
1 h at 37 °C and then centrifuged for 3 min at 2,000g. 
The absorbance of released hemoglobin was measured at 
405 nm. Hemolytic activities are presented as the percent-
age of the total erythrocytes lysed by 4 % SDS.

Zymography with gelatin

To determine the ability of extracellular protease to cleave 
gelatin, zymography was performed (Hertle and Schwarz 
2004). The growth media of S. grimesii 30063 or S. pro-
teamaculans 94 was incubated with electrophoresis sam-
ple solution (62.5 mM Tris–HCl, pH 6.8, 0.1 % SDS) for 
30 min and analyzed by SDS-PAGE differing from a regular 
SDS-PAGE by the presence of 0.3 % gelatin in the resolving 
gel. After electrophoresis, the gel was washed twice with 
2.5 % Triton X-100 to remove SDS and incubated in 5 mM 
CaCl2, 50 mM Tris–HCl, pH 7.2–7.4, for 18 h at 37 °C to 
renature the proteases and carry out proteolysis. Finally, the 
gel was fixed in 25 % isopropanol with 10 % acetic acid for 
30 min and stained with Coomassie brilliant blue G-250.

Proteolysis of azocasein

The reaction mixture consisted of 100 μl of azocasein 
(10 mg/ml) in 50 mM Tris–HCl, pH 7.2 and 50 μl of the 
growth media of S. grimesii 30063 or S. proteamaculans 94 
(grown for 48 h) was incubated at 37 °C for 60 min. To 
study the effect of inhibitors, the bacteria growth media 
was complemented with 1 mM PMSF or 5 mM O-phen-
anthroline. The reaction was quenched by the addition of 
200 μl 10 % trichloroacetic acid for 10 min at −20 °C. 
After centrifugation at 12,000g for 5 min, 250 μl of super-
natant was mixed with 50 μl 4 M NaOH and the absorb-
ance was determined at 450 nm.

Nuclease activity assay

To measure the nuclease activity, the spectrophotometric 
method was used. This assay detects the increase in DNA 
absorbance at 260 nm when the polymer is depolymerized 
to nucleotides or short oligonucleotides. The reaction mix-
ture consisted of DNA (1 mg/ml) in 100 mM Tris–HCl, 
pH 8.5 and the growth media of S. grimesii 30063 or S. 
proteamaculans 94 (grown for 24 or 48 h, till the early or 
late postlogarithmic growth stage) was incubated at 37 °C 
for 45 min. The reaction was quenched by the addition of 
equal volume of 25 % HCl for 10 min at −20 °C. After 
centrifugation at 12,000g for 7 min, the absorbance of the 
supernatant was measured at 260 nm.

Statistical analysis

Data were analyzed statistically using one-way analysis of 
variance (ANOVA) with Excel Data Analysis Pack. A dif-
ference was considered significant at the p < 0.05 level.

Results

Comparison of invasive activities of S. grimesii and S. 
proteamaculans

Both S. grimesii 30063 and S. proteamaculans 94 display 
the invasive phenotype only at the postlogarithmic growth 
phase (Tsaplina et al. 2009; Bozhokina et al. 2011) when 
the ability of the bacterial lysates for limited proteolysis 
of actin can be detected (Usmanova and Khaitlina 1989; 
Bozhokina et al. 2008; Tsaplina et al. 2009; Bozhokina 
et al. 2011). Therefore, to quantitatively evaluate invasive 
activities of S. grimesii and S. proteamaculans, human car-
cinoma HeLa cells were infected by the bacteria grown 
till the late postlogarithmic growth phase and the amount 
of the intracellular bacteria was determined using the 
gentamicin invasion assay (Prouty and Gunn 2000). The 
number of intracellular S. grimesii 30063 and S. protea-
maculans 94 in HeLa cells incubated with bacteria for 
2 h is presented in Fig. 1a. The data show that the inva-
sive capability of S. proteamaculans 94 is about fivefold 
higher than that of S. grimesii 30063, suggesting that these 
closely related bacteria contain either a different repertoire 
of virulence factors or their similar virulence factors have 
different activities.

Is hemolysin ShlA a virulence factor of S. grimesii and S. 
proteamaculans?

The development of S. marcescens infections is known 
to be associated with the pore-forming toxin ShlA that is 
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not absolutely necessary for internalization of S. marc-
escens within transformed eukaryotic cells but strongly 
mediates the internalization (Hertle and Schwarz 2004). 
The genome sequences of S. proteamaculans 568 [Gen-
Bank CP000826.1] and S. grimesii A2 [GenBank 
JGVP00000000.1] both contain ShlA gene.

We examined hemolytic activity of S. proteamaculans 
94 and S. grimesii 30063 using a standard hemolysis assay 
with erythrocytes (Hertle and Schwarz 2004). To exclude 
cytolytic effects of other virulence factors, recombinant E. 
coli encoding protealysin and capable of invasion but lack-
ing ShlA was taken as a control. Incubation of erythrocytes 
with S. proteamaculans 94 resulted in the lysis of 5 % of 
erythrocytes (Fig. 2a). S. grimesii 30063 induced the lysis 
of only 1.5 % of erythrocytes, which was similar to the 
effect produced by the control bacteria (Fig. 2a), evidenc-
ing a fourfold higher activity of ShlA in S. proteamaculans 
than in S. grimesii 30063 or the control E. coli.

It is known that the hemolytic activity of S. marces-
cens depends on iron availability (Hertle 2005). Synthe-
sis of hemolysin is repressed by iron, while restriction of 

iron by chelator 2,2′-bipyridyl produced a marked increase 
in hemolytic activity (Poole and Braun 1988b). Therefore, 
to increase sensitivity of the test revealing the hemolytic 
effects of ShlA, we compared hemolytic activity of S. pro-
teamaculans 94 and S. grimesii 30063 in the presence of 
2,2′-bipyridyl. Figure 2b illustrates at least a sevenfold 
increase in hemolytic activity of S. proteamaculans pro-
duced by the iron limitation. At the same time, no effect 
of 2,2′-bipyridyl on the hemolytic activity of S. grimesii 
30063 was observed (Fig. 2b).

Extracellular protease serralysin as a virulence factor  
of S. proteamaculans and S. grimesii

S. marcescens produces extracellular metalloprotease ser-
ralysin, which is a virulence factor playing an important 
role in pathogenesis of infections (Maeda and Morihara 
1995; Kida et al. 2007; Ishii et al. 2014). Serralysin was 
also isolated from S. proteamaculans (Kwak et al. 2007), 
but whether it is produced by S. grimesii is still unknown. 
To address this issue, we compared the 48-h growth media 

Fig. 1  Quantitative evaluation of the susceptibility of HeLa cells to 
invasion by S. proteamaculans 94 and S. grimesii 30063. a HeLa M 
cells were infected by the bacteria grown for 48 h. b S. proteamacu-
lans 94 and S. grimesii 30063 were grown in the absence and pres-

ence of 0.3 mM 2,2′-bipyridyl for 48 h and incubated with HeLa M 
cells. The invasive activity was determined by the gentamicin assay 
as described in “Materials and methods”

Fig. 2  Evaluation of hemolytic activity of S. proteamaculans 94 and 
S. grimesii 30063. a Hemolytic activity of S. proteamaculans 94 (1) 
and S. grimesii 30063 (2) was determined by a standard hemolysis 
assay with erythrocytes as described in “Materials and methods.” (3) 

Hemolytic activity of control E. coli BL21 (DE3) (pProPlnHis6). b 
Hemolytic activity of S. proteamaculans 94 and S. grimesii 30063 
grown in the absence and presence of 0.3 mM 2,2′-bipyridyl
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of S. grimesii 30063 and S. proteamaculans 94 for their 
ability to hydrolyze azocasein. Figure 3a shows that the 
medium of S. grimesii 30063 displayed a proteolytic activ-
ity, but this activity was more than tenfold lower than that 
of S. proteamaculans 94. The proteolysis of azocasein was 
not inhibited by an inhibitor of serine proteases PMSF, 
whereas strong inhibition of the enzyme by an inhibitor of 
metalloproteases O-phenanthroline was observed.

To identify the protease(s) providing azocasein cleavage 
in the growth media of S. grimesii 30063 and S. proteamac-
ulans 94, we used zymography with gelatin. The method 
is based on the ability of a protease in question to renature 
after SDS electrophoresis, which results in the cleavage of 
gelatin in the area of the gel where the protease is present. 
In this way, an extracellular protease with molecular mass 
of about 56 kDa was detected in the S. proteamaculans 94 
medium (Fig. 3a, inset). Both the molecular weight of the 
protease and its ability to hydrolyze gelatin characterize 
this protease as serralysin. Serralysin was also detected in 
the growth medium of S. grimesii 30063 (Fig. 3a, inset). 
However, despite a twofold higher amount of S. grimesii 
30063 grown in the medium, the yield of S. grimesii 30063 
serralysin was much lower than that of S. proteamaculans 
94 (Fig. 3a, inset). As shown in Fig. 3b, a strong increase 
in S. proteamaculans serralysin activity upon iron depletion 
was registered both by the azocasein assay and zymogra-
phy. In contrast, serralysin activity of S. grimesii was not 
increased by iron depletion (data not shown).

Extracellular nuclease activity of S. grimesii  
and S. proteamaculans

Several bacterial pathogens secrete nucleases that may be 
involved in bacterial infections (Benedik and Strych 1998; 
Olson et al. 2013). Specifically, nuclease Nuc of Staphy-
lococcus aureus is well known as a virulence factor play-
ing important role in combating the host immune response 
(Berends et al. 2010; Olson et al. 2013). S. marcescens 

produces a nuclease that is released into the surrounding 
medium. The enzyme is widely used in studies on gene 
regulation and protein properties, applied in biotechnol-
ogy (Benedik and Strych 1998) and is considered (but not 
shown) to be a virulence factor of S. marcescens (Hejazi 
and Falkiner 1997). Therefore, we have tested S. grimesii 
30063 and S. proteamaculans 94 for an extracellular nucle-
ase activity determined in vitro as a capability of bacterial 
culture medium to degrade DNA. Figure 4 shows that the 
nuclease activity of the 24-h LB growth medium of either 
S. grimesii 30063 or S. proteamaculans 94 was rather low, 
but it was strongly increased in the presence of 2,2′-bipy-
ridyl. Consistently, the nuclease activity of synthetic M9 
growth medium was higher than that of the corresponding 
LB medium, and introduction of iron ions to the medium 
decreased the nuclease activity (Fig. 4). Similar results 
were obtained for the 48-h growth media (not shown).

The observed effects of iron depletion on the nucle-
ase activity were similar for S. grimesii 30063 and S. 

Fig. 3  Evaluation of serralysin activity in S. grimesii 30063 and S. 
proteamaculans 94 growth medium. a Protealytic activity in the 
growth media of S. proteamaculans 94 (1) and S. grimesii 30063 (2) 
was determined by the azocasein assay and zymography (inset). b 

The effect of 2,2′-bipyridyl on the proteolytic activity in the growth 
media of S. proteamaculans 94. S. proteamaculans 94 were grown for 
48 h both in the absence and presence of 2,2′-bipyridyl

Fig. 4  Evaluation of nuclease activity in the S. grimesii 30063 and S. 
proteamaculans 94 growth medium. S. grimesii 30063 and S. protea-
maculans 94 were grown in LB medium in the absence or presence of 
0.3 mM 2,2′-bipyridyl or in M9 medium in the absence or presence of 
0.2 mM Fe2SO4 for 24 h. The ability of the growth medium to cleave 
DNA was determined as described in the “Materials and methods” 
section
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proteamaculans 94, suggesting that the extracellular nucle-
ase activity is not contributed to the differences in the inva-
sive activity of these bacteria. However, a strong depend-
ence of the nuclease activity on iron concentration supports 
a possible involvement of the nuclease in the regulation of 
Serratia spp. virulence.

Effects of iron depletion on the invasive activity  
of S. grimesii and S. proteamaculans

Consistent with the enhanced activities of hemolysin and 
serralysin in S. proteamaculans, the presence of 2,2′-bipyri-
dyl in the growth medium produced a twofold enhancement 
of the invasive activity of S. proteamaculans 94 (Fig. 1b). 
In contrast, the invasive activity of S. grimesii 30063 grown 
under similar conditions was inhibited (Fig. 1b).

Discussion

Serratia grimesii and S. proteamaculans are closely related 
members of the S. liquefaciens group. Therefore, a striking 
difference in invasive properties of these bacteria demon-
strated in our work has been rather surprising. Our results 
show that penetration of S. proteamaculans in eukaryotic 
cells is several times more efficient than that of S. grimesii. 
Similar to S. marcescens, a most virulent strain of the genus 
Serratia, S. proteamaculans produces such virulence fac-
tors as hemolysin ShlA and serralysin. In contrast, hemo-
lysin ShlA was not detected in S. grimesii by the hemolysis 
assay. Moreover, in S. proteamaculans, production of these 
virulence factors was strongly enhanced by iron depletion, 
whereas in S. grimesii, the iron-associated regulation of 
hemolysin and serralysin activity was hardly detectable. 
These data show that the relatively high invasive activity 
of S. proteamaculans may be due to the contribution of 
such factors as hemolysin and serralysin whose activity in 
S. grimesii appears to be very low. On the other hand, our 
results emphasize the role of grimelysin (Bozhokina et al. 
2011) which is so far the only known invasion factor of S. 
grimesii. Moreover, hemolysin ShlA of S. marcescens is 
known to be activated during secretion by the ShlB protein 
(Walker et al. 2004; Pramanik et al. 2014). Both S. pro-
teamaculans and S. grimesii have ShlB gene. However, a 
BLAST search revealed that ShlB of S. proteamaculans is 
more closely related to ShlB of S. marcescens than ShlB of 
S. grimesii, with 76 and 32 % identity, respectively. These 
variations may modify the level of hemolysin ShlA activa-
tion and thus the virulence of the Serratia strains.

It is important to emphasize, however, that a direct 
comparison of either invasive activities of S. grimesii and 
S. proteamaculans or their virulence factors is not cor-
rect because optimal temperatures for the growth of these 

bacteria are different, being 37 and 30 °C for S. grimesii 
and S. proteamaculans, respectively. It is known that accu-
mulation of enzymes can be increased with the decreasing 
of temperature (Poole and Braun 1988a; Petersen and Tisa 
2012). One more limitation is due to the fact that cultiva-
tion of eukaryotic cells and invasion assay are restricted 
to 37 °C. As S. grimesii and S. proteamaculans are closely 
related and their genomes contain hemolysin and serralysin 
genes, we cannot exclude that the higher invasive potential 
of S. proteamaculans corresponds to stronger accumulation 
of hemolysin and serralysin at the lower temperature of the 
bacteria growth. On the other hand, the temperature-inde-
pendent difference in the regulation of gene expression or 
protein folding may contribute to the difference in invasive 
capabilities of these bacteria.

The pore-forming hemolysin ShlA has been shown 
to trigger invasion of S. marcescens in epithelial cells by 
enhancing vacuolization of the host cells and their lysis, 
thus playing a major role in the development of S. marc-
escens infections (Hertle and Schwarz 2004). However, the 
hemolytic-negative derivative of a wild-type S. marcescens 
strain defective in hemolysin production and cytotoxicity 
still remained invasive, although entered RT112 epithelial 
cells nearly 90-fold less efficiently than the parental strain 
(Hertle and Schwarz 2004). It is interesting that the low 
invasive activity of the mutant S. marcescens is compara-
ble with that of the toxin-lacking S. grimesii in our experi-
ments. Moreover, the S. marcescens genome contains a 
gene homologous to the grimelysin/protealysin gene. This 
suggests that the homologous protease may be involved in 
the S. marcescens invasion.

Along with hemolysin, serralysin secreted by S. marces-
cens was shown to be cytotoxic to mammalian cells (Marty 
et al. 2002). The mutant strains deficient in serralysin pro-
duction significantly lost cytotoxicity, whereas E. coli 
strains expressing and secreting the recombinant serraly-
sin confer a cytotoxic phenotype toward these cells (Marty 
et al. 2002). In addition, similarity of serralysin substrate 
specificity to that of serine proteases allows it to activate 
transmembrane receptors or to be internalized via the 
receptor on the host cell membrane, producing a wide vari-
ety of intracellular pathological actions (Maeda and Mori-
hara 1995; Miyoshi and Shinoda 2000; Kida et al. 2007). 
We believe that these serralysin properties promote inter-
nalization of Serratia within HeLa cells. Moreover, com-
bination of a high proteolytic activity of S. proteamaculans 
serralysin with the relatively low invasive capacity of these 
facultative pathogenes provides a good model to study 
intracellular responses of host cells to serralysin.

ECP32/grimelysin and protealysin are thermolysin-
like proteases characterized by the specific structural 
organization of precursor and of the substrate binding 
site (Demidyuk et al. 2008, 2010). This specificity may 
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be responsible for the narrow substrate specificity of the 
enzyme toward native proteins (Matveyev et al. 1996). In 
addition to actin, only histones, melittin and bacterial heat 
shock protein DnaK have been found to be substrates for 
ECP32/grimelysin among more than 30 native proteins 
tested (Matveyev et al. 1996; Morozova et al. 2011). Also, 
protealysin has been shown to hydrolyze extracellular 
matrix metalloprotease MMP2 (Tsaplina et al. 2009). Bac-
terial actin analogs do not contain the specific sequence 
that is cleaved in actin (van den Ent et al. 2001, 2002). It is 
plausible therefore that grimelysin and protealysin promote 
invasion being injected into host cell, which was confirmed 
by revealing protealysin in the cytoplasm of the infected 
cells (Tsaplina et al. 2012). It is clear, however, that the 
initial steps of bacterial internalization should be promoted 
by other factors. We show here that the increased activi-
ties of hemolysin and serralysin in the S. proteamaculans 
growth medium under the iron depletion correlate with the 
increased invasive activity of these bacteria. These results 
allow us to conclude that the invasion of S. proteamaculans 
is determined by a combination of extracellular hemolysin 
and serralysin with intracellular protealysin. Further work 
is needed to reveal analogous partners of grimelysin in 
invasive activity of S. grimesii.
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