
The antirestriction proteins of the ArdB family selec-

tively inhibit the endonuclease activity of type I restric-

tion/modification (RM) enzymes, thereby allowing con-

jugative plasmids to overcome the restriction barrier. The

ardB gene encoding the antirestriction ArdB protein was

found for the first time in the transmissible pKM101 plas-

mid (IncN incompatibility group) [1]. ArdB specifically

inhibits the endonuclease activity of type I RM enzymes

in vivo [1, 2] but does not form complexes with type I RM

enzymes in vitro [2]. The C-terminal aspartate residue

(D141) plays the key role in the antirestriction activity of

ArdB [3]. Balabanov et al. [4] showed that ArdB loses its

ability to protect unmodified λ.0 phage DNA in UV-irra-

diated cells of Escherichia coli K12 from hydrolysis by

EcoKI restriction endonuclease, provided that the cells

contain a considerable amount of unmodified chromoso-

mal. Considering the effect of unmodified DNA on the

antirestriction activity of ArdB, we put forward a hypoth-

esis that ArdB blocks the translocation of unmodified

DNA via R subunits of the R2M2S complex of type I RM

enzymes [4].

Here, we investigated the ability of ArdB encoded by

the ardB gene located in the transmissible plasmid R64

(IncI1 incompatibility group) to bind DNA in vivo and, as

a consequence, the possibility of ArdB copurification

with DNA under different conditions.

MATERIALS AND METHODS

Strains and cultivation conditions. The following

E. coli K-12 strains were obtained from the All-Russian

Collection of Industrial Microorganisms of the State

Research Institute of Genetics and Selection of Industrial

Microorganisms, Kurchatov Institute National Research

Center (GosNIIgenetika): E. coli AB1157, E. coli TG1

(thi relA supE44 hsdR17 hsdM ∆(lac-proAB)[F′ traD36

proAB lacIqZ ∆M15]), and E. coli BL21(DE3).

The bacteria were grown in flasks (150 ml) with LB

medium on a shaker (New Brunswick Scientific, USA) at

37°C and 200 rpm. Agar medium was prepared with 1.5%

agar. The transformed cells were grown in the medium

containing 100 µg/ml ampicillin. The optical density

(OD) of bacterial suspension was measured at 590 nm

with a KFK-2MP photocolorimeter (ProfMT, Russia).

The biosynthesis of ArdB in E. coli BL21(DE3) cells was
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carried out in the lactose-containing induction medium

as described by Pokrovsky et al. [5] and Studier [6].

The gene coding for chimeric GST-ArdB protein

(glutathione S-transferase fused with ArdB) was expressed

from the pGEX-ArdB plasmid in E. coli AB1157 cells in

LB medium; protein expression was induced with 1 mM

IPTG when the cells reached OD590 0.8.

Genes for the ArdB and ArdB∆D141 proteins fused

with the Flag-tag were expressed from the pFlag-ArdB

and pFlag-ArdB∆D141 plasmids, respectively, in E. coli

AB1157 cells in LB medium without the inducer.

Plasmids. Transmissible R64 (IncI1) plasmid was

used as a source of the ardB gene. DNA cleavage with

restriction endonucleases, ligation of DNA fragments,

electrophoresis in agarose gel, and isolation of DNA frag-

ments from agarose gel were performed according to

standard techniques [7]. The resulting constructs are pre-

sented in the table.

Escherichia coli BL21(DE3) cells transformed with

the pET15b plasmid (Novagen, USA) were used as a

negative control for the ardB expression from the T7 pro-

moter.

Antirestriction activity of ArdB proteins. The antire-

striction activity of ArdB proteins encoded by the pGST-

ArdB, pFlag-ArdB, and pFlag-ArdB∆D141 constructs

was assayed by the phage technique. For this, λ.0 phage

(containing unmodified DNA) was titrated using E. coli

K12 AB1157 cells with the active type I RM system

(EcoKI) as a host strain. The efficiency of plating (EOP)

of the λ.0 phage was defined as a ratio of phage titer in

E. coli AB1157 cells carrying a plasmid with the ardB

gene and the same cells without the plasmid or contain-

ing a vector lacking the ardB gene.

Ion-exchange chromatography. Escherichia coli

BL21(DE3) pET-YfeB cells were lyzed with a M-100P

microfluidizer (Microfluidics International Corporation,

USA) in 50 mM Tris-HCl buffer (pH 8.0) at 1500 bar.

The lysates were centrifuged for 10 min at 15,000g, and

the supernatant was applied on chromatographic ion-

exchange sorbents Q-Sepharose® FastFlow (GE

Healthcare, USA) or SPS-bio-Q (Technosorbent,

Russia) at 4°C by the batch technique. The pellet was

resuspended in 20 mM Tris-OH (pH ~ 10.0), and the

resulting solution was centrifuged for 10 min at 15,000g.

The transition of aggregated ArdB from the inclusion

bodies into the soluble phase was controlled by elec-

trophoresis in 15% polyacrylamide gel under denaturing

conditions (SDS-PAGE) with Coomassie G-250 stain-

ing. The pH of the supernatant containing solubilized

ArdB was adjusted to 8.0 with HCl. Ion-exchange col-

Plasmid

pET-YfeB

pET-
YfeB∆D141

pET-His-
ArdB

pET-His-
ArdB∆D141

pGEX-ArdB

pFlag-ArdB

pFlag-
ArdB∆D141

Plasmids carrying the ardB gene and its variants

Primer sequences

5′-AAGGAGATATACCATGCATCATCACCATCACCACGGAG-
GCTCCGGCGGGGATCCGGTCAATATGCGAAACCTGT-3′
5′-AGCAGCCGGATCCTTAGTCCAGAGCCGCGTAAATC-3′

5′-AAGGAGATATACCATGCATCATCACCATCACCACGGAG-
GCTCCGGCGGGGATCCGGTCAATATGCGAAACCTGT-3′
5′-AGCAGCCGGATCCTTACAGAGCCGCGTAAATC-3′

5′-AGGAGATATACCATGGGACATCATCACCATCACCACGGAG-
GCTCCGGCGGCGGATCCGGTCAATATGCGAAACCTGT-3′
5′-AGCAGCCGGATCCTTAGTCCAGAGCCGCGTAAATC-3′

5′-AGGAGATATACCATGGGACATCATCACCATCACCACGGAG-
GCTCCGGCGGCGGATCCGGTCAATATGCGAAACCTGT-3′
5′-AGCAGCCGGATCCTTACAGAGCCGCGTAAATC-3′

5′-GGATCCATGCAATATGCGAAACCTGTC-3′
5′-GAATTCTCAGTCCAGAGCCGCGTAAAT-3′

5′-GAGGAATACATCATGGACTACAAAGACGATGACGACAA-
GAATGTTGAAG-3′
5′-GCGGATCCGTCCGTTAATCAGTCCAGAGCC-3′

5′-GAGGAATACATCATGGACTACAAAGACGATGACGACAA-
GAATGTTGAAG-3′
5′-GCGGATCCCCGTTAATCACAGAGCCGCGTA-3′

Description

ardB (R64) gene inserted in the pET15b
vector by the NcoI/BamHI sites under
control of the pT7 promoter [8]

the same as pETYfeB but encodes
mutant protein ArdB∆D141

ardB (R64) gene with the sequence
encoding N-terminal 6×His-tag inserted
into the pET15b vector by the NcoI/
BamHI sites under control of the pT7
promoter

the same as pET-His-ArdB but encodes
mutant protein His-ArdB∆D141 
containing 6×His-tag at the N-terminus

ardB (R64) gene inserted into the pGEX-
KG vector [9] by the BamHI/EcoRI sites
under control of the tac promoter; the
produced protein is GST-ArdB [4]

ardB (R64) gene with the sequence
encoding N-terminal Flag-tag inserted
into the commercial pTZ57R vector
under control of the lac promoter 

the same as pFlag-ArdB but encodes
mutant Flag-ArdB D141 protein contain-
ing the Flag-tag at the N-terminus
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umn chromatography of solubilized ArdB was also per-

formed on Q-Sepharose® FastFlow or SPS-bio-Q sor-

bents. ArdB was eluted with a linear gradient of NaCl (0

to 1 M in 20 volumes of the sorbent) in 50 mM Tris-HCl

(pH 8.0) at a rate of 6 ml/min at 4°C. Eluted fractions

were analyzed by SDS-PAGE.

Affinity chromatography. Flag-ArdB protein was iso-

lated using Anti-FLAG® M2 Magnetic Beads (M8823;

Sigma-Aldrich, USA) according to the manufacturer’s

instructions; protein samples in 50 mM Tris-HCl buffer

(pH 8.0), 150 mM NaCl were incubated with the sorbent

for 1 h at room temperature under continuous slow stir-

ring on an orbital shaker. The beads with the adsorbed

protein were precipitated with a magnet; the supernatant

was removed; the beads were then washed with the load-

ing buffer (20 volumes of the sorbent). Proteins were elut-

ed with 100 mM glycine (pH 3.0), and an equal volume of

100 mM Tris-HCl buffer (pH 8.0), 300 mM NaCl, was

added to the eluted fraction to adjust pH to 8.0.

The pET-His-ArdB construct encoded ArdB fused

with the polyhistidine (6×His) tag at the N-end through

the Gly-Gly-Ser-Gly-Gly-Gly-Ser-Gly linker. Cell

lysates (20 mM phosphate buffer, pH 8.0, 300 mM NaCl)

containing soluble ArdB fraction were applied on a col-

umn with TALON® Metal Affinity Resin (Clontech,

USA), and the column was washed with 20 mM phos-

phate buffer (pH 8.0) containing 300 mM NaCl and

10 mM imidazole. The target protein was eluted with

20 mM phosphate buffer (pH 8.0) containing 300 mM

NaCl and 500 mM imidazole.

The GST–ArdB protein containing GST linked to

the N-terminus via the thrombin-sensitive linker Leu-

Val-Pro-Arg-Gly-Ser-Pro-Gly [9], was isolated with a

Pierce™ GST Protein Interaction Pull-Down Kit

(ThermoScientific, USA). The cells were lyzed in PBS

(pH 7.5), 150 mM NaCl. After centrifugation, clarified

lysates containing soluble ArdB were added to the glu-

tathione-modified sorbent and incubated with slow stir-

ring for 1 h at 4°C. Then, the sorbent was washed three

times with PBS, and the target protein was eluted with

50 mM Tris-HCl containing 50 mM glutathione.

Fractions obtained by affinity chromatography were

analyzed by SDS-PAGE and mass-spectrometric finger-

printing. The presence of DNA in the samples was

assayed by electrophoresis in 1% agarose gel with ethidi-

um bromide staining using electrode buffer containing

RNase A.

The content of target proteins in the fractions after

chromatographic separation was determined by densito-

metric analysis of the gels using the TotlLAb program.

The intensity of ArdB bands in the gel in each fraction

was normalized to the fraction volume. The sum of stain-

ing intensities of ArdB bands was taken as 100%.

DNA–protein conjugation with formaldehyde.

Escherichia coli BL21(DE3) cells without the plasmid or

with plasmids carrying the ardB (wild-type ArdB) or

ardB-∆D141 (mutant ArdB∆D141) genes under control

of the pT7 promoter were incubated for 40 min at room

temperature in 30% formaldehyde [10, 11]. Next, total

DNA was isolated with a Wizard® Genomic DNA

Purification Kit (Promega, USA), and the samples were

analyzed in 1% agarose and 15% polyacrylamide gels.

Mass-spectrometry analysis was used for identifica-

tion of ArdB proteins. Proteins were isolated from the gel

after SDS-PAGE, treated with trypsin [12-16], and iden-

tified by the MALDI-TOF (matrix-assisted laser descrip-

tion ionization-time of flight) mass spectrometry with a

MALDI-TOF Reflex III system (Bruker, Germany) at

the Center of Proteomic Research, Orekhovich Institute

of Biomedical Chemistry, Russian Academy of Sciences.

The resulting mass fingerprints were analyzed using the

SwissProt database [17].

RESULTS

The results of ArdB purification by ion-exchange

chromatography are shown in Fig. 1. Escherichia coli

BL21(DE3) pET-YfeB cells were cultivated at 37°C in the

induction medium with lactose for 20 h. When the ardB

gene was expressed from the phage T7 promoter, a signif-

icant portion of the produced protein formed aggregates

(nonclassical inclusion bodies). Ion-exchange chro-

matography was performed both for the soluble ArdB

fraction and the aggregates dissolved in untitrated 20 mM

Tris base solution.

Figure 1 shows that ArdB from dissolved aggregates

was eluted from the sorbent at a comparatively low salt

concentration (maximum elution at 200 mM NaCl),

which was expected for the protein with the estimated

isoelectric point of 4.97. One should note a comparative

compactness of the elution peak, probably, indicating

protein homogeneity. However, ArdB isolated from the

soluble fraction of the cell lysate was eluted as a broader

peak at the NaCl concentration of 200-700 mM. The

resulting elution profiles suggest that soluble ArdB can be

bound to DNA, resulting in the increase of distributed

electrostatic negative charge and enhanced adsorption of

the ArdB protein complex with DNA on the ion-

exchange sorbent, which required higher NaCl concen-

trations for its elution. DNA heterogeneity in the ArdB-

DNA complex might be a reason for a considerable

broadening of the chromatographic peak during the elu-

tion. 

Figure 2 shows the results of analysis of ArdB frac-

tions after ion-exchange chromatography by elec-

trophoresis in polyacrylamide and agarose gels. After

chromatographic purification, ArdB-containing fractions

demonstrated comparatively low quantities of admixed

proteins of the producer strain. Analysis by agarose gel

electrophoresis (Fig. 2b) revealed the presence of DNA in

ArdB fractions obtained by ion-exchange chromatogra-
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Fig. 1. a) Elution profiles (absorbance at 280 nm) of soluble and insoluble ArdB forms fractionated on ion-exchange sorbent (with quater-

nary amines as charged group). b) The content of ArdB protein in the fractions eluted from the ion-exchange sorbent at different NaCl con-

centrations. Gray curve, soluble ArdB fraction; solid curve, dissolved ArdB inclusion bodies; dotted line, linear gradient of NaCl concentra-

tion in the eluent.
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Fig. 2. Analysis of ArdB fractions obtained by ion-exchange chromatography by electrophoresis in SDS-polyacrylamide gel (a) and 1% agarose

gel (b). Lanes: 1-3) fractions obtained by chromatography of soluble ArdB and eluted from the sorbent with 200, 500 and 600 mM NaCl,

respectively; 4-7) fractions obtained by chromatography of ArdB from dissolved aggregates and eluted from the sorbent with 150, 200, 300 and

350 mM NaCl, respectively; L, 14.5-kDa protein marker (RNase A; Evrogen, Russia); M, 1-kb DNA ladder (Evrogen).

Fig. 3. Analysis of fractions after affinity chromatography of chimeric ArdB proteins by electrophoresis in SDS-polyacrylamide gel (right) and

1% agarose gel (left): a) Flag-ArdB (lanes 1) and Flag-ArdB∆D141 (lanes 2); b) GST-ArdB (lanes 1); c) His-ArdB (lanes 1) and His-

ArdB∆D141 (lanes 2). L, pre-stained Protein MW markers (a) and PageRuler Plus (b) (Thermo Scientific); M, 100+ bp (a) and 1 kb (b, c)

DNA ladders (Evrogen).

a b
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20 kDa

15 kDa
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phy of soluble ArdB (lanes 1-3), but not of ArdB dissolved

from the aggregates (lanes 4-7).

DNA binding by ArdB was verified in the experi-

ments on the isolation of ArdB and its mutant form

ArdB∆D141 lacking the antirestriction activity by differ-

ent types of affinity chromatography.

Since plasmids actively expressing ardB gene are

often lost by the cells, the antirestriction activity of

chimeric proteins was preliminarily confirmed in vivo by

inoculation with unmodified λ phage.

Figure 3 shows the results of affinity chromatography

of chimeric Flag-ArdB, Flag-ArdB∆D141, GST-ArdB,

His-ArdB, and His-ArdB∆D141 proteins. The presence

of ArdB and ArdB∆D141 in the corresponding bands in

polyacrylamide gel (Fig. 3, left panel) after affinity chro-

matography was confirmed by mass-spectrometric finger-

print analysis. The presence of DNA in the eluates was

demonstrated by electrophoresis in 1% agarose gel with

ethidium bromide staining.

As one can see from Fig. 3, DNA copurified with

ArdB when different affinity sorbents were used, such as

anti-Flag magnetic beads, glutathione-Sepharose, and

cobalt resin. DNA copurified only with the tagged Flag-

ArdB and His-ArdB forms of the wild-type protein (lanes

1), but not with the Flag-ArdB∆D141 and His-

ArdB∆D141 (lanes 2) mutants. Note that DNA in the

samples was represented by different fragments within a

range of 1000 bp.

The interaction between ArdB and DNA was verified

by obtaining covalent ArdB–DNA conjugates using

formaldehyde, i.e., by formation of covalent bonds

between the primary amino groups of the protein and

nucleic acid [10, 11]. Escherichia coli strains BL21(DE3)

(without the plasmid), BL21(DE3) (pET-YfeB) with the

native ardB gene, and BL21(DE3) (pET-YfeB∆D141)

with the mutant ardB-∆D141 gene, were cultivated to

OD590 0.8 and treated with formaldehyde, followed by

isolation of total DNA. Isolation of chromosomal DNA

was controlled by electrophoresis in agarose gel. Proteins

copurified with DNA were detected by SDS-PAGE (Fig.

4, lanes 4-6) after ultrasonic pretreatment of the samples

in order to degrade large DNA fragments. The 14-kDa

bands were cut out of the gel and treated with trypsin; the

resultant peptides were eluted and identified as ArdB pep-

tides by peptide fingerprinting and comparison with the

Swiss-Prot database.

A large number of proteins copurified with DNA

after cell treatment with formaldehyde. However, only the

wild-type ArdB copurified with total DNA (Fig. 4, lane

4), but not the mutant protein lacking the antirestriction

activity (Fig. 4, lane 5). The ArdB∆D141 protein lacking

the C-terminal aspartate was incapable of interacting with

DNA, which might be the reason for the absence of

antirestriction activity in this protein.

Direct interaction between ArdB and DNA was con-

firmed by the gel retardation assay (Fig. 5). For this pur-

pose, the samples obtained by total DNA isolation from

formaldehyde-treated cells (Fig. 4, lane 4) and ArdB purifi-

cation from the aggregates (DNA-free; Fig. 2, lane 5) were

analyzed by electrophoresis in the same polyacrylamide gel.

Figure 5 shows that the electrophoretic mobility of

the ArdB protein in the sample obtained by total DNA

isolation was less than the mobility of protein samples iso-

lated from ArdB aggregates by ion-exchange chromatog-

raphy. The presence of ArdB in the 15-kDa band was con-

firmed by mass-spectrometric fingerprinting. This result

can be considered as direct indication of the interaction

between DNA and ArdB in vivo.

DISCUSSION

DNA was identified in the ArdB fractions obtained by

protein purification by ion-exchange chromatography.

Similar results were obtained for the Flag-, 6×His-, and

GST-tagged ArdB proteins purified by different affinity

chromatography techniques. Since different sorbents were

used, DNA co-elution of together with the target proteins

cannot be attributed simply to DNA binding to the sor-

bent. Total DNA isolation from formaldehyde-treated

cells were performed to compare DNA binding by the

wild-type ArdB and the C-terminal aspartate mutant

ArdB∆D141 lacking the antirestriction activity.

ArdB∆D141 did not bind DNA, which might explain the

absence of the antirestriction activity in this protein. Since

the electrophoretic mobility in polyacrylamide gel of ArdB

in the samples obtained by total DNA isolation was lower

than the mobility of ArdB purified from protein aggregates

Fig. 4. PAGE of E. coli BL21(DE3) cell lysates and isolated chro-

mosomal DNA. Lanes 1-3, lysates of cells not treated with

formaldehyde: 1) BL21(DE3) pET15; 2) BL21(DE3) pET-YfeB;

3) BL21(DE3) pET-YfeB∆D141. Lanes 4-6, chromosomal DNA

isolated from formaldehyde-treated cells: 4) BL21(DE3) pET-

YfeB; 5) BL21(DE3) pET-YfeB∆D141; 6) BL21(DE3) pET15;

M, PageRuler Plus markers (Thermo Scientific).

35 kDa

25 kDa

15 kDa

10 kDa
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by ion-exchange chromatography, the interaction between

DNA and ArdB in vivo can be considered proven.

Zavilgelsky et al. [18] determined the Kd (~10–8 M)

of the DNA-mimicking protein ArdA by studying the

inhibition of the endonuclease activity of type I RM

enzymes in vivo. Balabanov et al. [19] carried out com-

parative measurements of in vivo Kd values for ArdA and

ArdB proteins encoded in the R64 plasmid. It was shown

that Kd characterizing the activity of ArdB (~5·10–7 M)

was ~50-fold higher than that of ArdA. According to

Serfiotis-Mitsa et al. [2], no ArdB activity was detected in

vitro and, consequently, no protein binding to DNA took

place. However, it should be noted that in this work, ArdA

and ArdB were compared in equimolar concentrations;

probably, further in vitro experiments should be per-

formed with the higher ArdB concentrations.

The data on the existence of ArdB complexes with

chromosomal DNA obtained in this work confirm the

hypothesis proposed by Balabanov et al. [4] that ArdB

blocks the translocation of unmodified DNA via the R

subunits of the R2M2S complex of type I RM enzyme. As

a result, only the restricting (endonuclease) but not the

modifying (methylase) activity of the enzyme is inhibited.
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