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Background: Nicking endonucleases are enzymes that recognize specific sites in double-stranded DNA and cleave
only one strand at a predetermined position. These enzymes are involved in DNA replication and repair; they can
also function as subunits of bacterial heterodimeric restriction endonucleases. One example of such a proteins is
the restriction endonuclease BspD6I (R.BspD6I) from Bacillus species strain D6, which consists of the large sub-
unit— nicking endonuclease BspD6I (Nt.BspD6I), and the small subunit (ss.BspD6I). Nt.BspD6I can function inde-
pendently. Similar enzymes are nowwidely used in numerous biotechnological applications. The aim of this study
was to investigate the fundamental properties of two subunits of R.BspD6I and their interdependence in the course
of R.BspD6I activity.
Methods: The binding and hydrolysis of DNA duplexes by R.BspD6I are primary analyzed by gel electrophoresis. To
elucidate the difference between Nt.BspD6I interactionwith the substrate and product of hydrolysis, the thickness
shear mode acoustic method is used.
Results and conclusions: The thermodynamic and kinetic parameters of the Nt.BspD6I interaction with DNA are
determined. For the first time we demonstrated that Nt.BspD6I bends the DNA during complex formation.
Nt.BspD6I is able to form complexes with the product nicked in the top strand and ss.BspD6I cleaves the bottom
strand of the DNA consecutively. Furthermore, the influence of dA methylation in the R.BspD6I recognition site
on ss.BspD6I activity is analyzed.
General significance: The obtained results provide evidence that Nt.BspD6I coordinates the activity of R.BspD6I by
strictly coupling of the bottom strand cleavage by ss.BspD6I to the top strand cleavage.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The widely used type II restriction endonucleases (REs) are a class of
enzymes that recognize a short (4–8 bp) specific sequence in double-
strandedDNAand cleave bothDNA strands inside or near the recognition
site. However, these enzymes differ substantially by the composition of
the recognition site, organization of their catalytic centers and quaternary
structure. The palindromic DNA sequences are usually cleaved by homo-
dimeric REs, containing one catalytic center in each subunit. To introduce
a double-strand break into an asymmetric sequence, several strategies
are adopted by REs [1]. Two catalytic centers can be localized (i) in one
monomeric molecule (e.g. R.Sap, R.Mva1269I [2,3]), (ii) in two identical
(e.g. R.Fok [4,5]) or (iii) different subunits (e.g. R.BbvCI [6]). There is a
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Fig. 1. The positions of DNA cleavage by large and small subunits of R.BspD6I. The
recognition site is shown in gray, the arrows indicate the DNA cleavage positions. The
large subunit of R.BspD6I alone cleaves only one DNA strand, thus, it is nicking
endonuclease — Nt.BspD6I. The small subunit (ss.BspD6I) possesses a catalytic site that
is only functional when complexed with the large-nicking subunit.
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subset of heterodimeric REs with one subunit which can act as individual
enzyme, so-called nicking endonucleases (NEs) cleaving specifically only
one strand of DNA [7]. These heterodimeric REs represent rather special
group of enzymes and the mechanism of their action has not been thor-
oughly studied yet. NEs themselves nowadays are widely used, e.g. for
DNA amplification [8], in sequencing procedures [9], for DNA [10] or
Table 1
DNA duplexes used in experiments.
RNA detection and quantification [11]. To improve the existing methods
and to develop new approaches, it is necessary to acquire information
about the mechanism of NE action. Moreover, natural NEs have separate
DNA-binding and DNA-cleaving domains that make them ideal targets
for engineering enzymes with the new specificities [1].

The object of the present study is the heterodimeric restriction en-
donuclease BspD6I (R.BspD6I) which consists of the large subunit —
the nicking endonuclease BspD6I (Nt.BspD6I), and the small subunit
(ss.BspD6I). Nt.BspD6I from Bacillus sp. strain D6 recognizes the
pseudosymmetric 5-bp sequence (5′-GAGTC-3′/5′-GACTC-3′) and
cleaves only one DNA strand containing the sequence GAGTC (top
strand) at the distance of four nucleotides from the 3′-end of the recog-
nition site [12] (Fig. 1).

The protein encoded by the open reading frame (ORF) adjacent to
the bspD6I gene was found to be the small subunit (ss) of R.BspD6I
[13]. It was also shown that ss.BspD6I apart from Nt.BspD6I cannot
bind DNA and does not display any nuclease activity. In the presence
of Nt.BspD6I, ss.BspD6I cleaves the bottom strand of the DNA duplex
preferentially six nucleotides to the 5′-end from the recognition site,
while approximately 10% of DNAmolecules are cleaved five nucleotides
apart (Fig. 1).
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In contrast to R.BsrDI and R.BtsI [7], the reconstituted heterodimers
consisting of a cleavage-deficient, but DNA binding proficient large sub-
unit (Nt.BspD6I(E418A)) and the wild-type small subunit (ss.BspD6I),
result in an inactive enzyme [Yunusova, personal communication].
The crystal structures of Nt.BspD6I and ss.BspD6I without DNA sub-
strate were obtained with high resolution (PDB ID: 2ewf and 2p14, re-
spectively). Nt.BspD6I consists of three domains: DNA recognition and
catalytic domains are connected by the linker domain. The structure of
ss.BspD6I represents only а catalytic domain and has no DNA recogni-
tion domain. Ss.BspD6I shares high sequence and structure similarity
to the catalytic domain of the large nicking subunit [14]. It is still un-
known how ss.BspD6I interacts with Nt.BspD6I and with DNA. All the
attempts to detect such complexes of ss.BspD6I were unsuccessful.
Thus, this interaction is supposed to be transient and very weak so the
protein-protein complex is very unstable [13].

We are interested to understand the interrelation of the R.BspD6I
subunits in DNA cleavage. In this study, we analyzed enzyme activity
using modified and non-modified DNA substrates. Moreover, we char-
acterized the nicking endonuclease BspD6I interaction with DNA using
short synthetic substrates (14–30 bp) and investigated the influence
of the flanking regions on the enzyme activity.

2. Materials and methods

2.1. DNA fragments

Oligonucleotides composing duplexes I-F′ and I-G′ (Table 1) were
purchased from Thermo Fisher Scientific (USA). 23-mer DNA fragments
containing 6-methyl-2′-deoxyadenosine (m6A) (Table 1) were pur-
chased fromMetabion (Germany). Other oligonucleotides were assem-
bled by the standard phosphoramiditemethod using an automatic DNA
ASM-800 synthesizer (Biosset, Russia) and commercial reagents and
solvents (Glen Research, USA).

Labeling the 5′-ends of oligonucleotides with radioactive phosphate
was performed by addition of [γ-32P]ATP (1000 Ci/mol, Institute of Mo-
lecular Biology, Russia) and T4 polynucleotide kinase (Thermo Fisher
Scientific) during 30 min at 37 °C in the buffer containing 50 mM Tris-
HCl (pH 7.6), 10 mM MgCl2, 5 mM DTT. The labeled oligonucleotides
were purified on MicroSpin G-50 columns (GE Healthcare, USA). The
quantification of the radioactivity was performed by the Cherenkov
method with a Tracor Analytic Delta 300 instrument (ThermoQuest/
CE Instruments, USA).

DNA duplexes were formed by mixing the complementary oligonu-
cleotides in equimolar amounts, heating to 90 °C and further gradual
cooling to room temperature. 32P-labeled duplexes were composed
from labeled and unlabeled oligonucleotides to ensure a uniform radio-
activity and equal amounts of the complementary oligonucleotides.

2.2. Protein purification

The gene encoding Nt.BspD6I was expressed in Nova Blue (DE3)
Escherichia coli strain (Novagen, USA). Cells were transformed by electro-
poration first with the pRARE/М.SscL1l plasmid, which contained the
gene of methyltransferase SscL1l (М.SscL1l) and the genes of tRNA for
rare E. coli codons. Subsequently, the cells were transformed by pЕТ28b/
Nick plasmid coding Nt.BspD6I with an additional hexahistidine tag at
the C-terminus of the protein [15]. The cells were grown in LB medium
containing kanamycin (35 μg/ml, Sigma-Aldrich, USA) and chloramphen-
icol (10 μg/ml, Sigma-Aldrich), at 37 °C under the conditions of intensive
aeration, until an optical densitу A600 of 0.6 to 0.8. The expression of the
recombinant protein was induced by IPTG (Thermo Fisher Scientific)
with a final concentration of 0.5 mM. The cultures were grown for addi-
tional 3 h and then pelleted by centrifugation (4000 g, 30 min, 4 °C)
and frozen. The cells were resuspended in 200 ml of lysis buffer
(20 mM K2HPO4/KH2PO4 (pH 7.5), 1 М KCl, 0.1 mМ EDTA, 7 mМ β-
mercaptoethanol) containing the inhibitor of proteases – PMSF (2 mM,
AppliChem, Germany). Cell suspensions were sonicated on ice 4 × 60 s
with the interval of 60 s between the impulses. The cellular debris was
pelleted by centrifugation during 30min at 4 °C and 15,000 g. The super-
natant was then mixed with imidazole solution to its final concentration
of 10 mM and applied to a column filled with 5 ml of Ni-NTA agarose
(QIAGEN, Germany) previously equilibrated by buffer A (50 mM
K2HPO4/KH2PO4 (pH7.5), 1МKCl, 10mM imidazole). Nt.BspD6I purifica-
tion on Ni-NTA agarose was performed according to the protocol
QIAexpressionist (QIAGEN). After application of the supernatant, the sor-
bent was washed with 10 column volumes of the buffer A. Following the
first wash step, the column was washed by buffer A containing different
concentrations of imidazole: 30 mM for elimination of non-specifically
bound proteins and 200 mM for elution of Nt.BspD6I. All procedures of
Nt.BspD6I purification were carried out at 4 °C. The purity of Nt.BspD6I
preparation was analyzed by SDS-PAGE. After purification Nt.BspD6I
preparation was dialyzed against the storage buffer (10 mM Tris-HCl
(pH 7.5), 50 mM KCl, 0.1 mМ EDTA, 50% glycerol). The concentration of
Nt.BspD6I was assessed according to the Beer-Lambert law at 280 nm
using the molar extinction coefficient (77,240 М−1 cm−1). The active
concentration of Nt.BspD6I estimated by Scatchard analysis was about
40% of total protein concentration. Ss.BspD6I was expressed and purified
according to the protocol described earlier [13].

2.3. EMSA experiments

Nt.BspD6I–DNA complexes have been formed by incubation of the
reaction mixture for 30 min at 37 °C in buffer B (10 mM Tris-HCl
(pH 7.5), 150 mM KCl, 1 mM DTT) contained 10 mM CaCl2 and
0.1 mg/ml BSA. Gel electrophoresis was performed using 7% non-
denaturing PAG in TBE buffer (89 mM Tris–borate (pH 8.3), 2 mM
EDTA) at 15mA. A Typhoon FLA 9500was used to obtain the autoradio-
graphs of the gels. These were analyzed using Quantity One software
from Bio-Rad Laboratories (USA). The extent of DNA–protein complex
formation (binding, %) was determined as the ratio of radioactivity of
the band corresponding to DNA–protein complex to the total radioac-
tivity of the bands corresponding to free DNA and DNA-protein com-
plex. Each experiment was performed at least three times; the values
of standard error (SE) did not exceed 8–10%.

The apparent dissociation constants (Kd(app)) based on the results of
EMSA experiments were determined graphically as the point where the
fraction of boundDNAequals 0.5. The standard error of themeanwas cal-
culated in Origin (OriginLab, USA) according to the formula SE = s/n0.5,
where SE— standard error, s— standard deviation, and n—number of in-
dependent experiments.

2.4. Hydrolysis of DNA duplexes

Hydrolysis of DNA duplexes was performed by incubation of the re-
action mixture during 30 min at 37 °C in the buffer B containing 10mM
MgCl2 and 0.1 mg/ml BSA. The concentrations of DNA duplexes,
Nt.BspD6I, and ss.BspD6I are indicated in the text. Gel electrophoresis
was performed using 20% PAG with 7 M urea in TBE buffer at 30 mA.
The amount of DNA hydrolysis (% cleavage) was determined separately
for each strand (radioactively orfluorescently labeled) as the ratio of the
product to the total DNA. Each measurement was performed at least
three times; the SE did not exceed 8–10%.

2.5. Determination of the DNA bending angle induced by Nt.BspD6I

Circular permutation analysis [16] was used for the estimation of the
DNA bending angle during Nt.BspD6I binding. First, 120-bp duplexes II-
A – II-H containing Nt.BspD6I recognition site at different positions
within the linear DNA fragment were generated. The plasmid pBEND2
(kindly gift of Dr. S. Adhya), bearing the tandem recognition sites of
several REs (Fig. 2(a)), was used for this purpose. This plasmid was hy-
drolyzed by REs from Thermo Fisher Scientific: BglII, NheI, SpeI, XhoI,



Fig. 2. Analysis of DNA bending by Nt.BspD6I. (a) Fragment of pBEND2 plasmid containing tandem recognition sites of R.BglII, R.NheI, R.SpeI, R.XhoI, R.EcoRV, R.SmaI, R.StuI, R.BamHI and
120-bp duplexes II-A – II-H with Nt.BspD6I recognition site (gray rectangle) at different positions, which were obtained by digestion of the plasmid by appropriate REs. (b) Complex
formation of Nt.BspD6I with DNA fragments II-A – II-H (indicated above gel lines on photography). A 7% non-denaturing PAG after staining with SYBR Gold. (c) Fitting the obtained
data to parabolic function y = 0.85x2–0.83x + 0.63 (see the text in paragraph 2.5.).
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EcoRV , SmaI, StuI or BamHI at 37 °C for 30 min in buffer supplied with
the enzyme. The resulting 120-bp fragments II-A – II-Hwere purified by
PCR clean-up and gel extraction kit (Macherey-Nagel, Germany) after
electrophoresis in a 2% agarose gel.

Fragments II-A – II-Hwere incubatedwithNt.BspD6I in the buffer B at
37 °C for 30 min. Each reaction mixture (10 μl) contained 100 nM DNA
and 50 nM Nt.BspD6I. DNA–protein complexes and unbound substrates
were separated by electrophoresis in 7% non-denaturing PAG as de-
scribed above. The gels were finally stained with SYBR Gold (Invitrogen,
USA) for 20 min and documented with a Typhoon FLA 9500.

The DNA bend angle was determined using Ferrari model [16]. Data
were fitted to the parabolic function y = ax2 − bx + c, where x stands
for the ratio of the length from the middle of the binding site to the
end of the fragment and total fragment length, y stands for the ratio of
the mobility of the DNA–protein complex and the mobility of free
DNA, and the coefficients a, b, and c determine the angle value as

a ¼ –b ¼ 2c� 1–cosαð Þ ð1Þ

The experiment was repeated 4 times, the SE for the angle value did
not exceed 4°.
2.6. Immobilization of DNA at the gold surface of thickness shear mode
transducer

In the binding studies of Nt.BspD6I at surface we used AT-cut
quartz crystal transducer with a fundamental frequency of 8 MHz
(CH Instruments, USA). The transducer was covered on both sides
by thin gold layers that served as electrodes (working area
0.2 cm2). After the careful cleaning of the crystal (see [17] for details)
it has been mounted between two silicon O-rings in the flow-
through cell. The working volume of the cell was 100 μl [18]. The an-
alyte was introduced into the cell using a Genie Plus syringe pump
(Kent Scientific, USA) with a flow rate of 50 μl/min. Every solution
was applied until the resonance frequency stabilized. The transducer
surface was first washed with deionized water, and then 0.2 mg/ml
NeutrAvidin (Pierce Biotechnology, USA) solution in water was ap-
plied. Approx. 15 min were necessary for signal stabilization in a
constant flow rate of the NeutrAvidin. It was followed by water in
order to wash out all non-chemisorbed NeutrAvidin molecules.

30-bp DNA duplexes I-F′ and I-G′ containing biotin moiety at 5′-
end of the bottom strand were used in the experiments. 1 μM DNA
duplex I-F′ or I-G′ dissolved in a binding buffer B, containing
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10 mM CaCl2, was applied and subsequently the crystal was rinsed
with the same buffer again. This buffer was suitable for the study of
Nt.BspD6I–DNA binding. Then Nt.BspD6I was applied in concentra-
tions of 0.03, 0.06, 0.1, 0.3 and 1.0 μM in the buffer B* that represent-
ed the buffer B containing 10 mM CaCl2 and 2.9% of glycerol. After
every addition of enzyme the surface of the sensor was washed
with the buffer B* and subsequently Nt.BspD6I with a higher concen-
tration was added.
Fig. 3. Cleavage (а) and binding (b) of different DNA duplexes by Nt.BspD6I analyzed by gel elec
of a 20% PAG with 7 M urea (a) and 7% non-denaturing PAG gel (b). Numbers and lengths of t
10 nM, concentration of Nt.BspD6I in DNA cleavage experiments was 10 nM, in binding assay
by Nt.BspD6I.
2.7. Detection of Nt.BspD6I–DNA interaction by thickness shear mode
method

The thickness shear mode (TSM) acoustic method is based on appli-
cation of a high frequency AC voltage to an AT-cut quartz crystal. The
acoustic shear wave is generated due to the piezoelectric effect and
propagates through the sensing layer into the liquid. This acoustic
wave can be characterized by storage and dissipation processes. The
trophoresis. All duplexes contain 32P-lable at the 5′-end of the top strand. Autoradiographs
he duplexes are indicated above gel lines on autoradiographs. Concentration of DNA was
s – 25 nM. The SE did not exceed 10% of the indicated extent of DNA cleavage or binding



Fig. 4.Hydrolysis of 32P-labeled bottom strand of duplex I-E (10 nM) by different amount
of ss.BspD6I inmixture with Nt.BspD6I. Autoradiograph of a 20% PAGwith 7M urea. Lane
1: initial DNA, lane 2: control reaction mixture containing only duplex and ss.BspD6I
(180 nM), lanes 3–6: DNA cleavage by ss.BspD6I (30, 60, 120, 180 nM, respectively) in
the presence of Nt.BspD6I (10 nM). The reaction mixtures were incubated at 37 °C for
30 min. DNA size markers – 6-mer (5′-GTACCT-3′) and 7-mer (5′-GTACCTT-3′) are
presented in lines 7 and 8, respectively. The SE did not exceed 8% of the indicated extent
of DNA cleavage by ss.BspD6I in the presence of Nt.BspD6I.

Fig. 5. Time course of 32P-labeled top strand of duplex I-E cleavage performed by
Nt.BspD6I alone (black curve) or in the presence of ss.BspD6I (gray curve).
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measured electrical impedance of the sensor is related to the complex
acoustic impedance. The imaginary part of the impedance represents
the energy storage and is proportional to the change in the series reso-
nance frequency, Δfs, while the real part is connected with the energy
dissipation and is related to the motional resistance, Rm. The viscous
forces result in a friction between the surrounding liquid and the layer
immobilized on the surface of the crystal [18] being reflected in an in-
crease of Rm and a decrease of fs. A network analyzer 8712ES (Agilent
Technologies, USA) was used to measure the impedance properties of
the sensor and for determination of fs and Rm. See Snejdarkova et al.
[19] for the details of the experimental setup. Please note that TSM ex-
periments were performed at 25 °C. This is due to the fact that at this
temperature the AT-cut quartz crystals provide most stable oscillations.
At the higher temperatures, above 35 °C the oscillations depend on the
temperature, therefore certain errors can be expected.

3. Results and discussion

3.1. Characterization of nicking endonuclease BspD6I interaction with DNA

3.1.1. Screening of DNA substrate of optimal length for efficient enzyme
binding and hydrolysis

The specific interaction of RE with DNA takes place only in the
presence of its recognition site. However, the sequences flanking the rec-
ognition site also influenceDNAhydrolysis. Especially, the length of these
flanking regions can be an essential factor during formation of the
enzyme–substrate complex [20]. Nt.BspD6I was used for screening the
optimal substrate of R.BspD6I since the DNA binding region of R.BspD6I
is supposed to be located only in Nt.BspD6I [14]. In the previous studies
the catalytic activity of Nt.BspD6I and its isoschizomers fromdifferent or-
ganisms [21–25] were tested using substrates of different length (plas-
mids, phage T7 DNA). However, the interaction of these enzymes with
short synthetic DNA fragments was not investigated at all. These data
are essential for some application of the enzyme (see above).

To analyze the influence of the regions flanking the recognition site
of Nt.BspD6I on its activity, the substrates with different length were
constructed (Table 1, duplexes I-A, I-B, I-C, I-D, I-E, I-F). The length of
these duplexes varied from 14 to 30 bp. Duplexes I-A, I-B and I-D
have short sequence (2 bp) flanking the recognition site at the 5′-end,
whereas the sequences after the position of hydrolysis vary from 3 to
11 bp. Duplex I-C contains 4 bp in the front of the recognition site and
6 bp after the position of hydrolysis. The regions flanking the binding
and cleavage sites are extended in substrates I-E and I-F, their length
exceeds 7 bp.

Nt.BspD6I is a thermophilic enzyme with optimal temperature for
DNA cleavage at 55 °C. However, it can bind and hydrolyze the substrate
at lower temperature as well [10]. Tо avoid the dissociation of the short
DNA duplexes andweak protein–DNA complexeswe performed the ex-
periments at 37 °C. All DNA duplexes contained 32P-label at the 5′-end
of the top strand.

Nt.BspD6I was shown to hydrolyze all duplexes in the presence of
Mg2+ as cofactor at 37 °C in 30 min with high efficacy (N80%,
Fig. 3(а)). The DNA binding assay was performed in the presence of
Ca2+ instead ofMg2+ to prevent DNA cleavage. Under these conditions,
we could not detect stable complexes of Nt.BspD6I with all these du-
plexes. Only in the case of duplexes I-E and I-F around 80% of enzyme
molecules were bound to DNA, for the other duplexes the extent of
binding was between 3 and 50% (Fig. 3(b)).

We can conclude that Nt.BspD6I can hydrolyze short duplexes con-
taining 2 bp at the 5′-end of the recognition sequence and 3 bp down-
stream the 3′-end of the cleavage site (7 bp from 3′-end of the
recognition site). It was known that sequences flanking the recognition
site in general modulate the thermodynamic and kinetic parameters of
the interaction between restriction endonucleases and their targets
[20]. Duplexes I-E and I-F (with the most extended flanking sequences
among the DNA fragments studied in this work) were chosen as the
optimal substrates for further investigation of Nt.BspD6I activity tomin-
imize the impact of flanking sequences on the interaction of Nt.BspD6I
with DNA. The apparent dissociation constants (Kd(app)) determined
by EMSA for Nt.BspD6I complexes with 26 bp duplex I-E (7 ± 1 nM)
and 30 bp duplex I-F (8 ± 1 nM) indicate the high affinity of enzyme
to DNA (data not shown).

3.1.2. Does small subunit of BspD6I restriction endonuclease have an
influence on the DNA hydrolysis by nicking endonuclease BspD6I?

It was previously shown that Nt.BspD6I is essential for DNAhydroly-
sis by ss.BspD6I [13]. Does ss.BspD6I on the other hand have an influ-
ence on Nt.BspD6I functionality? То answer this question we studied
the hydrolysis of the top strand of the 26-bp DNA substrate I-E by
Nt.BspD6I alone and in the presence of ss.BspD6I.

The initial step of investigation was the selection of the concentra-
tions of Nt.BspD6I and ss.BspD6I for the formation of heterodimeric
R.BspD6I, which could efficiently hydrolyze both strands of a DNA sub-
strate. For this purpose, the ratio of R.BspD6I subunits resulting in the
highest activity was determined experimentally. The 26-bp duplex I-E



Fig. 6. Complex formation of Nt.BspD6I, ss.BspD6I, and R.BspD6Iwith duplexes I-F and I-G
(the top strands are 32P-labeled). Autoradiograph of a 7% non-denaturing PAG. Numbers
of the duplexes are indicated above gel lanes. Lanes 1, 5: initial DNA fragments; lanes 2,
6: complex formation of 25 nM Nt.BspD6I with 10 nM duplex I-F or I-G; lanes 3, 7:
complex formation of 300 nM ss.BspD6I with 10 nM duplex I-F or I-G; lanes 4, 8: —
complex formation of R.BspD6I (25 nM Nt.BspD6I + 300 nM ss.BspD6I) with 10 nM
duplex I-F or I-G. The reaction mixtures were incubated at 37 °C , 30 min. The SE did not
exceed 8% of the indicated extent of DNA binding by protein.

Fig. 7. The plot of the changes in the series resonant frequency ΔfS as a function of the
protein (Nt.BspD6I or human serum albumin (HSA)) concentration for the acoustic
biosensor based on DNA duplexes of different structures. In addition, the data of two
control experiments are shown: Nt.BspD6I application to the surface without DNA and
HSA application to the surface modified with duplex I-F′.
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was chosen as a substrate. The hydrolysis of each DNA strandwas inves-
tigated in two separate experiments. Duplex I-E with a 5′-32P-labeled
top or bottom strand was used for the study of the hydrolysis by
Nt.BspD6I or by small subunit (ss.BspD6I) of R.BspD6I, respectively. Con-
centrations of 10 nM for Nt.BspD6I and 10 nM for the substrate were
chosen for the efficient hydrolysis of the top strand during 30 min, at
37 °C, in the presence of 10mMMgCl2. Under such conditions Nt.BspD6I
cleaves N80% of 5′-32P-labeled top strand of substrate I-E (Fig. 3(a)). For
the investigation of ss.BspD6I activity, the substrate (10 nM), containing
32P-label at the 5′-end of the bottom strand, andNt.BspD6I (10 nM)were
mixedwith small subunit of R.BspD6I. The ratio of Nt.BspD6I to ss.BspD6I
was 1:3, 1:6, 1:12 and 1:18. Ss.BspD6I hydrolyzed the substrate efficient-
ly at a 12- or 18-fold excess relative toNt.BspD6I, the extent of hydrolysis
was 63 ± 5% or 72 ± 6% respectively (Fig. 4). We detected a prevalence
for the 6-mer product (cleavage at 6th position to the 5′-end from the
recognition site, Fig. 1) over the 7-mer (cleavage at 5th position to the
5′-end from the recognition site, Fig. 1) in the case of bottom-strand hy-
drolysis by ss.BspD6I of 26 bp duplex I-E that is consistent with the pre-
vious studies [13,26].

Next, we analyzed the steady state kinetics of the hydrolysis of
I-E duplex (10 nM) containing the radioactively labeled top strand
by Nt.BspD6I alone (10 nM) and in the presence of 12-fold excess
of ss.BspD6I. It was shown that the initial hydrolysis rate by
Nt.BspD6I was 2 times higher in the presence of small subunit
(Fig. 5). Probably Nt.BspD6I dissociates from the duplex cleaved
in the both strands faster than from the nicked duplex, and there-
fore can perform catalysis on other DNA molecules. The plateau of
the kinetic curves corresponded to 80% cleavage of the substrate,
so Nt.BspD6I was inhibited in the course of the steady-state cleav-
age reaction.

According to these data, not only Nt.BspD6I is essential for the activ-
ity of ss.BspD6I, but also ss.BspD6I facilitates efficient hydrolysis by
Nt.BspD6I.

3.1.3. Estimation of DNA bending angle induced by Nt.BspD6I
The process of DNA bending is essential for some restriction en-

zymes when forming the catalytically active complex (e.g. R.EcoRV).
This angle can be determined by direct measurements (e.g. X-ray anal-
ysis, AFM),which require sophisticated instrumentation and have some
limitations. There is no experimental information about DNA bending
induced by R.BspD6I. Previous attempts to crystallize the complexes of
R.BspD6I–DNA, ss.BspD6I–DNA or Nt.BspD6I–DNA have failed. Since
the latter complex is detected by the gel shift assay, the DNA bending
angle induced by Nt.BspD6I was estimated by so-called circular permu-
tation analysis described by Ferrari et al. [16]. The method is based on
the fact that the electrophoretic mobility of the bent DNA depends on
the position of the bend. In case of DNA bending induced by protein,
mobility of DNA fragments depends on the position of the protein rec-
ognition site. To perform the experiment it is necessary to obtain DNA
fragments of the equal length, butwith different position of protein rec-
ognition site. To generate such DNAs we used special bending vector
pBend2. Plasmid pBend2 was originally constructed by Kim et al. [27].
It contains tandem repeats of restriction endonucleases sites and the
Nt.BspD6I recognition site at its center (Fig. 2(a)). Sequential digestion
with different restriction endonucleases produces DNA fragments of
the equal length but with different position of Nt.BspD6I recognition
site.

First of all, the obtained DNA fragments (100 nM) were incubated
with Nt.BspD6I in different concentrations (5–60 nM). Corresponding
DNA–protein complexes were analyzed via EMSA. The predominant
formation аnd the best yield of a complex between an Nt.BspD6I mono-
mer and each duplex (100 nM) was found at protein concentration of
50 nM (see, e.g., Fig. S1 in supplement). The results of 120-bp DNA frag-
ments II-A – II-H interactions with Nt.BspD6I are presented in Fig. 2(b).
In our experiments coefficients a and –b in Eq. (1) in Ferrari method
were very similar and indicated a DNA bending angle of 66 ± 4° for
DNA in the complex with Nt.BspD6I (Fig. 2(c)). Our result is
contradictional to the proposed model of R.BspD6I complexed with
DNA [14]; where the DNA is in a straight conformation. It seems that
this model requires some correction considering the obtained data, par-
ticularly as also Machulin et al. [28] observed a DNA bending by
Nt.BspD6I using AFM.

There is no common rule for the DNA bending among type II restric-
tion endonucleases. In some cases, no significant deviations from the ca-
nonical DNA form can be observed in complex with RE (for R.BamHI,
R.BsoBI), but in the specific DNA–R.EcoRV complex, the DNA is bent
by about 50° [20]. As mentioned earlier, the formation of a DNA–
ss.BspD6I complex has not been detected. Since the small subunit
lacks DNA-binding ability, it cannot induce DNA bending. Furthermore,
the presence of ss.BspD6I did not affect the DNA bending by Nt.BspD6I
(data not shown). Therefore, the small subunit of the heterodimeric
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R.BspD6I does not contribute to DNA bending by Nt.BspD6I. However,
we suggest that the DNA bending by Nt.BspD6I is a prerequisite for
Nt.BspD6I cleavage activity as well as for ss.BspD6I binding to the
Nt.BspD6I-DNA complex.

3.1.4. Nicking endonuclease BspD6I binding with DNA fragment that is
identical to the product of its own hydrolysis

DNAduplex I-G consists of the three oligonucleotides, one of them in
the top strand carries a phosphate group at the 5′-terminus. Thus, DNA
duplex I-G mimics the product of I-F hydrolysis by Nt.BspD6I (Table 1).

We assessed the affinity of Nt.BspD6I to the product of its hydrolysis –
the duplex I-G with a single-strand break in the top strand. The EMSA
demonstrated the ability of Nt.BspD6I to bind duplex I-G almost with
the same efficacy as the initial substrate I-F (Fig. 6). Both duplexes
contained 32P-label at the 5′-end of the top strand. However, complexes
detected by gel shift assays reflect the equilibrium state of protein–DNA
interaction and do not allow to study the kinetics of this process. The ki-
netic properties of Nt.BspD6I binding to the DNA have been studied by
the TSM acoustic method. This method is very effective for analyzing
on-line kinetics of binding processes at surfaces [29] and has been suc-
cessfully applied for studying (cytosine-5)-DNA methyltransferase SsoII
interaction with different DNA substrates [30].

The advantage of TSMmethod is that it does not require any labeling
of the interacting molecules like in the conventional gel shift assays. On
the other hand, it is necessary to immobilize DNA on the surface of a
sensor, therefore we used duplexes I-F′ and I-G′ that contained a biotin
residue covalently attached to the 5′-end of the bottom strand (Table 1).
Biotin containing duplexes I-F′ and I-G′ have been immobilized at the
NeutrAvidin layer chemisorbed at the gold surface of quartz crystal
transducer. The interaction of Nt.BspD6I with DNA has been analyzed
at 25 °C by measurement of the changes of series resonant frequency
of crystal oscillation, Δfs, and by motional resistance, ΔRm. The changes
in resonance frequency are attributed to the changes of thickness or
mass of the DNA layer following binding of Nt.BspD6I, while the chang-
es in motional resistance reflect the viscosity contribution that arises
from friction between the DNA layer and the surrounding water solu-
tion. The addition of the I-F′ duplex onto the surface of NeutrAvidin
layer in a concentration of 1 μMresulted in decrease of the resonant fre-
quency by 20 Hz. Considering the molecular weight of I-F′ duplex
(21.7 kDa), the surface concentration can be estimated using Eq. (2)
as 6 pmol cm−2:

Δ f S ¼ –2:26� 10−6 f 0
2Δm=A ð2Þ

where A is the area (0.2 cm2 in our case) and f0 is the fundamental
frequency of the crystal (8 MHz). Similar surface concentration
(8 pmol cm−2) has been obtained also for I-G′ duplex.

The addition of Nt.BspD6I onto the surface of TSM transducer with
immobilized I-F′ or I-G′ duplexes resulted in decrease of resonant fre-
quency, fs. The plot of the changes of resonant frequency vs. Nt.BspD6I
concentration obtained for duplexes I-F′ and I-G′ had, however, a differ-
ent maximum frequency change: almost 200 Hz decrease for duplex I-F′
and 140 Hz for duplex I-G′ (Fig. 7) observed after applying 1 μM of
Nt.BspD6I. It is previously shown, that Nt.BspD6I is able to oligomerize
at concentrations higher than 0.5 μM [31]. Using the frequency change
of 200 Hz and molecular weight of Nt.BspD6I (70.8 kDa) the surface
Table 2
Kinetic parameters of Nt.BspD6I binding to different DNA duplexes immobilized on the
TSM transducer.

Parameter Duplex I-F′ Duplex I-G′

ka, М−1 s−1 14,300 ± 150 10,700 ± 600
kd, s−1 0.0007 ± 0.00005 0.0009 ± 0.00005
Kd, nМ 46 ± 4 88 ± 11
concentration of NE can be estimated according to Eq. (2) as
19.5 pmol cm−2:

Comparison of this surface concentration with that of DNA suggests
that at saturation about three molecules of Nt.BspD6I are adsorbed on
one DNA duplex. Thus, the possible stoichiometry of Nt.BspD6I–I-F′
complex at high Nt.BspD6I concentration is 3:1. However, this is rather
rough estimation. Taking into account the increase of motional resis-
tance, Rm, following addition of Nt.BspD6I, one can expect that the
changes of the resonant frequency can be particularly due to the in-
creased friction between the DNA–protein layer and the buffer. In any
case, the larger frequency changes for Nt.BspD6I complexeswith duplex
I-F′ suggest that more molecules of Nt.BspD6I are able to bind this du-
plex compared to the duplex I-G′. Certainly, in latter case the surface
concentration of Nt.BspD6I estimated according to Eq. (2) and frequen-
cy changes of 140Hz is 13.7 pmol cm−2. This corresponds approximate-
ly to a 2:1 stoichiometry of Nt.BspD6I on the I-G′ duplex. In order to
analyze quantitatively the kinetics of Nt.BspD6I association with the
DNA,we used an approach based on the principles similarly to those ap-
plied by Thompson and Tassew [18]. According to this method the fre-
quency changes can be expressed as

−Δ f S tð Þ ¼ − Δ f Sð Þmax � 1− exp −ktð Þ½ � ð3Þ

where k= ka[P]+ kd (ka and kd are the association and dissociation rate
constants, respectively; [P] is the concentration of Nt.BspD6I). The de-
pendence of k on Nt.BspD6I concentration should be a straight line
[32]. The intercept of the line with the y axis gives the kd value, while
the ka is equal to the line's slope. The equilibrium dissociation constant
(Kd) could be determined from the ka and kd values: Kd = kd/ka. These
calculations allowed us to determine the ka and kd values (Table 2).
The example of the kinetic changes of the resonant frequency, fs, follow-
ing addition of various concentration of Nt.BspD6I to a surface of TSM
transducer with immobilized I-F′ duplex and corresponding plot of k
on Nt.BspD6I concentration are shown in supplements (Fig. S2 and
S3). As it can be seen from Table 2, the complex of Nt.BspD6I with du-
plex I-F′ is more stable compared to the complex with duplex I-G′. Ac-
cording to the obtained data Nt.BspD6I is able to bind the product of
hydrolysis. Binding the product of hydrolysis and hindered dissociation
of the enzyme from this complex can be the rate-limiting steps of enzy-
matic reaction that results in further inhibition of substrate hydrolysis
as we demonstrated above.

The formation of Nt.BspD6I complexes with duplexes I-F and I-G
was also confirmed by EMSA and is shown in Fig. 6. The Kapp values
Fig. 8. Inhibition of cleavage of 3′-TAMRA-labeled substrate IV (10 nM) by Nt.BspD6I
(10 nM) in the presence of duplexes I-F, I-G, and non-specific duplex III. The
concentrations of duplexes-competitors varied from 0 to 2 μM. Excess of competitors is
indicated on the x-axis in logarithmic scale. Reaction conditions were 25 °C, 30 min.
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for Nt.BspD6I complex with duplex I-F determined by TSMmethod are
significantly higher than the ones estimated by EMSA. This can be ex-
plained by several reasons. A gel-shift assay allows to study DNA–
protein binding in solution and requires the incorporation of fluorescent
or radioactive labels into protein or DNA. The peculiarities of TSMmeth-
od is that it studies protein–DNA interactions at the surfaces and does
not require any labeling of the interactingmolecules like in the conven-
tional assays. Therefore, rather high concentrations of interactingmole-
cules are needed to get the significant effect using TSMmethod. Indeed,
the maximum Nt.BspD6I concentration applied to the sensing surface
with immobilized DNAduring our experimentswas 1 μMthat is consid-
erably higher than themaximumconcentration used for EMSA (30 nM).
The higher protein concentrations and therefore different stoichiometry
of DNA–protein complexes are the other reasons underlying distinction
between obtained Kd values. However, the fact of Nt.BspD6I complex
formation with product of its DNA hydrolysis was demonstrated by
both approaches.

It was previously shown that Nt.BspD6I possesses the ability of non-
specific DNA binding [31]. To assess the extent of such non-specific
binding with DNA, we analyzed the hydrolysis of duplex IV that
contained fluorescent label TAMRA on the 3′-end of its top strand in
the presence of different competitors: canonical duplex I-F, duplex I-G
that corresponds to the product of hydrolysis by Nt.BspD6I, and 30-bp
non-specific duplex III without the Nt.BspD6I recognition site (Fig. 8).
The half-maximal inhibitory concentrations (IC50) were determined
for these duplex-competitors.

Under the conditions used, duplex I-F was converted into duplex I-
G, therefore DNA duplexes I-F and I-G almost identically influenced
the activity of Nt.BspD6I. The IC50 value for these duplexes
corresponded to their 3-fold excess in the reaction mixture (30 nM).
Non-specific duplex III of the same length inhibited the activity of
Nt.BspD6I much slower. Only 100-fold excess of this duplex (1 μM)
lowered the enzymatic activity by half. Therefore, the non-specific bind-
ing of Nt.BspD6IwithDNA is rather low and the obtained kinetic param-
eters correspond mainly to the specific Nt.BspD6I–DNA interactions.

3.2. Characterization of the DNA cleavage by small subunit of restriction
endonuclease BspD6I in the presence of nicking endonuclease BspD6I

To investigate the interrelation between the subunits of R.BspD6I
during catalysis at least two issues must be addressed: (i) Is ss.BspD6I
able to cleave the bottom strand after Nt.BspD6I has introduced a nick
Fig. 9.Analysis of ss.BspD6I activity. (a) Incubation of 32P-labeled bottom strand of duplexes I-F
Autoradiograph of a 20% PAGwith 7Murea. Numbers of theduplexes are indicated above gel lan
lanes 3, 6: hydrolysis of duplexes I-F and I-G by ss.BspD6I in the presence of Nt.BspD6I. The rea
extent of DNA cleavage by ss.BspD6I in the presence of Nt.BspD6I. (b) Time course of 32P-labele
ss.BspD6I in the presence of Nt.BspD6I.
in the top strand of DNA duplex? (ii) Is ss.BspD6I able to hydrolyze
the bottom strand if cleavage of the top strand by Nt.BspD6I is blocked?

Two types of R.BspD6I substrate analogues were used for these
purposes – DNA duplex with a nick in position of Nt.BspD6I hydroly-
sis (duplex I-G) and DNA duplexes containing 6-methyl-2′-
deoxyadenosine (m6A) in the recognition site of Nt.BspD6I.

3.2.1. The ability of ss.BspD6I to hydrolyze a substrate after Nt.BspD6I
action

Ss.BspD6I does not form complexes with duplexes I-F and I-G either
in the presence or in the absence of Nt.BspD6I, it also does not interfere
with complex formation of Nt.BspD6I with these duplexes (Fig. 6). We
further studied the hydrolysis of duplexes I-F and I-G by ss.BspD6I
alone and in the presence of Nt.BspD6I (Fig. 9). Both duplexes contained
the bottom strand that was 32P-labeled at 5′-end. In control experi-
ments in the absence of Nt.BspD6I, ss.BspD6I was not able to hydrolyze
duplexes I-F and I-G (Fig. 9(a), lanes 2 and 5). Nt.BspD6I addition to the
reaction mixture resulted in the hydrolysis of these duplexes by
ss.BspD6I. Two 32P-labeled DNA products were detected in each case:
10-mer 5′-32P-CAGGTACCTT-3′ and dominant 9-mer 5′-32P-CAGGTA
CCT-3′ (Fig. 9(a), lanes 3 and 6). The initial rate of hydrolysis by
ss.BspD6I at 37 °C of I-F duplex was shown to be slightly higher than
the one of the I-G duplex (Fig. 9(b)). This fact can be explained by the
intrinsic higher affinity of Nt.BspD6I to its canonical substrate compar-
ingwith the product of cleavage (Table 2) that directly affects ss.BspD6I
activity. According to our data, the ability of Nt.BspD6I to stay in the
complex with the nicked top strand allows ss.BspD6I to introduce the
second break in the bottom strand of the DNA. We assume that the hy-
drolysis of DNA by Nt.BspD6I and ss.BspD6I is strictly coupled. First
Nt.BspD6I binds and bends the DNA substrate. This enables the cleavage
domain of Nt.BspD6I to nick the top strand. Ss.BspD6I is capable of bind-
ing this binary complex, nicking the bottom strand and thereby to facil-
itate product release.

3.2.2. Interaction of subunits of restriction endonuclease BspD6I with DNA
ligands containing N6-methyl-2′-deoxyadenosine in the recognition site

Next, we analyzed the ability of ss.BspD6I to hydrolyze DNA sub-
strate when the cleavage of Nt.BspD6I is blocked. For this study it was
necessary first to choose non-hydrolyzable substrate analogues for
Nt.BspD6I. Nt.BspD6I was previously shown to be sensitive to methyla-
tion of adenosine in the recognition site in the case of a 23-bp
dimethylated substrate [33].
and I-G (10 nM)with ss.BspD6I (120 nM) alone and in the presence of Nt.BspD6I (10 nM).
es. Lanes 1, 4: initial DNA fragments; lanes 2, 5: duplexes I-F and I-Gmixedwith ss.BspD6I;
ction mixture was incubated at 37 °C for 30min. The SE did not exceed 8% of the indicated
d bottom strand cleavage of duplexes I-F (black curve) and I-G (gray curve) performed by



Fig. 10. Nt.BspD6I interaction with the duplexes V-A – V-D (the top strands are 32P-
labeled) depending on the presence and localization of m6A in the recognition site.
(a) Complex formation between Nt.BspD6I and duplexes V-A – V-D. Autoradiograph of a
7% non-denaturing PAG. (b) DNA cleavage by Nt.BspD6I. Autoradiograph of a 20% PAG
with 7 M urea. In all the experiments concentrations of DNA duplexes and Nt.BspD6I
were 10 nM.
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Nt.BspD6I and ss.BspD6I are the part of restriction-modification sys-
tem (R-M system) [13]. The BspD6I R-M system contains two methyl-
transferases (MTases). These MTases gene sequences are completely
identical with the M1.BstSEI and M2.BstSEI genes found in Bacillus
stearothermophilus (T.A. Perevyazova, unpublished data, [34]).
Chernukhin et al. [35] showed, that purified recombinant M2.BstSEI
alone (in the absence of M1.BstSEI) is capable to modify adenine in both
DNA strands of double-stranded 5′-GASTC-3′ (S = G or C) sequence.
Moreover, the kinetic parameters of DNA methylation by M2.BstSEI (ho-
molog of M2.BspD6I) are similar to those of DNA MTases that recognize
the palindromic sites [35]. We expect that one of MTases from R-M sys-
tems (like the BspD6I or BstSEI R-M system), containing nicking endonu-
clease, serves not only for the protection of hostDNA fromdigestion byRE
but carries out some other functions, for example, it might take part in
DNA repair together with NE. Therefore, it was important to study for
the first time Nt.BspD6I interactions with DNA fragments that reflect
the DNA modification by cognate MTases. Moreover, the influence of
DNA methylation on ss.BspD6I activity has never been studied.

We used duplexesV-A –V-D (5′-labelwas at the top strand) to inves-
tigate the binding of Nt.BspD6I with mono- (V-B, V-C) and dimethylated
(V-D) substrates comparing to non-methylated one (V-A) (Fig. 10(a)).
The enzyme bound efficiently only the non-methylated duplex V-A at
equimolar ratio of Nt.BspD6I and DNA. The extents of Nt.BspD6I binding
with other DNA duplexes did not exceed 10%.

In the next step we analyzed hydrolysis of these duplexes by
Nt.BspD6I. Only non-methylated duplex V-A was cleaved (Fig. 10(b)).
Probably, the methylation of the dA residue in Nt.BspD6I recognition
site interferes with substrate binding and inhibits conformational
changes of Nt.BspD6I–substrate complex that are a prerequisite for
catalysis.

Further, the influence of the methyl group in the recognition site on
the activity of ss.BspD6I (in the presence of Nt.BspD6I)was investigated.
Hydrolysis of DNA duplexes (10 nM, 5′-label was in the bottom strand)
was performed using 10 nM Nt.BspD6I and 120 nM of ss.BspD6I or
50 nM Nt.BspD6I and 50, 300 or 600 nM of ss.BspD6I. Cleavage of the
monomethylated duplexes (V-B, V-C) by ss.BspD6I was not detected
as is shown in supplement (Fig. S4). In other words, the top-strand
methylation of dA residue in the recognition site (duplex V-B) also
blocks the bottom-strand nicking. The same effect was observed when
methylated dA residue was presented in the bottom strand (duplex V-
C) and in both strands (duplex V-D). The data obtained confirm the hy-
pothesis that the subunits act in a coordinated manner and show that
effective DNA binding and cleavage by Nt.BspD6I are likely to be the es-
sential factors for ss.BspD6I activity.
4. Conclusions

Using the set of DNA duplexes of different length, we demonstrate
that Nt.BspD6I can hydrolyze short 14–30 bp duplexes. Only 2 bp at
the 5′-end and 7 bp from the 3′-end of the recognition site are sufficient
for top-strand nicking. Extension of flanking sequences does not im-
prove the nicking efficiency. DNA fragments of equal length but with
different position of Nt.BspD6I recognition site permit us to determine
a bending angle of 66 ± 4° for DNA in complex with Nt.BspD6I. For
the first timewe demonstrated that the small subunit of R.BspD6I is im-
portant for Nt.BspD6I activity increasing 2-fold the initial rate of sub-
strate hydrolysis by nicking endonuclease. Using gel shift assays and
the thickness shear mode acoustic method, Nt.BspD6I is shown to be
able to form the complexwith the product of DNA hydrolysis. Ss.BspD6I
effectively hydrolyzes the bottom strand when the top strand of DNA
duplex has been cleaved by Nt.BspD6I. Finally, the influence of the
methylation of dA residue in R.BspD6I recognition site on ss.BspD6I ac-
tivity is analyzed. The repression of Nt.BspD6I activity bym6A in the rec-
ognition site results in the inhibition of bottom strand hydrolysis by
ss.BspD6I. The obtained data provide evidence that Nt.BspD6I coordi-
nates the action of ss.BspD6I; two subunits act as the reliable partners
that results in effective R.BspD6I DNA cleavage activity.
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