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Supported by crystallography studies, secreted ribonuclease of Bacillus pumilus (binase) has long been considered to be monomeric
in form. Recent evidence obtained using native polyacrylamide gel electrophoresis and size-exclusion chromatography suggests
that binase is in fact dimeric. To eliminate ambiguity and contradictions in the data we have measured conformational changes,
hypochromic effect, and hydrodynamic radius of binase. The immutability of binase secondary structure upon transition from low
to high protein concentration was registered, suggesting the binase dimerization immediately after translocation through the cell
membrane and leading to detection of binase dimers only in the culture fluid regardless of ribonuclease concentration. Our results
made it necessary to take a fresh look at the binase stability and cytotoxicity towards virus-infected or tumor cells.

1. Introduction
The low molecular weight guanyl-preferring ribonuclease
(RNase) secreted by Bacillus pumilus is known due to its
biological activity including antiviral and antitumor effects
[1–5]. Binase, the trivial name of the enzyme, derives from the
first letters of its producer strain’s name, Bacillus intermedius,
which recently has been reidentified as B. pumilus using
molecular methods [6]. Starting from the first publications
[7], binase had been considered as a monomeric cationic protein with molecular weight of 12 kDa. Today the dimerization
of binase has been confirmed by direct observation of dimers
in the culture fluid of the producer [8] supporting theoretical
calculations of binase monomer association in solution [9].
Covalent bonds do not take part in the oligomerization of
binase due to the absence of cysteine residues containing
SH-groups in the molecule. Probably, the dimerization takes
place during the interaction of N- or C-terminal domains
(domain swapping) suggesting the presence of several dimer
models which differ in stability [8].

Protein secretion in Bacillus is mainly mediated by the
Sec system. Chaperone SecB directs the newly synthetized
secreted protein towards the membrane pore SecYEG preventing its folding into a native structure [10]. The binase
signal sequence of 28 amino acid residues is typical for
Sec-translocated proteins and is followed by the negatively
charged propeptide of 24 amino acid residues. Such small
propeptides increase the effectiveness of protein secretion in
Bacillus [11]. Proteins translocated through the SecYEG pore
to the cell surface immediately acquire a native conformation to avoid proteolytic degradation. Secretion of proteins
directly in a dimeric state is also possible [12, 13]. Most of
them are secreted through nonclassical pathways and require
an unknown three-dimensional recognition signal for secretion.
In order to understand at which stage the binase dimerization takes place, we put forward two alternative suggestions: either the enzyme is secreted by B. pumilus in the form
of monomers and their association takes place along with an
increase of protein concentration, or the preformed dimer is
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secreted into the extracellular environment. In favor of the
first hypothesis, we can cite numerous studies on the physicochemical properties of binase performed by various research
groups which actually have not mentioned the existence
of aggregated forms of enzyme, as well as crystallographic
studies which have not given an unambiguous answer to the
question about association properties of binase [14–17]. In
addition, the interaction of monomers occurs in many points
of contacting surfaces supported by dozens of weak bonds
(hydrophobic, ionic, and hydrogen bonds) and the enzyme
accumulates gradually in the culture fluid; therefore spatial
difficulties can ensure the absence of dimerization under
conditions of low protein concentration.
On the other hand, the protein hydration shell can screen
its polar fragments and prevent protein oligomerization. This
suggests that dimers of binase found in the culture fluid [8]
should be formed immediately after secretion. It should be
noted that the ability to form multimers was established for
the precursors of Bacillus secreted proteinases [18].
The present work was carried out to analyze the possibility
of existing for natural monomeric forms of B. pumilus
secreted RNase. Their presence will unequivocally confirm
the first of our assumptions. If monomers are formed only
at the stage of translation and their oligomerization occurs
intracellularly or on the cell wall of Gram-positive bacilli,
such data will eliminate all questions about the ambiguity
and contradictions of previously obtained results concerning
binase supramolecular structure.

2. Materials and Methods
2.1. Enzyme. Binase is a cationic guanyl-preferring RNase
(pI 9.5) hydrolyzing RNA without a need for metal ions and
cofactors. It consists of 109 amino acid residues with the
molecular weight of 12.3 kDa. Binase was isolated from B.
pumilus culture fluid and purified according to the procedure
previously described for bacillary RNases [19, 20]. Catalytic
activity of binase was 1.4×107 U/mg when measured against
high molecular weight yeast RNA at pH 8.5 and 37∘ C [4]. One
unit of RNase activity was defined as the amount of enzyme
that increases the extinction of acid-soluble products of RNA
hydrolysis at 260 nm by one unit per minute measured at 37∘ C
and pH 8.5.
2.2. SDS-PAGE. Protein oligomers were separated by the
polyacrylamide gel electrophoresis in the presence of 0.1%
SDS. Separating gel contained 15% acrylamide, and stacking
gel contained 6% acrylamide. Protein samples were suspended in 4x sample buffer with final SDS concentrations of
1%, 1.5%, and 2%. Electrophoresis was performed at 150 V for
60 min. Proteins were stained with Coomassie R-250.
2.3. CD-Spectrometry. The Circular Dichroism (CD) spectra were measured in the 190-260 nm wavelength range
on the Jasco J-1500 spectrometer (Japan) with a scanning
speed of 50 nm/min. The binase was desalted and transferred into a 0.01 M sodium phosphate buffer, pH 7 using
Zeba 7 kDa columns. The concentration of the stock binase
solution was determined after filtration through 0.22 𝜇m
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pore membrane using the extinction coefficient E280 0.1%
= 2.205. Quartz cuvettes with 0.01 cm and 0.1 cm optical path way were used to study enzyme concentrations
1 mg/mL and 0.05 mg/mL, respectively. The cuvettes were
thermostated at 25∘ b. The content of the protein secondary
structure elements was determined with the help of the
CDSSTR algorithm (protein set 4) using DichroWeb server
(http://dichroweb.cryst.bbk.ac.uk).
2.4. UV-Spectrometry. The absorption spectra were recorded
on Lambda 25 instrument (Perkin Elmer, USA) in the
wavelength range 190–400 nm at 25∘ C. The solutions were
prepared in the same way as for CD measurements. Stock
solutions in 0.01 M sodium phosphate buffer, pH 6.1 or 0.1 M
K2 SO4 , pH 3.0 were titrated directly in a measuring 1 cm
quartz cuvette with the same buffer composition. The calculations using on-line server http://protcalc.sourceforge.net/cgibin/protcalc showed that at these pH values binase carries the
overall positive charge of +5 and +16, respectively.
2.5. Self-Diﬀusion Measurements. The NMR self-diffusion
method was applied for the direct assessment of hydrodynamic size [21, 22] of binase at acidic and neutral pH. Samples
were studied at protein concentration 1.5 mg/ml at pH 3.0 and
pH 6.4 by dissolving the protein powder in D2 O in order to
minimize the signal from water protons in NMR spectra. 1 HNMR experiments were carried out on the AVANCE III NMR
spectrometer (Bruker, Germany) operating at 600.13 MHz.
The spectrometer was equipped with a standard z-gradient
inverse probe head (TXI, 5 mm tube) capable of producing
gradients with a maximum strength of 55.7 G/cm. We used
a stimulated-echo sequence incorporating bipolar gradient
pulses and a longitudinal eddy current delay (BPP-LED) [23].
The experimental parameters were as follows: a 90∘ pulse
length 10-13 𝜇s; spectral width 13 ppm; time domain data
points 16-32 K; the number of scans 16 recycling delay 2-5 s.
The amplitude of field gradient was varied from 2% to 98%
of its maximum value over 16-32 increments under constant
diffusion time (Δ=50 ms) and gradient pulse duration (𝛿=612 ms). A gradient recovery delay of 0.1 ms and an eddy current delay of 5 ms were used. Data processing and the analysis
were performed using the Bruker Topspin 3.5 software. The
chemical shift region for measurement of the self-diffusion
coefficient was chosen in the up-field domain of the spectrum
that contained strong proton signals at 0.7-0.9 ppm.
2.6. Statistics. Each experiment was performed in triplicate.
Statistical differences were analyzed with the standard methods using Microsoft Excel 2007.

3. Results
3.1. Electrophoresis Revealed Binase Monomers and Dimers
Depending on the Protein Concentration. Electrophoresis of
binase conducted at low concentrations of enzyme (less than
50 ng) in the presence of 0.1% SDS showed no dimeric bands
(Figure 1(a)). In-gel detection of catalytic activity of binase in
those concentrations confirmed the presence of monomeric
forms only (Figure 1(b)). However, the increase of binase
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forms unstable dimers at low concentrations susceptible to
disintegration due to the SDS action. High binase concentrations allow the formation of highly stable dimers which do
not dissociate even in the presence of denaturing agents.
Probably, the ratio of unstable binase dimers to highly
stable swapping dimers which are simultaneously present in
the medium is crucial. According to the data obtained for
dimers of bull semen RNase (BS-RNase) the ratio of swapped
to unswapped dimers is 3 : 7 [21]. The similar dependence
can be assumed for binase. Therefore, at low enzyme concentrations (less than 100 ng) only monomers resulting from
unswapped dimers dissociation are visible (Figures 1(a) and
1(b)). With increasing protein concentration the amount of
stable swapped dimers raises making them detectable on the
gel (Figure 1(c)).
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Figure 1: Electrophoretic study of binase. (a) Polyacrylamide gel
electrophoresis (PAGE) with 0.1% SDS at nanoconcentrations of the
enzyme (M, molecular weight markers). (b) Zymogram of binase
at nanoconcentrations. (c) PAGE of binase at microconcentration
(10 𝜇g) in the presence of strong denaturing agents: 1 - 1.5 % SDS; 2
- 2 % SDS.

concentration allowed detecting of its dimer even when SDS
concentration was increased up to 2%. Moreover, the use of
strong denaturing agents such as urea or guanidine chloride
did not lead to disappearance of binase dimeric band indicating that micromolar enzyme concentrations facilitate the
identification of binase dimers even under strong denaturing
conditions (Figure 1(c)).
We can assume that the certain ratio between protein
and denaturing agent allows the complete destroying of
binase dimeric structure. Under the conditions when only
monomers were visible, the approximate ratio SDS/protein
was more than 1000 whereas upon the detection of monomers
and dimers it was slightly more than 100 (calculated according to Figures 1(a) and 1(c)). It is also possible that protein

3.2. CD Spectroscopy Indicated No Protein Conformational
Transition under Increase of Binase Concentrations. The comparison of binase CD spectra at two studied concentrations
(0.05 mg/mL and 1 mg/mL) at pH 7 showed no significant difference in the shape of the spectra (Figure 2(a)) besides some
spreading of spectral data below 200 nm. The verification
measurements showed that the intensity of the 190 nm band
varies depending on the buffer absorbing properties owning
to decrease of signal/noise ratio due to the influence of
residual salt ions which have not been fully eliminated during
protein desalting. However, we did not detect the difference
in the secondary structure composition for two protein
concentrations (Figure 2(b)). Thus, the CD spectra indicated
the absence of significant changes in the binase secondary
structure and the expected monomer-dimer conformational
transition at the studied concentrations.
3.3. Binase Did Not Exhibit a Hypochromic Eﬀect of UV Absorption in the Concentration Range 0-50 𝜇g/mL. For binase
a linear dependence of absorption at 220 nm on enzyme concentration in the range from 0 to 50 𝜇g/mL and pH 6.1 was
established (Figure 3). Lysozyme under the similar conditions demonstrated a hypochromic effect at protein concentrations exceeding 20 𝜇g/mL [24, 25]. Based on our
previous results of hydrogen exchange and NMR data [26], we
assumed that the increase in the binase charge under the
growth of solution acidity to pH 3.0 will shift the equilibrium
between dimers and monomers and will cause the changes
in solution optical properties. However, the optical density
at the peptide groups absorption maximum (216 nm) had a
linear dependence on concentration up to 0.05 mg/mL and
the extinction was independent of the pH value (Figure 3).
Thus, HE had not been observed in the studied range of
binase concentration for both pH 3.0 and pH 6.1 providing an
evidence for invariability of binase supramolecular structure
and the lack of monomer-dimer transition.
3.4. Hydrodynamic Radius Supported the Existence of Binase
in Dimeric Form. For water solutions the binase selfdiffusion coefficients D = 1.26 × 10−10 m2 /s and D = 1.38 ×
10−10 m2 /s were obtained for pH 2.8 and pH 6.4, respectively.
Self-diffusion coefficient of a particle is closely related to
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Figure 2: CD spectra of binase in units of molar (on a residue) ellipticity (a) and relative content of secondary structure elements of binase
(b) for enzyme concentrations of 0.05 mg/ml (dark) and 1 mg/ml (light symbols), pH 7.
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Figure 4: The model of binase dimer [8] and experimental hydrodynamic size (R = 2.1 nm) of protein determined by means of NMR
techniques.
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Figure 3: Changes in 216 nm absorbance of binase solution at pH
6.1 (light symbols) and pH 3 (dark symbols) with respect to protein
concentration.

molecular size as can be seen from the Stokes—Einstein
equation:
D=

𝑘T
6𝜋𝜂r

(1)

where k is the Boltzmann constant, T is the temperature,
and r is particle (protein) effective hydrodynamic radius
(Stokes radius) in a solution of viscosity 𝜂. According to
this equation we obtained hydrodynamic radii of binase
molecules in solutions r = 2.01 nm (pH 3.0) and r = 2.14 nm
(pH 6.4). Figure 4 depicts average hydrodynamic radius r
= 2.1 nm (dashed sphere) in comparison with the results of
binase computer structural modeling [8].
The theoretical size of the binase monomer globule is
1.6 nm. The increase in hydrodynamic radius by 1.2-1.3 times
corresponds to the formation of the dimeric form of the
protein (Figure 4) according to the relation: D = (n)−1/3 ,

where D is the self-diffusion coefficient and n is the degree
of oligomerization [27]. Small differences in the magnitude
of the effective radii measured at pH 2.8 and pH 6.4 may be
due to the differences in the extent of hydration water and the
electrostatic interactions between protein molecules.

4. Discussion
Many RNases are prone to formation of oligomeric structures. Bovine pancreatic RNase A lyophilized from 40% acetic
acid solution forms dimers, trimers, tetramers, and multimers of higher order [28, 29]. RNase of bull semen (BSRNase), an enzyme with a molecular mass of 27 kDa and
isoelectric point of 10.3, is a mixture of natural dimers of two
types [30]. Dimers of the first type are formed by covalent
disulfide bonds between amino acid residues Cys31 and Cys32
while prevalent dimers of the second type are additionally
stabilized by exchange of N-termini [31]. Binase as well as BSRNase, RNase A, and human pancreatic RNase H contains
hydrophobic fragments capable of participating in dimerization [32], but does not have sulfur-containing amino acids
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for covalent cross-linking of dimers. The swapped form of
BS-RNase retains its dimeric structure even if the disulfide
bonds are disrupted [33]. Although the structure of RNase
from Rana pipiens oocytes, onconase, is also stabilized during
folding through disulfide bonds [34], recently discovered
dimers of onconase were formed by the domain overlapping
[35].
In the first works describing the oligomerization of
lysozyme it was shown that the key point for this process was
the ionization of amino group of active site (Glu35) which
had high equilibrium constant of the acid dissociation (pKa
6.2) due to its hydrophobic environment [24]. An important characteristic of lysozyme self-aggregation was its pH
dependence [36, 37]. For binase the decrease in availability of peptide groups to solvent molecules and increased
intermolecular electrostatic interactions leading to partial
protein association was demonstrated using the methods of
hydrogen exchange and NMR relaxation with pH increasing
from 2.5 to 6.0 [26]. The authors of the cited article showed
that in binase crystals, where one active site was blocked,
two carboxyl groups (Glu43, Glu59) were theoretically able
to participate in the oligomerization. Glu43 located on the
surface of protein molecule has a hydrophobic environment
(Phe81, Ser37, Ser79) and high pKa value making it a potential
analogue of Glu35 of lysozyme involved in the formation of
dimers.
Stereospecific combination of hydrophobicity and interaction of the 𝛽-domains plays a key role in the oligomerization of proteins. In transition states preceding oligomerization the 𝛼-domain remains structured while the 𝛽-domain
loses its secondary structure [38]. Binase, cross-linked by
dimethyl suberimidate, has shown the increased hydrophobicity and lower content of 𝛽-structures indicating the formation of more stable dimers in comparison to the native
enzyme and not the transition of monomer into dimer,
as it was interpreted previously [39]. We have described
two plausible models of binase dimerization, one of which
is based on Van der Waals and electrostatic contacts and
another is stabilized mainly by electrostatic interactions; both
models provide a possibility for monomers to exchange their
terminal domains [8]. As it can be seen from Figure 1, some
dimeric structures were very stable and did not dissociate
even in the presence of strong denaturing agents (Figure 1(c))
and the others disintegrated into monomers during SDSelectrophoresis (Figure 1(a)). It can be assumed that the
presence of unstable dimers in a highly purified enzyme
preparation, which were not detectable during denaturing
electrophoresis of the enzyme at low concentrations, led to
the fact that binase for a long time has been considered
as a monomer. Our analysis of the CD spectra, the optical
density at the band of peptide group absorption, and the
NMR results on binase hydrodynamic radius pointed out the
immutability of the protein secondary structure during the
transition from low to high (up to 1.0 mg/mL) concentration
and excluded the presence of a monomer in the binase
preparation (Figures 2 and 3). Thus, the optical methods
confirmed native dimeric structure of binase and our second
assumption that B. pumilus secretes dimeric protein to the
environment. Thanks to the Sec signal sequence binase
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translocates through the cell membrane in the unfolded
state. Dimerization of the enzyme probably occurs during
the folding or when it passes through the cell wall of B.
pumilus resulting in the detection of binase dimers only
in the culture fluid regardless of RNase concentration [8].
Propeptides of bacterial hydrolases prevent the activation of
the enzymatic function of proteins until the translocation and
catalyze the folding of secreted enzymes after their transfer
through the cytoplasmic membrane [40, 41]. Proteins usually
pass through the cell wall by passive diffusion [10]. Bacillus
spp. use the S-layer on the surface of their cells as the threedimensional grid for the self-assembly of secreted proteins
[42]. It should be noted that the presence of such component
of the cell wall as N-acetyl glucosamine does not eliminate
dimerization of lysozyme [43] as it was suggested earlier [24].
This fact indirectly confirms the stability of the dimeric form
of secreted binase during its diffusion through the cell wall of
Gram-positive bacilli.

5. Conclusions
Thus, the purification of binase from the culture fluid of
B. pumilus will always lead to the acquisition of dimers.
The monomer can be obtained by the implementation
of certain amino acid substitutions in the sites of binase
dimerization using the method of site-directed mutagenesis.
By this method a monomeric variant of natural dimer of
BS-RNase with fully preserved catalytic activity and 30fold increased cytotoxicity compared with the wild type
dimer was obtained [44]. The synthetic dimer of BS-RNase
constructed on its basis also demonstrated the enhanced
cytotoxicity as compared with the natural dimer [44] whose
antitumor activity in the reducing environment of cytosol is
due to noncovalent swapped form of BS-RNase only [30, 33].
Nevertheless, the cytotoxicity of synthetic dimer was lower
than that of the monomeric form. Thus, the obtaining of
binase monomer opens up the possibilities for unraveling
the precise mechanisms of binase antitumor action and will
help to determine the deposit of the RNase supramolecular
structure into its cytotoxicity.

Data Availability
The data used to support the findings of this study are
included within the article.

Conflicts of Interest
The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments
The work of Olga Ilinskaya, Vera Ulyanova, Irina Lisevich,
and Elena Dudkina was performed within the Russian Government Program of Competitive Growth of Kazan Federal University and supported in part by grants from the
RSF [grant number 14–14-00522] (dimers and monomers
identification) and RFBR [grant number 17-00-00060] (CD

6

BioMed Research International

spectra). The work of Nataliya Zakharchenko, Alexandra
Kusova, Dzhigangir Faizullin, and Yuriy Zuev was supported
by grant from RFBR no. 18-415-160011 (NMR experiments).
[17]

References
[1] A. A. Makarov and O. N. Ilinskaya, “Cytotoxic ribonucleases:
Molecular weapons and their targets,” FEBS Letters, vol. 540, no.
1-3, pp. 15–20, 2003.
[2] A. A. Makarov, A. Kolchinsky, and O. N. Ilinskaya, “Binase and
other microbial RNases as potential anticancer agents,” BioEssays, vol. 30, no. 8, pp. 781–790, 2008.
[3] V. Ulyanova, V. Vershinina, and O. Ilinskaya, “Barnase and
binase: Twins with distinct fates,” FEBS Journal, vol. 278, no. 19,
pp. 3633–3643, 2011.
[4] R. S. Mahmud and O. N. Ilinskaya, “Antiviral activity of binase
against the pandemic influenza A (H1N1) virus,” Acta Naturae,
vol. 5, no. 19, pp. 44–51, 2013.
[5] R. Shah Mahmud, A. Mostafa, C. Müller et al., “Bacterial ribonuclease binase exerts an intra-cellular anti-viral mode of action
targeting viral RNAs in influenza a virus-infected MDCK-II
cells,” Virology Journal, vol. 15, no. 1, 2018.
[6] V. Ulyanova, R. Shah Mahmud, E. Dudkina, V. Vershinina, E.
Domann, and O. Ilinskaya, “Phylogenetic distribution of extracellular guanyl-preferring ribonucleases renews taxonomic status of two bacillus strains,” The Journal of General and Applied
Microbiology, vol. 62, no. 4, pp. 181–188, 2016.
[7] B. Kurinenko, L. Sobchuk, and S. Haibullina, “Antitumor
activity of ribonuclease Bacillus intermedius 7P,” Experimental
Onkology, vol. 6, pp. 54–57, 1988.
[8] E. Dudkina, A. Kayumov, V. Ulyanova, and O. Ilinskaya, “New
insight into secreted ribonuclease structure: binase is a natural
dimer,” PLoS ONE, vol. 9, no. 12, 2014.
[9] E. Ermakova, “Brownian dynamics simulation of the competitive reactions: Binase dimerization and the association of binase
and barstar,” Biophysical Chemistry, vol. 130, no. 1-2, pp. 26–31,
2007.
[10] E. Green and J. Mecsas, “Bacterial secretion systems: an
overview,” Microbiology Spectrum, vol. 4, 2016.
[11] H. Kakeshita, Y. Kageyama, K. Ara, K. Ozaki, and K. Nakamura,
“Propeptide of Bacillus subtilis amylase enhances extracellular
production of human interferon-𝛼 in Bacillus subtilis,” Applied
Microbiology and Biotechnology, vol. 89, no. 5, pp. 1509–1517,
2011.
[12] L. Zhao, J. Chen, J. Sun, and D. Zhang, “Multimer recognition
and secretion by the non-classical secretion pathway in Bacillus
subtilis,” Scientiﬁc Reports, vol. 7, no. 1, 2017.
[13] T. A. Sysoeva, M. A. Zepeda-Rivera, L. A. Huppert, and B. M.
Burton, “Dimer recognition and secretion by the ESX secretion
system in Bacillus subtilis,” Proceedings of the National Acadamy
of Sciences of the United States of America, vol. 111, no. 21, pp.
7653–7658, 2014.
[14] A. A. Makarov, I. I. Protasevich, N. V. Kuznetsova et al., “Comparative study of thermostability and structure of close homologues - barnase and binase,” Journal of Biomolecular Structure
and Dynamics, vol. 10, no. 6, pp. 1047–1065, 1993.
[15] A. Krushelnitsky, “Intermolecular electrostatic interactions and
Brownian tumbling in protein solutions,” Physical Chemistry
Chemical Physics, vol. 8, no. 18, pp. 2117–2128, 2006.
[16] K. M. Polyakov, A. A. Lebedev, A. L. Okorokov et al., “The structure of substrate-free microbial ribonuclease binase and of its

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

complexes with 3GMP and sulfate ions,” Acta Crystallographica
Section D: Biological Crystallography, vol. 58, no. 5, pp. 744–750,
2002.
V. A. Mitkevich, A. A. Schulga, A. A. Trofimov et al., “Structure and functional studies of the ribonuclease binase
Glu43Ala/Phe81Ala mutant,” Acta Crystallographica Section D:
Biological Crystallography, vol. 69, no. 6, pp. 991–996, 2013.
A. Serkina, A. Shevelev, and G. Chestukhina, “Structure and
functions of bacterial proteinase precursors,” Russian Journal of
Bioorganic Chemistry, vol. 27, pp. 323–346, 2001.
E. Dudkina, V. Ulyanova, R. Shah Mahmud et al., “Three-step
procedure for preparation of pure Bacillus altitudinis ribonuclease,” FEBS Open Bio, vol. 6, no. 1, pp. 24–32, 2016.
Y. Sokurenko, A. Nadyrova, V. Ulyanova, and O. Ilinskaya,
“Extracellular ribonuclease from bacillus licheniformis (Balifase), a New member of the N1/T1 RNase superfamily,” BioMed
Research International, vol. 2016, Article ID 4239375, 9 pages,
2016.
Y. F. Zuev, R. I. Litvinov, A. E. Sitnitsky et al., “Conformational
flexibility and self-association of fibrinogen in concentrated
solutions,” The Journal of Physical Chemistry B, vol. 121, no. 33,
pp. 7833–7843, 2017.
A. M. Kusova, A. E. Sitnitsky, B. Z. Idiyatullin, D. R. Bakirova,
and Y. F. Zuev, “The effect of shape and concentration on
translational diffusion of proteins measured by PFG NMR,”
Applied Magnetic Resonance, vol. 49, no. 1, pp. 35–51, 2018.
D. Wu, A. Chen, and C. S. Johnson, “An improved diffusionordered spectroscopy experiment incorporating bipolargradient pulses,” Journal of Magnetic Resonance, Series A, vol.
115, no. 2, pp. 260–264, 1995.
O. G. Hampe, C. V. Tondo, and A. Hasson-Voloch, “A biophysical model of lysozyme self-association,” Biophysical Journal, vol.
40, no. 1, pp. 77–82, 1982.
S. V. Thakkar, K. M. Allegre, S. B. Joshi, D. B. Volkin, and C.
R. Middaugh, “An application of ultraviolet spectroscopy to
study interactions in proteins solutions at high concentrations,”
Journal of Pharmaceutical Sciences, vol. 101, no. 9, pp. 3051–3061,
2012.
R. Piccoli, M. Tamburrini, G. Piccialli, A. Di Donato, A. Parente,
and G. D’Alessio, “The dual-mode quaternary structure of
seminal RNase,” Proceedings of the National Acadamy of Sciences
of the United States of America, vol. 89, no. 5, pp. 1870–1874, 1992.
A. J. Sophianopoulos, “Association sites of lysozyme in solution.
I. The active site.,” The Journal of Biological Chemistry, vol. 244,
no. 12, pp. 3188–3193, 1969.
V. K. Ravi, M. Goel, H. C. Kotamarthi, S. R. K. Ainavarapu,
and R. Swaminathan, “Preventing disulfide bond formation
weakens non-covalent forces among lysozyme aggregates,”
PLoS ONE, vol. 9, no. 2, 2014.
D. A. Faizullin, E. A. Stupishina, A. G. Krushelnitsky, and V.
D. Fedotov, “Studies of dynamic features of binase in solution
using hydrogen exchange and 1H-NMR relaxation techniques,”
Molekularna Biologija, vol. 29, no. 3, pp. 563–573, 1995.
A. S. Altieri, D. P. Hinton, and R. A. Byrd, “Association of
biomolecular systems via pulsed field gradient NMR selfdiffusion measurements,” Journal of the American Chemical
Society, vol. 117, no. 28, pp. 7566-7567, 1995.
G. Gotte, M. Donadelli, D. V. Laurents, F. Vottariello, M. Morbio, and M. Libonati, “Increase of RNase A N-terminus polarity
or C-terminus apolarity changes the two domains’ propensity
to swap and form the two dimeric conformers of the protein,”
Biochemistry, vol. 45, no. 36, pp. 10795–10806, 2006.

BioMed Research International
[32] G. Gotte and M. Libonati, “Oligomerization of ribonuclease
A: Two novel three-dimensional domain-swapped tetramers,”
The Journal of Biological Chemistry, vol. 279, no. 35, pp. 36670–
36679, 2004.
[33] G. Gotte, D. V. Laurents, A. Merlino, D. Picone, and R. Spadaccini, “Structural and functional relationships of natural and artificial dimeric bovine ribonucleases: New scaffolds for potential
antitumor drugs,” FEBS Letters, vol. 587, no. 22, pp. 3601–3608,
2013.
[34] G. Gotte, A. Mahmoud Helmy, C. Ercole et al., “Double domain
swapping in bovine seminal rnase: formation of distinct N- and
C-swapped tetramers and multimers with increasing biological
activities,” PLoS ONE, vol. 7, no. 10, 2012.
[35] F. V. Shirshikov, G. V. Cherepnev, O. N. Ilinskaya, and N. V.
Kalacheva, “A hydrophobic segment of some cytotoxic ribonucleases,” Medical Hypotheses, vol. 81, no. 2, pp. 328–334, 2013.
[36] F. Sica, A. Di Fiore, A. Merlino, and L. Mazzarella, “Structure
and stability of the non-covalent swapped dimer of bovine seminal ribonuclease: An enzyme tailored to evade ribonuclease
protein inhibitor,” The Journal of Biological Chemistry, vol. 279,
no. 35, pp. 36753–36760, 2004.
[37] R. F. Gahl, R. E. Oswald, and H. A. Scheraga, “Identification
of formation of initial native structure in onconase from an
unfolded state,” Biochemistry, vol. 51, no. 1, pp. 521–532, 2012.
[38] A. Fagagnini, A. Pica, S. Fasoli et al., “Onconase dimerization
through 3D domain swapping: Structural investigations and
increase in the apoptotic effect in cancer cells,” Biochemical
Journal, vol. 474, no. 22, pp. 3767–3781, 2017.
[39] O. G. Hampe, “Conformation of lysozyme in aqueous solution:
effect of ionic strength and protein concentration,” European
Journal of Biochemistry, vol. 31, no. 1, pp. 32–37, 1972.
[40] A. Horwich, “Protein aggregation in disease: A role for folding
intermediates forming specific multimeric interactions,” The
Journal of Clinical Investigation, vol. 110, no. 9, pp. 1221–1232,
2002.
[41] N. Kalacheva, V. Gubskaya, V. Mironov et al., “Influence of
Chemical Dimerization on the Structure and Hydrophobicity
of RNase Bacillus intermedius,” Uchenye Zapiski Kazanskogo
Universiteta. Seriya Estestvennye Nauki, vol. 152, pp. 87–94, 2010.
[42] C. R. Harwood and R. Cranenburgh, “Bacillus protein secretion: an unfolding story,” Trends in Microbiology, vol. 16, no. 2,
pp. 73–79, 2008.
[43] H. Tjalsma, A. Bolhuis, J. D. H. Jongbloed, S. Bron, and J. M. Van
Dijl, “Signal peptide-dependent protein transport in Bacillus
subtilis: A genome-based survey of the secretome,” Microbiology
and Molecular Biology Reviews, vol. 64, no. 3, pp. 515–547, 2000.
[44] O. Schneewind and D. M. Missiakas, “Protein secretion and
surface display in Gram-positive bacteria,” Philosophical Transactions of the Royal Society B: Biological Sciences, vol. 367, no.
1592, pp. 1123–1139, 2012.

7

International Journal of

Journal of

Peptides

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com
www.hindawi.com

Volume 2018
2013

Nucleic Acids

International Journal of

International Journal of

Cell Biology
Hindawi
www.hindawi.com

Microbiology
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Anatomy
Research International
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Biochemistry
Research International
Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Submit your manuscripts at
www.hindawi.com
Genetics
Research International

Advances in

Bioinformatics
Hindawi
www.hindawi.com

Advances in

International Journal of

Genomics
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Virolog y
Hindawi
www.hindawi.com

Zoology

Stem Cells
International

International Journal of

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Volume 2018

BioMed
Research International
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Neuroscience
Journal

Enzyme
Research
Hindawi
www.hindawi.com

Journal of
Parasitology Research
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

Journal of

Marine Biology
Hindawi
www.hindawi.com

Volume 2018

Hindawi
www.hindawi.com

Archaea
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

