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Abstract⎯The experimental study identified the antiviral activity of Bacillus pumilus RNase (binase) against
the reovirus of serotype 1/strain Lang. For the first time, it has been found that 50 μg/mL of binase effectively
reduced the hemagglutinin and cytocidal activity of reovirus in Vero cell line. The preincubation of the
enzyme with reovirus before infection of the cells inhibited the viral replication. To determine the stage-
dependent effect of reovirus reproduction upon binase inhibition, the infected cells were treated with binase
or RNase A at different phases of the infectious cycle. The treatment of virus-infected cells has revealed that
both enzymes have a maximal antiviral effect on the reovirus propagation during early phases of the reovirus
reproduction cycle, with binase being more effective than RNase A. It has been hypothesized that the com-
bined action of the oncolytic reovirus and binase is promising for the elimination of tumor cells carrying
mutated RAS gene.
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INTRODUCTION
RNA viruses, such as Ebola, AIDS, and influenza,

are the most dangerous in the world. They cause local
epidemics and global pandemics accompanied by the
massive loss of human life. A high degree of variability
in the genomes of RNA viruses allows them to with-
stand the host immune system and to resist the action
of drugs. Reoviruses (respiratory enteric viruses) have
a unique genome structure that consists of segmented
double-stranded RNA. These viruses are widely dis-
tributed in nature and affect not only humans, but also
animals, birds, and fish. They penetrate into the upper
respiratory human path and cause pharyngitis, rhini-
tis, and diseases that are often accompanied by fever
and sometimes pneumonia. When entering the body
by the fecal-oral route, reovirus affects the human
small intestine that results in enteritis with intestinal
spasms and diarrhea. Reoviruses were shown to lead to
the development of diabetes and polyendocrinopathy
[1]. Infants and children under 6 months of age are
particularly sensitive to reovirus infection. The disease
occurs in severe form; both pneumonia and encepha-
litis are possible [2]. According to the WHO, about
2 million people are hospitalized with reovirus infec-

tions each year. In 2008, reovirus infections were the
cause of death in 453000 children. The main share of
severe cases has occurred in countries with a low qual-
ity of life [3]. Reoviruses bind to syalated strands of
glycoprotein, adhesion protein A (JAM-A), on the
host cellular membrane and penetrate into cells using
the dynamin- and clathrin-dependent or independent
pathways. Intestinal infections can lead to capsid pro-
teolysis either in the cytoplasm or outside the cell [4].
Despite the use of anti-reovirus vaccines in veterinary
patients, passive seroprophylaxis does not lead to the
desired effect because of the latency of the virus [5].

Currently, reoviruses have been proposed for use as
oncolytic agents [6]. However, it is not possible to
implement this plan without effective inhibitors of the
replication of these viruses. The action of selective
inhibitors of reovirus replication allows one to prevent
possible side effects. Research in this field is just
beginning [7]. Currently, the search for antiviral agents
is an urgent task.

In recent years, it has been proved that RNases of
mammals, amphibians, and microorganisms can
resist infections caused by RNA viruses. Bacterial
RNase appeared to have both prophylactic and antivi-
ral effects [8] and to be more efficient than its eukary-
otic analogs [9–13]. This is partially due to its lack of
interaction with RNase inhibitors, which are present

Abbreviations: HAU, hemagglutinating units; HAR, hemaggluti-
nation reaction; TCID50, tissue cytopathic dose causing the
death of 50% of the cells; CE, cytopathic effect.

UDC 577.152.277:578

MOLECULAR CELL BIOLOGY



MOLECULAR BIOLOGY  Vol. 51  No. 1  2017

EXOGENOUS Bacillus pumilus RNase (BINASE) 97

in mammalian cells [8, 9, 14, 15]. The antiviral effect
of Bacillus pumilus RNase (binase) against RNA
viruses (viruses of rabies, foot and mouth disease
(FMD), and seasonal influenza A and B) has been
demonstrated on guinea pigs [12], rabbits [9], mice [8, 9],
and chicken embryos [8]. We have recently revealed the
antiviral effect of binase against pandemic influenza A
(H1N1pdm) virus (2009) [13, 16]. Thus, the binase-
based preparation may be considered as a potential anti-
virus agent. The enzyme degrades virus RNA in the host
cell and reduces, thereby, virus reproduction.

In this work, we analyzed the antiviral effect of
binase against the reovirus of serotype 1/strain Lang
and compared this effect with that of RNase A, which
is the antiviral preparation of a broad spectrum of
activity.

EXPERIMENTAL

Preparations of RNases. We studied bacterial and
eukaryotic enzymes. Binase, guanyl-specific Bacillus
pumilus RNase 7Р (molecular weight, 12.2 kDa;
109 amino acid residues; pI = 9.5), was isolated in
homogeneous form from the cultural liquid of Esche-
richia coli BL21 bearing the pGEMGX1/ent/Bi plas-
mid according to previously described procedure [17].
The binase catalytic activity towards synthetic sub-
strates and high-polymeric east RNA was character-
ized in [18, 19]. The preparation of pancreatic RNase
was also studied (Samson Med, Ltd, Russia) (molecular
weight, 13.7 kDa; 124 amino acid residues; pI = 9.6). The
molecular structures of the enzymes are presented in
Fig. 1.

Viruses. We used reovirus of serotype 1/strain Lang
(Reo1-Lang, a collection of FCTRBS Kazan, Russia)
with a mean baseline infectious titer of 10–4 TCID50/mL
(tissue cytopathic infectious dose leading to the 50%
cell death). The virus was reproduced in the culture of
African green monkey kidney embryonic cells (Vero).

Cell culture. We used a culture of the Vero cell line
from the collection of Institute of Cytology of RAS
(St. Petersburg, Russia). The cells were grown on
DMEM nutrient medium containing a single set of
amino acids, vitamins (Sigma, United States), and 5–
10% fetal calf serum (FCTRBS Kazan, Russia) at
37°C and 5% СО2. The initial concentration of the cells
was (14–15) × 105 cells/mL. The same medium without
serum was used as a support medium.

Cytotoxicity analysis of RNases. After the forma-
tion of a continuous monolayer (60% confluence), the
medium in the wells was replaced with a fresh medium
(control) or medium containing binase or RNase A at
concentrations of 50, 100, or 300 μg/mL. The cells were
cultivated in the presence of enzymes for 24 h, fol-
lowed by the calculation of the total number of cells in
wells and the evaluation of the proportion of apoptotic
cells using the f luorescent dye merocyanine 540 [20]
on a BD FACSCanto II Flow Cytometer (Becton
Dickinson, United States). The variant with the addition
of classical apoptosis inductor, camptothecin [21] at a
concentration of 10 μM was used as a positive control.

Treatment of the virus with RNases. The effect of
RNases on the reovirus replication was estimated in the
Vero cell culture. The antiviral action of RNases was
studied at nontoxic concentrations of 5 and 50 μg/mL.
RNase was preincubated with the virus sample (100 or
1000 TCID50/mL) for 30 and 60 min, followed by the
infection of Vero cells.

To determine the stage at which the reovirus repli-
cation cycle is influenced by the studied enzymes, the
RNase preparation was introduced in the cell culture
after virus adsorption for 2 h (the cells of the infected
monolayer adsorb ~90% of the virus for 2 h at 37°C),
for 6 h (the latent period of the intracellular reproduc-
tion is 6–9 h), and for 24 h (the period of 15–54 h cor-
responds to the maximal reproduction of the reovi-
rus). After a certain exposure of the virus to cells, the
nonadsorbed virus was removed, the cell monolayer
was rinsed with the nutrient medium without serum,
and the supported medium containing RNase A or
binase was added at a concentration of 50 μg/mL. The
nutrient medium without enzymes was added to the
control sample. The reproduction of the reovirus was
evaluated on a monolayer of the two-day culture of
Vero cells infected at doses of 100 or 1000 TCID50/mL
for 72–96 h (control) in the presence or absence of
RNases by the time of manifestation of the cytopathic
effect (CPE) of the virus and by hemagglutination
titer.

Evaluation of reovirus infectivity. The reovirus
infectious titer before and after treatment with RNase
was evaluated in Vero cell culture. The parent virus-
containing material was used to prepare a series of ten-
fold dilutions (10–1 to 10–6) using DMEM medium.
The titer was calculated by the Reed and Muench
method in a modification by Ashmarin [22] and
expressed in log(TCID50/mL). The antiviral activity of

Fig. 1. Structure of (а) binase and (b) RNase A molecules.
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the compounds was evaluated by reducing the virus
titer in the presence of preparations (60-min incuba-
tion of the virus with each preparation at a concentra-
tion of 50 μg/mL compared with the corresponding
control samples (without preparations). The kinetics
of the decrease in the infectious titer was evaluated for
7 days as log(TCID50/mL).

Inhibition of the cytopathic activity of the virus. As
the result of the enzyme action, the decrease in the
virus accumulation Δlog(TCID50/mL) was evaluated
by titration and calculated as described earlier [23]:

Δlog(TCID50/mL) = Аc − Ао,

where Аc is the accumulation of the virus when culti-
vated without the studied enzyme and Ао is the accu-
mulation of the virus with the addition of the studied
enzyme in the nutrient medium.

Inhibition coefficient (Ki, %) of the virus accumu-
lation was calculated by the formula [2]

Ki = (Аc – Ао)/Аc × 100.

Evaluation of reovirus content. The reovirus titer in
cells was evaluated by the standard method, i.e., in the
hemagglutination reaction (HR) using 1% suspension
of human erythrocytes of group 1 (0) [24]. The virus
content was expressed in hemagglutination units
(HAU) per 1 mL. Statistical data processing was per-
formed by the method of variation statistics using the
Microsoft Excel program. The results were considered
significant at Р < 0.05 according to Student’s test.

RESULTS AND DISCUSSION

We previously evaluated the cytotoxic effect of the
studied RNases towards Vero cells. Binase and pan-
creatic RNase were not shown to have significant
apoptosis-inducing action in the whole range of stud-
ied concentrations (Fig. 2). The proportion of apop-
totic cells did not exceed 10% in any of the treatment
options, whereas in the control sample (without
enzymes), this parameter was evaluated to be 6.4 ± 2.3%.
When the apoptosis inductor, camptothecin (10 μM),
was added, after 24 h of cultivation, the proportion of
apoptotic cells in population was 24.7 ± 3.1%.

Infection by the reovirus led to a change in cell
morphology. The cytopathic effect of the virus was
expressed in the appearance of rounded granular cells,
which were then combined into giant multinucleated
cells and symplasts. After 72 h, the reovirus-infected
cells were destroyed and detached from the bottom of
a glass vial (Fig. 3).

The study of the antiviral efficiency of RNase drugs
against the Reo1-Lang virus showed that the virus
infectivity was significantly reduced after the treat-
ment with both RNase A and binase. At an enzyme
concentration of 5 μg/mL, the inhibition coefficient
of the virus infectivity for binase was twice as high as

for RNase A, and the difference was 4.7 times at a con-
centration of 50 μg/mL (Table 1).

The inhibitory activity of the enzymes against the
reovirus in the Vero cell culture was evaluated by the
reduction of the hemagglutination titer. The effect was
shown to depend not only on RNases concentration
but also on their preincubation time with the virus. It
was found that binase inhibited virus reproduction
more efficiently at a high concentration (50 μg/mL)
and prolonged preincubation time (60 min) than at a
concentration of 5 μg/mL and preincubation time of
30 min. Binase completely inhibited hemagglutination at
the concentration of 50 μg/mL and prolonged preincu-
bation time with the virus at a dose of 100 TCID50/mL,
whereas RNase A reduced the virus reproduction by
82.5% under the same conditions (Table 2).

In addition, we studied the stage at which the reo-
virus replication cycle is predominantly influenced by
the studied enzymes. It was found that both RNases
act most efficiently at the early stages of virus replica-
tion, i.e., 2 h after cell infection. In this case, RNase A
and binase retard the CE manifestation in the cell
monolayer by 6–8 h and 20–24 h, respectively, com-
pared with the control sample. The introduction of
RNases 6 h after the infection led to the less pro-
nounced antiviral effect. RNase A and binase retard
the CE manifestation of the reovirus by 4–5 h and 12–
15 h, respectively. The treatment of the cells by the
enzymes 24 h after the infection did not influence the
time of the CE manifestation (Fig. 4).

Thus, the comparative study showed that binase at
a dose of 50 μg/mL reduced the reovirus infection titer
by more than three orders of magnitude compared
with the infected cells untreated by binase. Preincuba-
tion of the reovirus with the enzyme before cell infec-
tion leads to a decrease in the replication and hemag-

Fig. 2. Cytotoxic effect of binase and RNase A on Vero
cells expressed as the relative number of apoptotic cells in
the population. Cam, camptothecin (10 μM). Total num-
ber of cells was taken as 100%.
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glutination activities by 77.7% and 67–100%, respec-
tively. RNases have the maximal antiviral effect at the
early stages of the reproduction cycle of the Reo1-
Lang virus, with the efficiency of binase being signifi-
cantly higher than that of RNase A.

The structures of these RNases have certain differ-
ences that consist of the presence of four disulfide
bonds in the RNase A molecule and their absence in
binase. Four antiparallel β-strands and three α-helices
in RNase A form the secondary structure of the enzyme.
Binase also contains three α-helices; five antiparallel and
two parallel β-strands form two β-sheets (Fig. 1). RNase
A is specific to pyrimidine RNA bases [25], and binase
is specific to purine bases, in particular to guanine [14,
15, 26]. It has been found previously that these two
enzymes have an almost equal inhibitory effect on the
replication of influenza A virus in chicken embryos [8].
Binase appeared to be a more efficient antiviral agent
than RNase A on the mice model, which seems to be
associated with the suppression of the enzymatic activity
of RNase A by mammalian RNase inhibitor [8, 9]. It is
possible that the increased antireovirus activity of binase
compared to that of RNase A (Tables 1 and 2) is also
associated with the inhibition of RNase A by inhibi-
tors, which are present in Vero cells.

Binase has a number of other advantages. At a low
concentration that is nontoxic for eukaryotic cells, this
enzyme exhibits a low immunogenicity and does not
cause a T-cell immune response by the type of super-
antigen [27]. Moreover, binase is distributed quickly
and evenly throughout the body and is slowly elimi-
nated from the organism [8]. The feature of the cyto-
toxic effect of this RNase is in its selective toxicity
towards tumor cells, which express the RAS, KIT, and
AML1 oncogenes [28]. These properties of binase allow
one to consider this enzyme as a potential anticancer
agent, including in combination with virotherapy.

As for molecular mechanisms of cell protection
from reovirus infection, it is known that the appear-
ance of viral double-stranded RNA in cells activates
dsRNA-dependent protein kinase (PKR), which
phosphorylates and inactivates eukaryotic translation
initiation factor eIF-2. This leads to the blockage of
transcription of viral mRNAs [29]. PKR is not acti-
vated in cells expressing mutant RAS, and viral repli-
cation can continue, i.e., in these cells, the virus repli-
cates freely and causes cytolysis. Based on these data,
reoviruses have been proposed for use as oncolytic
agents against tumors bearing the mutant RAS protein
[30]. It has been recently shown that oncolytic reovi-

Fig. 3. Changes in morphology of Vero cells. Noninfected
cells in the growing process: (а) 24 h; (b) 48 h; (c) 72 h.
Cells infected by Reo1-Lang virus: (d) 24 h; (e) 48 h; (f) 72 h.
Scale bar is 100 μm.

(a) (d)

(b) (e)

(c) (f)

Table 1. Effect of RNases on the reduction of Reo1-Lang virus infectivity in Vero cell culture

Preparation Concentration, μg/mL Preincubation time, min
Inhibition of virus 

infectivity, 
Δlog(TCID50/mL)

Inhibition coefficient 
(Ki, %)

RNase A 5 60 0.5 11.1

50 0.75 16.6

Binase 5 1.0 22.2

50 3.5 77.7

Control 0 0 4.5 0
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ruses primarily stimulate the anti-tumor immune
response and cause indirect elimination of tumor cells
[31]. The unique relationship between reoviruses and
binase is that they are mainly focused on transformed
cells carrying the RAS oncogene [27, 32]. Thus, not
only can the reovirus replication be regulated by

binase, but the cells themselves can also be eliminated
as the object of selective cytotoxicity of binase. This
creates prospects for the development of new methods
for combined anticancer therapy.
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