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a b s t r a c t

The HNH family of endonucleases is characterized by a bba metal-finger structural motif. Colicin E7 is a
representative member of this family containing the strictly conserved HNH motif at its C-terminus.
Structural and biochemical studies suggested that the HNH motif could contain all the residues necessary
for metal ion binding and nuclease activity. In this work a 43 amino acid peptide extending from V534 to
K576 of colicin E7 and encompassing the HNH motif was cloned and expressed in Escherichia coli as a
ubiquitin fusion protein. The N-terminal fusion tag was cleaved off by a specific protease, and the
HNH peptide was purified free of ubiquitin. Circular dichroism, fluorescence and mass spectrometry
showed that the zinc-ion binding affinity of the purified HNH peptide was much weaker than that of
the intact nuclease domain suggesting that the N-terminal part of the nuclease domain is essential for
stabilizing the structure of the HNH motif. The coordination sphere of the metal ion was found to be
not fully equipped by the ligand – leaving a free coordination site for the substrate. Neither DNA binding
nor DNAse activity of the purified HNH peptide was detected. Comparison of the glutathion-S-transfer-
ase-fused N-terminal deletion mutants of the colicin E7 nuclease domain suggested that the presence
of the DNA-binding site is still not sufficient for the catalytic activity.

� 2013 Elsevier Inc. All rights reserved.

Introduction

The hydrolytic cleavage of phosphodiester bonds in nucleic
acids is a part of a number of biologically important processes.
Nucleases play roles in DNA repair, insertions, deletions, transloca-
tions, and in degradation of foreign DNA entering the cell. Nucleas-
es are often used in gene engineering research and may find
applications in future gene therapy [1]. Association of specific sub-
strate binding and catalysis with distinct domains in certain nuc-
leases inspired the development of artificial nucleases. The most
relevant examples of this approach are the chimeric zinc-finger
nucleases [2]. In these enzymes zinc-finger arrays recognize spe-
cific DNA sequences and the nuclease domain of the FokI restric-
tion endonuclease acts as a catalytic domain. The FokI nuclease
domain, by itself, is a non-specific nuclease cleaving double
stranded DNA upon dimerization on the substrate [3]. Cytotoxicity
displayed by zinc-finger nucleases [4–7] may partly be attributed
to the loss of control of the enzymatic action by removing the

DNA binding domain of the native FokI enzyme [8]. This undesir-
able property is a major obstacle in their use for gene correction
in humans justifying the search for alternative nuclease domains.

Efforts to develop small and efficient new nuclease modules can
capitalize on results of studies with metal ion binding synthetic
multihistidine peptides displaying nuclease activity [9–11] and
on conserved sequences within nuclease families. The HNH family
of endonucleases is characterized by a common bba metal-finger
structural motif. Enzymes belonging to the HNH family of proteins
[12–14] play roles in a large number of cellular processes [15–18].
The HNH motif,2 first identified in homing endonucleases [19], is the
second most common motif (8%) in Type II restriction endonucleases
(e.g. MnlI [20] and KpnI [21]) [22]. In bacterial toxins (colicins and
pyocins) [23,24] the strictly conserved HNH motif (HHX14NX8HX3H)
is located close to the C-terminus [12]. Detailed biochemical and
structural studies with the nuclease domain of colicin E7 (NColE7)
[12,23,25–28] and E9 [29–32] including X-ray crystallography, solu-
tion NMR, CD spectroscopy and mass spectrometry showed that
strong nonspecific DNA binding occurs in the major groove, while
the catalytic HNH motif, forming a complex with a metal ion, faces
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the minor groove of the DNA. For colicin E7 Zn2+ [12,23,27,33], while
for colicin E9 Ni2+ [29,31,34–37] was suggested to be the physiolog-
ical metal ion. The metal ions – coordinated by the histidine side-
chains – function on different levels of the nuclease action, such as
substrate binding and recognition, electrostatic activation, genera-
tion of the hydroxide ion for nucleophylic attack [38], charge com-
pensation and stabilization of the pentavalent intermedier, and
protonation of the leaving group. In colicins the fourth, most con-
served histidine was suggested to act as the base that generates
the hydroxide ion for the nucleophylic attack of the phosphate back-
bone. There is a debate about the role of the metal ions [27,31].

To study the properties of the HNH motif in the absence of the
rest of the nuclease domain, we cloned the 43 amino acid long
HNH motif of colicin E7 (V534 through K576, according to the coli-
cin E7 original numbering [25]), and purified it in high yield from
Escherichia coli as a chimeric protein fused to ubiquitin. The HNH
motif was separated from the fusion partner by a specific protease
cleavage. Zn2+-ion and DNA binding as well as nuclease activity of
the HNH peptide was studied by a variety of methods. To explore
the role of the N-terminal part of the NcolE7 in DNA binding and
nuclease activity, N-terminally truncated variants of the nuclease
domain were constructed.

Materials and methods

Strains and media

E. coli DH10B F� endA1 recA1 galU galK deoR nupG rpsL DlacX74
U80lacZDM15 araD139 D(ara,leu)7697 mcrA D(mrr-hsdRMS-mcrBC)
k� [39] was used as cloning host for recombinant DNA work and
E. coli BL21(DE3) F� ompT gal [dcm] [lon] hsdSB [40] for overexpres-
sion of the ubiquitinylated HNH fusion proteins (Ub-HNH and
HUE-HNH). Bacteria were grown in LB or (for overexpression of
the HNH peptide) in TB medium [41] containing ampicillin
(100 lg/ml) or kanamycin (50 lg/ml) at 37 �C.

Plasmid construction

The DNA segment encoding the HNH motif was amplified by
PCR using plasmid pQE70-NColE7/Im7 [12] as template and the
oligonucleotides AK197 and AK198 (Table 1) as primers. AK197
contains an NcoI site, whereas AK198 contains a TAG stop codon
and a SalI site as 50-extension. The PCR product was cloned into
plasmid pTZ57R using InsTAclone PCR Cloning Kit (Fermentas),
and its nucleotide sequence was verified by sequencing. The
NcoI-SalI fragment was transferred first into pOK-BAD (KanR)
[42] to yield pOB-HNH, then cloned between the BamHI and SalI
sites of pET26b-Ub (KanR) [43] to obtain pET26b-Ub-HNH. Ligation
of the filled-in BamHI and NcoI ends restored the BamHI and NcoI

sites in pET26b-Ub-HNH and created in-frame fusion between the
ubiquitin gene and the gene segment coding for the HNH protein.

To facilitate purification of the free HNH peptide, the BamHI –
SalI fragment was transferred from pET26b-Ub-HNH into the plas-
mid vector pHUE [44]. The resulting plasmid pHUE-HNH (AmpR)
encodes an N-terminally His-tagged ubiquitin-HNH fusion protein.

N-terminal deletions in NColE7 were created by PCR-amplifica-
tion of segments of the NColE7 gene using combinations of differ-
ent upstream primers and the same downstream primer (Table 1).
The truncated genes were cloned between the EcoRI and XhoI sites
of the glutathion-S-transferase (GST) fusion vector pGEX-6P-1 (GE
Healthcare).

The recombinant DNA work used standard methods [41].
Restriction enzymes, Taq polymerase, DNA polymerase Klenow
fragment and T4 DNA ligase were purchased from Fermentas or
from New England Biolabs.

Protein purification

BL21(DE3) cells containing pET26b-Ub-HNH were grown to a
density of OD590 �0.4, then IPTG was added to 1 mM to induce
Ub-HNH expression, and growth was continued for 3–5 h. Cells
were harvested by centrifugation, then suspended in 30 ml extrac-
tion buffer (50 mM potassium phosphate, 100 mM NaCl, 7 mM 2-
mercaptoethanol, pH 7.4) and disrupted by sonication. The cell ex-
tract was centrifuged at 14,000 rpm for 30 min at 4 �C in a Sorvall
SS34 rotor, then nucleic acids were precipitated from the superna-
tant with 1% streptomycin sulphate. After centrifugation, the
supernatant was diluted by adding one volume of a buffer contain-
ing 50 mM potassium phosphate pH 7.4, 7 mM 2-mercaptoethanol,
5% glycerol, and loaded onto a 9.5 � 3.5 cm phosphocellulose
(Whatman P11) column equilibrated with the same buffer. Pro-
teins were eluted with a 200 ml 0–1 M NaCl gradient. Ub-HNH
containing fractions were pooled and subsequently concentrated
by ultrafiltration (Amicon Ultracel 10 K). The concentrated Ub-
HNH solution was further purified by gel filtration on a Superdex
75 PrepGrade 16/60 (GE Healthcare) column in a buffer containing
50 mM potassium phosphate, 100 mM NaCl, pH 7.4 or in buffers
required by further experiments (0.1 M ammonium acetate, pH
8.0 for mass spectrometry, or 10 mM Tris, 100 mM NaCl, pH 7.4
for circular dichroism measurements).

The HUE-HNH fusion protein was prepared using a similar pro-
cedure. BL21(DE3) harboring pHUE-HNH was grown and HUE-
HNH expression was induced essentially as described above. Cells
were resuspended in 20 ml of buffer A (50 mM potassium-phos-
phate pH 7.4, 300 mM NaCl, 12 mM imidazole, 20 mM 2-mercap-
toethanol, 30% glycerol) and disrupted by sonication. After
centrifugation and removing the nucleic acids with streptomycin
sulphate, the supernatant was applied to a 2.5 ml Ni-agarose
(His-Select, Sigma) column equilibrated with buffer A. After wash-
ing the column with buffer A containing 20 mM imidazole, HUE-
HNH was eluted with 50, 100, 150, 200 and 250 mM imidazole
steps. Peak fractions were combined and dialyzed o/n against a
buffer containing 50 mM potassium-phosphate pH 7.4, 300 mM
NaCl, 2 mM 2-mercaptoethanol and 30% glycerol.

The deubiquitilating enzyme Usp2-cc was prepared from
BL21(DE3) cells containing the plasmid pHUsp2-cc as described
[44]. To cleave the HNH peptide from its N-terminal fusion partner,
the purified HUE-HNH fusion protein was digested with Usp2-cc
and the HNH peptide was separated from the ubiquitin tag and
the Usp2-cc enzyme by affinity chromatography on a His-Select
column using conditions described in [44].

Fractions obtained during protein purification were analyzed by
standard SDS gel electrophoresis [41] or – for small proteins – by
Tricine–SDS–polyacrylamide gel electrophoresis (Tricine–SDS–
PAGE) [46] using 16% gels and Coomassie staining. Protein concen-

Table 1
Primers used in this study. Restriction enzyme sites added as 50-extensions are
underlined. For N-terminal deletions of NColE7, the same reverse primer (ColE7
reverse) was combined with different forward primers.

Name Sequence (50 ? 30)

HNH GGCGAATTCTCAGGGAAGAGAACTTCATTCG
4N69-NColE7 GCGAATTCAGGAACAATAATGATCGAATGAAGG
4N45-NColE7 GCGAATTCAGTTTCGATGATTTTCGTAAGAAATTC
4N45-NColE70 GCGAATTCAGTTTCGATGATTTTGGTAAGAAATTC
4N25-NColE7 GGAATTCGACTTAGGTTCTCCTGTTCCA
4N4-NColE7*

GGAATTCCCAGGGAAGGCAACAGGTA
ColE7 reverse GCCGCTCGAGCTATTTACCTCGGTGAATATCAATATGC
AK197 GCCATGGTTTCAGGGAAGAGAACTTCA
AK198 GTCGACTATTTACCTCGGTGAATATCAAT

* The 4N4-NColE7 mutant carries a C-terminal modification [45].
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tration was estimated with Bradford reagent (Sigma) using bovine
serum albumin as standard.

GST-tagged truncated NColE7 variants were purified by affinity
chromatography using Glutathione Sepharose 4B resin (GE Health-
care) as recommended by the manufacturer. To separate the
NColE7 mutants from the GST fusion partner, the purified chimeric
proteins were digested with PreScission Protease (GE Healthcare),
and GST-free ColE7 nuclease variants were collected as the flow-
through fractions in Glutathione Sepharose 4B chromatography.
The concentration of the obtained protein solutions varied be-
tween 0.4 and 2.0 mg/ml.

Mass spectrometric measurements

Mass spectrometric (MS) measurements were performed on a
Q-TOF Premier instrument equipped with a Z-spray electrospray
ion source and a time-of-flight (TOF) analyzer (all from Waters).
The instrument was operated in positive ion mode and it was cal-
ibrated using the product ions generated from fragmentation of the
doubly charged molecular ion of GFP (m/z 785.8). Argon was used
as the collision gas. Samples were introduced with a syringe pump
of the mass spectrometer using a 250 lL glass syringe coupled
with fused silica capillary tubing. The electrospray needle was ad-
justed to 3.3 kV and N2 was used as a nebulizer gas. A stock solu-
tion of 100 lM Zn(acetate)2 (Sigma) was used to titrate the
20 lM Ub-HNH or HNH protein solution. The recorded m/z data
were deconvoluted using the MassLynx™ v4.1 (Waters) software
equipped with the MaxEnt1 algorithm.

Circular dichroism spectroscopy

Circular dichroism spectra were initially recorded using a Jo-
bin–Yvon CD6 dichrograph. The Synchrotron Radiation Circular
Dichroism (SRCD) spectra of HNH, Ub-HNH and their metal com-
plexes were recorded at the SRCD facility at the UV1 beamline of
the storage ring ASTRID at the Institute for Storage Ring Facilities,
University of Aarhus, Denmark [47]. Camphor-sulfonic acid served
as a calibration material for the instrument. All spectra were re-
corded with 1 nm steps and a dwell time of 2 s per step, using
0.1 mm quartz cells (SUPRASIL, Hellma GmbH, Germany), for the
wavelength range of 175–260 nm. The substances were dissolved
in Tris–HCl buffer, pH 7.4, and the pH was adjusted by HCl and
NaOH solutions where needed. The protein concentrations were
1.0 � 10�5 M. From raw spectra the water baseline was subtracted.

Fuorimetric measurements

Fluorimetric measurements were performed on a Hitachi F-
4500 instrument in aqueous solutions, using a 1 � 1 cm quartz cell.
During the measurements the fluorescence of the zinc(II) – TFLZn
complex was followed. The ligand TFLZn (Sigma) emits light of
510 nm upon excitation at 360 nm when it forms complex with
zinc(II) [48], whereas the ligand is not fluorescent under these con-
ditions. The fluorescence decreases upon addition of a competing
molecule, which can bind zinc(II) more strongly than the TFLZn.
The concentraction of TFLZn was, in most experiments
1.0 � 10�5 M, and the concentrations of zinc(II), the HNH protein,
plasmid DNA and EDTA were varied.

DNase activity assay

DNase activity of purified Ub-HNH and HNH was tested by incu-
bating �0.1–0.2 lg supercoiled pUC18 plasmid DNA with 0.1 lg of
purified Ub-HNH or 1–3 lg HNH peptide in 10 mM Tris–HCl pH 9.0
with or without Zn2+-ions at 50 �C for 20 min. ZnCl2 concentrations
varied between 0.05 and 120 lM. Products of the reactions were

analyzed by electrophoresis in 17 cm long 0.7% agarose gels in
Tris–borate buffer [41]. For good separation of plasmid forms, the
gels were run overnight at 25 V, and stained with ethidium bro-
mide after the run.

Gel electrophoretic mobility shift assay

Gel electrophoretic mobility shift assays were performed with
purified Ub-HNH, free HNH peptide, GST-tagged and free NColE7
variants.

For Ub-HNH and HNH, Csp6I-generated fragments of pUC18
(1739, 676 and 271 bp) were 32P-labeled by polynucleotide kinase.
The labeled fragments were incubated with 0.025–7.5 lg Ub-HNH
or 0.3–6.0 lg HNH peptide in Tris–HCl pH 7.5 buffer with or with-
out ZnCl2 at room temperature for 15 min, then were separated by
electrophoresis in 6% polyacrylamide gels in TBE buffer. The con-
centration of Zn2+ ions varied between 1 and 12 lM.

For truncated NColE7 variants, a 4658 bp plasmid containing
tandem repeats of a 196 bp insert (from Jesper Svejstrup, Cancer
Research, UK) was used as DNA substrate for gel mobility shift as-
says. EcoRI digestion of this plasmid generates a �2700 bp frag-
ment (plasmid backbone) and multiple copies of the insert
fragment. Binding reactions contained 50–100 ng of EcoRI-di-
gested plasmid DNA, purified GST-NColE7 or free NColE7 variants
in 50 mM Tris–HCl, pH 7.4 or PBS (50 mM NaCl, 27 mM KCl,
100 mM Na2HPO4, 18 mM KH2PO4, pH 7.3) and 5% glycerol. The
NColE7: DNA binding site molar ratio varied between 0.5:1 and
50:1 whereas the protein: Zn2+ molar ratio was 1:1. A �10 bp long
sequence covered by NColE7 upon binding to DNA was considered
as a non-specific DNA binding site [23,27,28]. The reaction mix-
tures were incubated for 20–40 min at room temperature, then
loaded onto 1% agarose gels and run at 30–50 V in TBE buffer
(44.5 mM Tris, 1 mM EDTA, 44.5 mM boric acid, pH 7.3). The gel
was stained with ethidium bromide after the run.

Results

Cloning and purification of the HNH motif

Previous structural and biochemical studies charaterized the
roles of the HNH motif in metal ion binding, DNA binding and
nuclease activity of colicin E7 [23,26,33,49]. To test these functions
with the HNH motif separated from the rest of the nuclease do-
main, we cloned the C-terminal segment of the ColE7 gene that en-
codes the 43 amino acid peptide V534SGKRTSFELHHEKPISQNG
GVYDMDNISVVTPKRHIDIHRGK576 encompassing the HNH motif.
The conserved amino acids – histidines responsible for metal ion
binding and initiating the nucleophylic attack and the asparagine
stabilizing the structure of the HNH motif – are underlined. The
DNA segment encoding the 43 amino acid peptide was synthesized
by PCR and cloned in the plasmid vector pOK-BAD to yield pOB-
HNH. The pOK-BAD vector was selected for cloning because it al-
lows tight transcriptional control of the target gene [42,50], which
seemed to be important because of the potentially toxic phenotype
of the HNH peptide. It is known that the nuclease domain of ColE7
(NColE7) can only be expressed in the presence of its inhibitor, the
ColE7 immunity protein Im7 [51]. E. coli cells carrying the pOB-
HNH plasmid did not show decreased growth rate even after
induction of HNH expression by arabinose, suggesting that either
the HNH motif, by itself, without the rest of the ColE7 nuclease do-
main, does not have nuclease activity, or it was degraded in the
cell. Electrophoresis of extracts of arabinose-induced cells in Tri-
cine–SDS gels did not show overproduction of the expected HNH
peptide. Therefore, we stabilized the peptide by genetically fusing
it to ubiquitin. A plasmid (pET26b-Ub-HNH) encoding the Ub-HNH
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fusion protein was constructed by transferring the DNA encoding
the 43 amino acid peptide into the expression vector pET26b-Ub.
Cells harboring pET26b-Ub-HNH produced large amounts of solu-
ble Ub-HNH upon IPTG-induction (Fig. 1a).

Ub-HNH was purified by a three-step procedure as described in
Materials and methods section yielding �25 mg pure Ub-HNH
from one liter of culture. In the final purification step the gel filtra-
tion chromatogram of Ub-HNH and the Tricine–SDS–PAGE of the
peak fractions (Fig. 1b and c) showed only one protein band with
an electrophoretic mobility corresponding to the expected molec-
ular mass of Ub-HNH (13641.5 Da). During the initial testing of
nuclease activity, Zn2+ and DNA binding of the Ub-HNH fusion pro-
tein it became clear that the presence of the ubiquitin domain may
obscure results.

To be able to study the properties of the native (non-fused) HNH
peptide, it was necessary to prepare it in ubiquitin-free form. A new
plasmid (pHUE-HNH) expressing an N-terminally His-tagged ubiq-
uitin-HNH fusion variant was constructed using the pHUE/
pHUsp2-cc system, which allows cleavage of the hybrid protein
and easy removal of the ubiquitin tag as well as the His-tagged deub-
iquitylating enzyme Usp2-cc by Ni-agarose chromatography [44].
The HUE-HNH fusion protein was produced in E. coli cells, purified,
digested with Usp2-cc, and ubiquitin-free HNH peptide was pre-
pared as described in Materials and methods section. The yield of
purified HNH peptide was 2.5 mg per liter of culture (Fig. 1d).

Lack of nuclease activity and DNA binding by the HNH peptide in vitro

Nuclease activity of purified Ub-HNH and free HNH obtained
from HUE-HNH was tested on supercoiled pUC18 plasmid DNA

as described in Materials and methods section. Digestion condi-
tions were guided by results of a previous study that characterized
nuclease activity of NColE7 [33]. No nuclease activity was detected
(Fig. S2). These results were consistent with observations that
expression of the HNH peptide alone or as a chimeric Ub-HNH fu-
sion protein did not affect growth rate of the host bacterium (see
above), and suggested that the HNH peptide, by itself, is not suffi-
cient for nuclease activity. No evidence for DNA binding of Ub-HNH
and HNH was detected by mobility shift assay using 32P-labeled
DNA fragments and polyacrylamide gel electrophoresis (data not
shown).

Zinc(II) ion binding of the purified proteins

It is known that the metal ion binding is essential for the nucle-
ase activity of NColE7 [27,33]. Therefore, we also tested this prop-
erty of the purified Ub-HNH and HNH proteins by mass and CD
spectrometries. The Ub-HNH protein solution incubated with a
fourfold amounts of zinc(II) ions for elongated period of time in
0.1 M ammonium acetate buffer (pH = 8.0) showed a characteristic
pattern of differently charged ions in ESI MS spectra, i.e. different
protonation states with a maximum around the charge of +10.

A selected region of this spectrum (Fig. 2a) displayed two in-
tense peaks with m/z values of 1365.11 and 1371.48. The calcu-
lated molar masses from the above values assuming a charge of
+10 are 13641.1 and 13706.8 Da, respectively. The difference be-
tween the two values approximates the atomic weight of a coordi-
nated zinc(II) ion. According to Table 2. these peaks can be
assigned to the metal ion free Ub-HNH + 10H+, and to the complex
Ub-HNH + 8H+ + Zn2+. The usual pH range of the deprotonation
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Fig. 1. (a) Production of Ub-HNH in E. coli BL21(DE3) cells containing pET26b-Ub-HNH plasmid as monitored by Tricine–SDS–polyacrylamide gel electrophoresis of cell
extracts. Lane 1, non-induced; lane 2, induced with IPTG, total extract; lane 3, induced with IPTG, supernatant; M, Low-Molecular Weight Marker (Bio-Rad). The calculated
molecular weight of Ub-HNH is 13641.5 Da. (b) Gel filtration chromatogram of Ub-HNH on a Superdex 75 column. The curves indicate absorption at 280 (blue line) and
236 nm (red line). (c) Analysis of fractions 10 through 13 (marked by the black bar in panel b) by Tricine–SDS–polyacrylamide gel electrophoresis. M, Low-Molecular Weight
Marker (Bio-Rad). All lanes are from the same gel as shown in Fig. S1. (d) Cleavage of the HUE-HNH fusion protein by the deubiquitilating enzyme Usp2-cc and purification of
the HNH peptide by Ni-agarose affinity chromatography. Analysis of the cleavage products by Tricine–SDS–polyacrylamide gel electrophoresis. Lane 1, HUE-HNH non-
digested; lane 2, HUE-HNH digested with Usp2-cc (due to poor staining the lower band corresponding to the HNH peptide is very weak); lanes 3 through 7, fractions eluted
from a Ni-agarose column with an imidazole step gradient as indicated; M, Low-Molecular Weight Marker (Bio-Rad). The HNH peptide recovered by the Usp2-cc cleavage
carries an N-terminal Ser-Met dipeptide as a result of the cloning procedure and has a calculated molecular mass of 5102.8 Da. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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processes of the histidine sidechains is between pH �5.3 and �7.5
corresponding to the logk�6.3–6.5 (k being the protonation micro-
constant measured by NMR method [52]). Thus, these donor
groups – presumably the zinc(II) coordination sites – are mostly
deprotonated at pH 8.0. Therefore, the zinc(II) complex is assumed
to be formed without any replacement of protons under these con-
ditions. The different complex formation processes are defined by
the following general equation:

Zn2þ þ LHaþ
x þ �ZnLHðaþ2�bÞþ

x�b þ bHþ

where a = 7–16, and b = 0–3 in Table 2 (considering that L is the
neutral form of the protein molecule, the relationship x = a also
holds). E.g. the processes with (11,3), (10,2), (9,1) and (8,0) (a,b)
pairs all result in the same product (with the same charge) corre-
sponding to the same peak of m/z = 1371.48. It has to be noted, that
the complex formation is not quantitative, since the peak of the free
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Fig. 2. (a) A selected region of the ESI MS spectrum of the Ub-HNH protein solution incubated with a fourfold amount of zinc(II) ions at 4 �C for 90 h in 0.1 M ammonium
acetate buffer (pH = 8.0). The insert shows the ESI MS spectrum in the 850–1650 m/z range with the selected region indicated by the dashed ellipse. (b) ESI MS spectra of the
HNH peptide incubated with fourfold amounts of zinc(II) ions at room temperature for 2 h. Left panel: at pH = 3.5. Right panel: in 0.1 M ammonium acetate buffer (pH = 8.0).

Table 2
The calculated m/z values for Ub-HNH in different protonated states in the absence of metal ion, and in the presence of it assuming different number of protons released upon the
zinc(II) binding to three histidine side-chains.

Initial no. of protons 16 15 14 13 12 11 10 9 8 7 6

Ub-HNH 853.59 910.43 975.39 1050.35 1137.79 1241.14 1365.15 1516.72 1706.19 1949.79 2274.58
+Zn2+a 914.57 979.82 1055.12 1142.96 1246.77 1371.35 1523.61 1713.94 1958.64 2284.92 2741.70
+Zn2+b 857.47 914.57 979.82 1055.12 1142.96 1246.77 1371.35 1523.61 1713.94 1958.64 2284.92
+Zn2+c 807.09 857.47 914.57 979.82 1055.12 1142.96 1246.77 1371.35 1523.61 1713.94 1958.64
+Zn2+d 762.31 807.09 857.47 914.57 979.82 1055.12 1142.96 1246.77 1371.35 1523.61 1713.94
+2 � Zn2+d 689.28 725.50 765.75 810.74 861.34 918.70 984.25 1059.88 1148.13 1252.41 1377.55

a Assuming that the metal ion replaces three.
b Two.
c One protons.
d Assuming that the metal ions do not replace protons.
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Ub-HNH protein can also be detected. This is even more expressed
when smaller zinc(II) excess is applied (Fig. S3). On the other hand,
in Fig. 2a the peak of the Ub-HNH containing two zinc(II) ions can
also be identified, but its intensity is significantly smaller than that
of the peak of the mono complexes. Even at 20-fold metal ion excess
only traces of this latter species were observed.

Similar results were obtained in solutions containing the HNH
motif and zinc(II) ions. In the ESI MS spectra recorded at pH = 3.5
and 8.0 the signals of both the zinc(II) bound protein and the metal
ion-free HNH were observed. The ratio of the two signal intensities
increased significantly with the increase of pH (Fig. 2b). Further-
more, at pH = 8.0 the adduct with two zinc(II) ions was detected
in minor amounts. MALDI-MS detected a zinc(II) adduct with 1:1
ratio, but it shall be noted that in this case the matrix itself is able
to bind zinc(II). Even at 20-fold excess of metal ion the major peak
was assigned to the free HNH, and according to the minor peak
only one metal ion was bound to the protein (data not shown).

Circular dichroism spectra recorded on a commercial instru-
ment showed no significant difference between the CD patterns
of Ub-HNH and Zn2+ – Ub-HNH solutions at pH = 7.4. However,
the repeated measurements at a synchrotron radiation CD (SRCD)
facility - that provided more precise data at wavelengths below
200 nm – showed small but reproducible difference between the
spectra of the Ub-HNH protein in the presence and in the absence
of zinc(II) ions. The addition of zinc(II) ions to the protein solution
resulted in a positive shift of the band intensity in the 190–200 nm
wavelength range (Fig. 3a). This change was reversible, as the addi-
tion of EDTA excess resulted in the same spectrum as that of the
free Ub-HNH. A similar small effect was observed for the colicin
E9 nuclease domain upon zinc(II) binding [35] indicating a
zinc(II)-induced change in the secondary structure.

The relatively small change in the CD signal for both Ub-HNH
and colicin E9 reflects the relatively large contribution to the CD

spectra of the rest of the proteins (the ubiquitin in the present case
or the N-terminal part of colicin E9), as the organized structures of
these domains are not affected by metal ion binding.

This was also approved by the similar character of positive shift
of the CD intensity at low wavelengths (k = 180–200) in the spectra
of the HNH solution upon addition of two equivalents of zinc(II)
(Fig. 3b) This suggested that the small change in the spectrum of
the Ub-HNH is related to the change of the secondary structure
in the HNH part.

The calculated fractions of the secondary structure elements
using the CDPro program package [53] (Table 3.) showed an in-
crease in the fraction of the organized elements, such as the a-helix
and b-strands upon zinc(II)ion coordination in aqueous solution,
and in the presence of 20% TFE. However, in 80% TFE, where the
free HNH protein preferentially forms a-helical structure, the de-
crease of this secondary element can be observed upon addition
of the metal ion. These observations suggest that independently
of the starting conformation, zinc(II) binding induces the peptide
to fold into a structure similar to the one detected by crystallogra-
phy [12,23,25,27].

As no change was observed in the SRCD pattern upon addition
of zinc(II)-ions at pH = 3.5, we can conclude, that under these con-
ditions no metal ion binding occurred.

Fluorescence spectroscopic measurements were performed to
check, whether the HNH protein is able to compete with the TFLZn
fluorescent dye for zinc(II) ions. In this case it is expected, that
upon addition of HNH the zinc(II) ions will be removed from the
Zn-TFLZn complex (similarly to EDTA – data not shown) and there-
fore, the fluorescence of the Zn-TFLZn complex will disappear. In-
stead we have only observed a slight decrease of the fluorescence
at 1:2:2 Zn:TFLZn:HNH molar ratio (Fig. S4). The formation of var-
ious complexes, among them ternary species indicated that the
protein was not able to fully occupy the coordination sites of the
metal ion: out of the number of available coordinating donor
groups at most three histidines could be coordinated similarly to
the native enzyme.

Functional mapping of the NColE7 N-terminal part

The results described above showed, that the HNH peptide
alone, without the rest of the nuclease domain does not have
nuclease activity. Moreover, we could not detect DNA-binding by
the isolated HNH domain and Zn2+-binding capacity of the HNH
peptide was found to be weaker than that of the intact NColE7.
These observations suggested that the N-terminal part of the
nuclease domain is essential for NColE7 function. To investigate
its role in ColE7 function, N-terminal deletion mutants (4N69,
4N45, 4N25 and 4N4) of NColE7 lacking the indicated numbers
of amino acids were constructed, and cloned in the pGEX-6P-1
plasmid vector as described in Materials and methods section.
Two of these fusion plasmids (4N4 and 4N25] were constructed
in an earlier study [45]. The recombinant plasmids were designed
to encode fusions between the glutathione-S-transferase tag (GST-
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Fig. 3. (a) SRCD spectra of the Ub-HNH protein in the absence (red) and presence
(pink) of five equivalents of zinc(II)ions, and upon the addition of EDTA excess to
the zinc(II) containing system (yellow). (b) SRCD spectra of the HNH peptide. The
effect of the pH on the protein conformation in the absence and presence of zinc(II)
ions is demonstrated at pH = 3.5 and 7.5. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 3
The calculated fractions (%) of the secondary elements by the CDPro program package
[53]. The spectra of the HNH and Zn-HNH systems recorded in the buffer solution
(2 mM Tris, 20 mM NaCl, pH 7.4) and the same buffer containing 20% or 80% trifluoro-
ethanol (TFE).

Buffer 20% TFE 80% TFE

HNH Zn-HNH HNH Zn-HNH HNH Zn-HNH

a-helix 6.0 7.0 16.0 21.0 40.0 34.0
b-strand 16.0 28.0 20.0 23.0 11.0 17.0
Turn 23.0 24.0 23.0 22.0 22.0 20.0
Other 55.0 41.0 41.0 34.0 27.0 29.0
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tag) and the N-termini of the truncated NColE7 variants. A plasmid
encoding a GST-fusion with the HNH peptide was also constructed
for comparison. Members of the deletion series contained different
functional elements of NColE7. The 4N69 mutant contained, be-
sides the HNH motif, the Im7 binding site, whereas the 4N45
and 4N25 mutants also contained the DNA binding helices. The
4N4 mutant contained all elements mentioned above and lacked
only the N-terminal, positively charged tetrapeptide KRNK [45].
Surprisingly, expression of all four NColE7 deletion derivatives
was successful in E.coli indicating, that the mutant enzymes did
not have cytotoxic activity (Fig. S5). Under the same conditions
the pGEX-6P-1 plasmid containing the gene of the native NColE7
was cytotoxic for E. coli.

The fusion proteins were purified by affinity chromatography
and DNA electrophoretic mobility shift assays were performed as
described in Materials and methods section. Among the chimeric
proteins only GST-4N4-NColE7-C� caused significant decrease of
mobility of the DNA (Fig. 4). This was evident with the GST-fused
protein, as well as with the free 4N4-NColE7-C� nuclease domain,
separated from the GST affinity tag by specific protease digestion
and subsequent affinity chromatography. Probably due to the size
difference between the two proteins, the observed mobility shift
was smaller with the free 4N4-NColE7-C� nuclease domain than
with the fusion protein (Fig. 4). The GST protein itself did not affect
the gel mobility of the dsDNA. The smeared appearance of the
bands indicated the heterogeneity of the complexes resulting from
partial occupation of multiple non-specific binding sites on the
fragments. The presence or absence of Zn2+-ions did not show sig-
nificant effect on the gel mobility shift (Fig. S6).

Discussion

The HNH peptide is present in different endonucleases and
comprises a well conserved bba metal-finger structural motif
forming the active center [17]. This motif is located at the C-termi-
nus of bacterial toxins, such as the Colicin E7 nuclease. Results of
previous studies could be interpreted to mean that the HNH motif
contained all or most of the structural elements responsible for
metal and DNA binding and DNAse activity of the ColE7 nuclease.
Here we tested this assumption by cloning and purification of the
HNH peptide, and testing its metal and DNA binding capacity and
nuclease activity. Initial attempts to purify the HNH peptide failed
because of its degradation in E. coli. We could stabilize the HNH
peptide by genetically fusing it to ubiquitin. The Ub-HNH fusion
protein could be purified in high yield adding a new example to

the list of successful applications [44,54] of the ubiquitin tag for
stabilizing foreign proteins in E. coli. To be able to study the un-
tagged HNH peptide, the ubiquitin tag was split off by specific pro-
tease cleavage and the HNH peptide was purified. It has to be noted
that if the protease cleavage was performed in the bacterial cells,
the ESI MS spectra of the raw cell extracts (Fig. S7) showed only
peaks characteristic for the different charge states of the ubiquitin
(Mr = 8556.7 Da). This clearly indicated that the free HNH peptide
was degraded in E. coli cells. Therefore, we used an expression sys-
tem [44], which involves cleavage of the purified fusion protein
and purification of the HNH peptide free of ubiquitin. This strategy
allowed us to purify the HNH peptide in a good yield (�2.5 mg
from a liter of culture).

Possible reasons for the lack of nuclease activity of the HNH
peptide include: (i) weak metal ion binding – (the zinc(II)-binding
is essential for nuclease activity); (ii) the improper structure of the
catalytic site, (iii) lack of DNA substrate binding.

Metal binding was studied with free HNH peptide as well as
with the ubiquitin-fused Ub-HNH protein. Observation of consid-
erable amounts of the free protein besides the zinc(II) containing
species by ESI MS suggested that both the Ub-HNH protein and
the HNH peptide show lower affinity towards zinc(II) ions than
the colicin E9 protein, for which the dissociation constant was
determined to be less than 1.0 nM [36]. This can probably be ex-
plained by the structural pattern of the HNH motif. The ESI MS of
the colicin E9 nuclease domain showed a bimodal charge state,
and the zinc(II) ions were bound by the protein in the more com-
pact conformation [35]. Such phenomenon was not observed with
Ub-HNH, showing that the ubiquitin fusion partner did not stabi-
lize the HNH motif.

Zinc(II) ions induced structural changes in the HNH motif were
detected by SRCD spectroscopy. The structure obtained in crystals
by X-ray crystallography [12,23,25,27] is partly formed in aqueous
solution (Table 3.). However, even if the Zn-HNH complex is not
formed to 100% under the conditions used, at least a fraction of
the HNH peptide in aqueous solutions is likely to be in complex
with Zn. Therefore, the lack of the catalytic activity can probably
be attributed more to impaired DNA binding than to poor metal
binding. This is also supported by the fact that the strong DNA
binding region, which overlaps with the Im7 protein (the inhibitor
of ColE7) binding site is outside the HNH motif (Table 4.) [49,55].
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Fig. 4. DNA binding by N-terminally truncated variants of NColE7 before and after
digestion with PreScission Protease. Gel-mobility shift assay was performed as
described in Materials and methods section using 1% agarose gel and ethidium
bromide staining. The excess of GST-fused or free NColE7 variants used in the
different samples is indicated above the lanes.

Table 4
The interacting amino acids of the NColE7 with the DNA substrates and with its
immunity protein Im7 according to the crystal structures published. The three amino
acid residues in bold play role both in DNA and Im7 binding.

DNA [23,27,28] Im7 [49]

50-GCGATCGC-
30

50-CGGGATATCCCG-
30

50-. . .CGATCGAA. . .-
30

K490
D493 D493 S514

D494 R515
R496 R496 R496 N516

K497 N517
K498 D519

R520 R520 R520 R520
K525 K525 K525 K525
A526 A526 A526 K528

T529
R530

S535 T531
G536 G536 Q532

K537 K537 K537 K537
R538 R538 R538 T539
S540 S540 S540

E542 E542
L543 L543 L543

H544 H544
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Although the fluorescence spectroscopic measurements suggested
that the HNH peptide does not fill the inner coordination sphere of
the metal ion – leaving an empty coordination site for the sub-
strate, this binding is very weak. Indeed, N-terminally truncated
mutants of NColE7 caused significant gel mobility shift of the
DNA only when the whole DNA binding region was reconstructed.

The ESI MS experiments further showed the presence of trace
amounts of binuclear zinc(II) complexes that suggest a second,
weak metal ion binding site in the HNH motif. This is in agreement
with the observation that addition of excess zinc(II) inhibits the
catalytic activity of the ColE7, presumably because of binding to
the fourth histidine moiety, and preventing its role as a general
base in the catalytic process [33].

It has to be mentioned that among the truncated mutants even
the one lacking only four amino acids at the N-terminus was cata-
lytically inactive. This suggests that the very N-terminus of the
protein is necessary for the activity of the C-terminal catalytic cen-
ter. Based on this property we suggest that the HNH motif may
form the catalytic center of an appropriately constructed novel
articficial chimeric nuclease with allosterically controlled catalytic
activity. HNH nucleases have recently been applied as promising
alternatives of the FokI nuclease domain in artificial nucleases
demonstrating that the new chimeric nucleases nick the DNA pre-
dominantly site-specifically [56]. Therefore, we plan further exper-
iments to fuse the HNH motif and the truncated NColE7 mutants to
specific DNA binding proteins, such as zinc-fingers to investigate
their effect on the catalytic activity. In parallel, computer modeling
of the possible control mechanism will be performed.
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