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ABSTRACT

The restriction endonuclease (REase) R.Kpnl is an
orthodox Type IIP enzyme, which binds to DNA in
the absence of metal ions and cleaves the DNA
sequence 5-GGTACAC-3' in the presence of Mg*
as shown generating 3’ four base overhangs. Bio-
informatics analysis reveals that R.Kpnl contains a
BBa-Me-finger fold, which is characteristic of many
HNH-superfamily endonucleases, including homing
endonuclease I-Hmul, structure-specific T4 endonu-
clease VII, colicin E9, sequence non-specific Serratia
nuclease and sequence-specific homing endonu-
clease I-Ppol. According to our homology model of
R.Kpnl, D148, H149 and Q175 correspond to the criti-
cal D, H and N or H residues of the HNH nucleases.
Substitutions of these three conserved residues lead
to the loss of the DNA cleavage activity by R.Kpnl,
confirming their importance. The mutant Q175E
fails to bind DNA at the standard conditions, although
the DNA binding and cleavage can be rescued at
pH 6.0, indicating a role for Q175 in DNA binding
and cleavage. Our study provides the first experimen-
tal evidence for a Type lIP REase that does not belong
to the PD.. .D/EXK superfamily of nucleases, instead
is a member of the HNH superfamily.

INTRODUCTION

The mechanism of phosphodiester cleavage comprises several
important steps, including activation of a nucleophile, stabil-
ization of the phosphoanion transition state and protonation of
the leaving group (1). An underlying feature for a majority of
the nucleases is the use of a metal ion as a cofactor for the
activation of a nucleophilic water molecule and stabilization of
the transition state. From the mechanistic point of view, the
best-characterized prokaryotic endonucleases are Type II
restriction enzymes (REases) (2,3). Type II REases bind
and cleave DNA in presence of Mg®" with remarkable speci-
ficity (4). Comparative studies of crystal structures and protein

sequences followed by mutational analyses of Type II REases
revealed the presence of a partially conserved motif
‘PD...D/EXK’. Two acidic residues (D and D/E) are import-
ant for the metal ion binding, and K is involved in catalysis
(5). Substitutions of K and the two acidic residues in the
active site typically lead to a drastic reduction of the cleavage
activity (5). The PD...D/EXK motif has been found in
numerous Type II REases as well as in other nucleases
such as phage A exonuclease (2), DNA repair enzyme MutH
(6) and transposase TnsA (7). Together, these proteins form a
PD...D/EXK superfamily of nucleases (8,9).

R.Kpnl is a Type IIP REase (10), which recognizes a palin-
dromic DNA sequence 5-GGTACAC-3', and cleaves at indi-
cated position [*], generating four base long 3’-overhangs.
R.Kpnl forms a restriction—modification system together
with M.Kpnl, a DNA methyltransferase (MTase), which trans-
fers a methyl group from the cofactor AdoMet onto the
N®-position of the adenine in both strands within the same
sequence (11-13).

Bioinformatics analyses suggested that R.Kpnl does not
belong to the PD...D/EXK superfamily but rather exhibits
an active site with the PPo-Me-finger fold, characteristic
for the HNH-superfamily of nucleases. In order to identify
the catalytic residues in the REase, we carried out homology
modeling and used the models to identify targets for site-
directed mutagenesis and to interpret the experimental data.
Our results indicate that R.Kpnl indeed belongs to the HNH
superfamily and the architecture of its active site is completely
different from the active sites of all Type II REases character-
ized to date.

MATERIALS AND METHODS
Enzymes and DNA

Plasmid pETRK contains the wild-type (wt) R.Kpnl gene
cloned into the pET11d expression vector (14). R.Kpnl and
its mutants were purified as described previously (14). The
enzymes were diluted in binding buffer [20 mM Tris—HCI
(pH 7.4), 25 mM NaCl and 5 mM 2-mercaptoethanol] for
all the studies. The concentration of the proteins was estimated
by the method of Bradford (15). T4 polynucleotide kinase,
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Pfu DNA polymerase and Dpnl were purchased from New
England Biolabs, USA. Oligonucleotides (Microsynth Inc,
Switzerland) were purified on 18% urea-polyacrylamide gel
(16). The purified oligonucleotides were end-labeled with
T4 polynucleotide kinase and [y->*P]ATP (6000 Ci/mmol).

Protein sequence analysis and structure prediction

Sequence searches of the non-redundant (nr) database were
carried out with PSI-BLAST (17) via the NCBI website (http://
www.ncbi.nlm.nih.gov), using the sequence of T4 Endonu-
clease VII (EndoVII) as a query. A relatively stringent
cutoff of expectation (e)-value <10~ was used to identify
HNH-superfamily members related to endonuclease VII and
build a multiple sequence alignment, subsequently converted
to a position-specific scoring matrix (PSSM). The searches
were iterated with the PSSM as a query until no more homo-
logs with e-value <103 could be identified. Then, the cutoff
was lowered to 0.1 and searches were continued with an addi-
tional criterion that potential HNH-superfamily members had
to exhibit the residues of the common active site (otherwise,
the sequences were not included in the PSSM).

Protein structure prediction was carried out via the
GeneSilico metaserver gateway [http://genesilico.pl/meta/
(18)]. The sequence alignment between Kpnl and structurally
characterized HNH-superfamily nucleases obtained from PSI-
BLAST (after 15 iterations) was used as starting points for
homology modelling using the ‘FRrankenstein’s monster’
approach, comprising cycles of model building, evaluation,
realignment in poorly scored regions and merging of best-
scoring fragments [see (19) for a detailed description]. The
positions of predicted catalytic residues and secondary struc-
ture elements were used as spatial restraints.

Site-directed mutagenesis

R.Kpnl mutants were generated by site-directed mutagenesis
using the megaprimer inverse PCR method (20). Expression
plasmid pETRK encoding the wt kpnR gene was used as a
template. The oligonucleotide primers carrying the respective
mutant amino acid codon substitutions (Table 1) were used as
forward primers and T7 terminator primer was used as reverse
primer (Table 1). The mega primers generated were used
as complementary primers for the second round of PCR
amplification. After confirming the mutation by sequencing,
the mutant REases were expressed in Escherichia coli BL26
[F~ omp T hsdSg (rg— mg—) gal dem Alac (DE3) ninS lac
UVS5-T7 gene 1] expressing M.Kpnl and purified as described
previously (14).

Table 1. DNA oligonucleotides used in this study

Primers used for mutagenesis

D148G 5'-CTAACACCTGGCCATATGACAC-3'
H149L 5'-ACACCAGACCTTATGACACCTC-3
QI175E 5'-TGTGGACGTCATGAAGTTATGAAA-3'
D148A 5'-AACTAACACCAGCCCATATGACA-3'
HI149A 5'-ACACCAGACGCTATGACACCTC-3

Reverse primer (T7 5-GCTAGTTATTGTTCAGCGGTGGG-3’
terminator sequence)
Duplex DNA used

for EMSA

5'-ATTGCGTGGTACCCGCTCTT-3'
3’-TAACGCACCATGGGCGAGAA-5

Electrophoretic mobility shift assay

Different concentrations of the wt and mutant R.Kpnl
(0.1-128 nM) were incubated with 3.75 nM of end-labeled
double-stranded oligonucleotides containing cognate site
(Table 1) in the buffers [20 mM Tris—HCI (pH 7.4), 25 mM
NaCl and 5 mM 2-mercaptoethanol or 20 mM HEPES
(pH 6.0), 25 mM NaCl and 5 mM 2-mercaptoethanol] on
ice for 15 min. The free DNA and the enzyme-bound com-
plexes were then separated on 8% native polyacrylamide gels
with running buffers containing 90 mM Tris-borate pH 8.0 and
I mM EDTA or 50 mM HEPES, pH 6.0 and | mM EDTA. The
gels were electrophoresed at 4°C for 1 h, dried and autoradio-
graphed. The amounts of DNA in free and bound form were
quantitated using Phosphor imager Image Gauge software
version 2.54. The assays were repeated thrice and the average
values were considered for Scatchard analysis to determine the
affinity of the proteins.

In vitro DNA cleavage activity assay

Purified R.Kpnl and its variants were incubated in 20 mM
HEPES-KOH (pH 6.0) or 10 mM Tris—HCI (pH 7.0-9.0),
1 mM EDTA, 5 mM B-mercaptoethanol, 5 mM MgCl, for
I h at 37°C and 500 ng of plasmid DNA. The cleavage
products were analyzed on 1% agarose gel.

RESULTS
Sequence alignment and homology modelling of R.Kpnl

PSI-BLAST sequence searches of the nr database (see
Materials and Methods) revealed remote homology between
EndoVII and Kpnl [(21); this work]. Our analyses resulted in a
sequence alignment slightly different from that published in
the earlier work (21); we confirmed the earlier prediction of
the catalytic core, but also identified a potential Zn-finger
conserved between Kpnl and EndoVII, which was partially
misaligned previously (21). In order to facilitate the interpre-
tation of experimental data in the sequence—structure—function
context, we built a theoretical model of the Kpnl catalytic
domain (residues 97-190) in complex with the target DNA.
The homology model of the Kpnl monomer was generated
based on the sequence alignment with known structures of
HNH-superfamily members (see Materials and Methods).
The mutual orientation of the two Kpnl monomers as well
as the coordinates of the DNA molecule and the Mg*" ions
were based on superposition onto the subunits A and B in the
I-Ppol co-crystal structure (22). The GGTACC site recognized
by Kpnl was generated by ‘mutating’ bases in the original
I-Ppol target (CTTAAG) and optimizing their geometry
using HyperChem 7.1 (Hypercube, Inc.). The final model of
the Kpnl dimer complexed with the GGTACC sequence
(available for download from ftp://genesilico.pl/iamb/
models/Kpnl/) was obtained after steric clashes between a
few residues from both monomers and the DNA were removed
by selecting different rotamers of the respective side chains.

Generation of site-directed mutants in R.KpnI

The homology model of R.KpnlI shown in Figure 1B reveals the
BBo-Me finger fold composed of two antiparallel B-strands, an
o-helix and a metal ion, between the first strand and the helix.
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Figure 1. (A) Multiple sequence alignment of R.Kpnl and the experimentally solved structures of HNH-superfamily nucleases used as modeling templates.
The secondary structure of T4 Endonuclease VII is shown above the alignment as tubes (helices) and arrows (strands). Amino acid residues of the active site
are highlighted in black, residues involved in formation of a Zn-finger in Endonuclease VII and R.KpnlI are highlighted in grey. The numbers in parentheses indicate
the size of terminal extensions of the conserved ‘Bpo-finger’, which do not share either the sequence or the structure similarity. The arrow and the cylinder represent
the B-strand and the o-helix, respectively. (B) Comparison of the modeled structure of the catalytic domain of Kpnl (a) and the experimentally solved structures of
HNH-superfamily nucleases used as modeling templates (b) T4 Endonuclease VII (1en7), (c) colicin E9 (1bxi), (d) intron-encoded homing endonuclease I-Ppol
(lipp) and (e) Serratia marcenscens endonuclease (1g8t). Amino acid residues of the active site and those involved in formation of a Zn-finger in Endonuclease VII
and Kpnl are indicated and labeled.

Based on the bioinformatics analysis, amino acidresidues D148, A
H149 and Q175 of R.Kpnl are predicted to be functionally
equivalent to the catalytic/metal-binding residues D40, H41
and N62 of T4 endonuclease VII (23), and the corresponding
residues of other HNH nucleases. Thus, D148, H149 and Q175
were targeted for mutagenesis. The mutations were confirmed
by restriction digestion and sequencing analysis (data not
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shown). The mutant kpnIR genes present in the pET11d vector
were expressed in E.coli BL26 and the mutant proteins were
purified (as described in Materials and Methods). During pur-
ification steps, all the mutants exhibited properties similar to
that of wt enzyme, suggesting that they were properly folded.

DNA cleavage properties of R.Kpnl mutants

Wild-type R.Kpnl and its mutants were assayed for the
ability to cleave DNA. As shown in Figure 2, pUC18 DNA
was completely linearized by 1 nM wt enzyme. Under the
same assay conditions, no cleavage product was detected
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Figure 2. Restriction digestion of pUC18 DNA by R.Kpnl and its mutants.
Purified enzymes (A) R.Kpnl (B) D148G (C) H149L and (D) Q175E mutants
were incubated with 500 ng of pUCI8 DNA and the products were
electrophoresed on 1% agarose gel. The concentration of the enzyme used
is depicted in each panel. SC, L and OC indicate the respective position of
the supercoiled, linear and open circular forms of plasmid.
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with the mutant HI49L even at 100-fold excess protein
concentrations (Figure 2C). Mutant H149A also behaved in
the same fashion (See Supplementary Material). Mutants
D148G and Q175E showed only traces of the DNA cleavage
activity when used in large excess (Figure 2B and D). Similar
results were observed with D148A (See Supplementary Mate-
rial). In order to measure the residual activity more precisely,
reactions were performed with higher concentrations of
D148G and Q175E. No complete linearization of the DNA
substrate could be observed even at 2 uM (2000-fold excess)
of the enzyme concentration. However, prolonged incubation
for 12 h resulted in near-complete DNA cleavage with D148G,
while the pattern with HI49L and Q175E did not change
significantly under standard assay conditions (data not
shown). In contrast, incubation with very low amounts of
the wt enzyme (0.05 units) for prolonged incubation leads
to complete DNA cleavage. Thus, all three residues of the
predicted HNH motif were found to be essential for the
REase activity.

DNA-binding ability of R.Kpnl mutants

To analyze the cause for decreased or abolished DNA cleavage
observed with mutant REases, the DNA binding property was
assayed by the electrophoretic mobility shift assays (EMSA)
using *?P-labeled 20mer oligonucleotide containing Kpnl
recognition site. As shown in Figure 3A, D148G and H149L
bind DNA. However, the H149L mutant appears to bind DNA
poorly in this qualitative assay. Increasing concentrations of
mutant proteins were used to calculate the dissociation con-
stant (K4) for DNA binding. Mutants D148G and H149L bind
DNA with 2 and 10 times reduced affinities, respectively,
compared to the wt protein (Figure 3B). In electrophoretic
mobility shift assays, R.Kpnl does not bind to nonspecific
DNA substrates (13) and the mutants behaved in similar
fashion.

Effect of pH on DNA cleavage of R.Kpnl mutants

Experiments described above (Figure 2) showed that the
mutants D148G and Q175E retained residual DNA cleavage
activity. This prompted us to carry out DNA digestion at
varied pH conditions to further evaluate their activity at dif-
ferent ionization conditions. R.Kpnl exhibits cleavage activity
at wide pH range; cleavage of pUCI18 was observed from
pH 6.0 to 9.0 (Figure 4 and See Supplementary Material).
Under these conditions, the mutant proteins displayed differ-
ential activities. HI49L was not able to cleave the DNA under
any of these conditions. D148G showed slightly improved
DNA cleavage under alkaline pH, yet the cleavage was not
complete even at a 100-fold excess concentration of the
enzyme. Surprisingly, the Q175E mutant showed the ability
to completely cleave the DNA substrate at pH 6.0 at higher
concentrations of the enzyme, while its activity under neutral
and alkaline pH was very low (Figure 4). We consider this
behavior to be similar to the Q115E mutant of EcoRI (24). Itis
noteworthy that the deprotonated Q115E mutant of EcoRI was
defective in DNA binding at neutral pH. Under acidic pH,
however, Q115E is protonated and bound to DNA to carry
out efficient cleavage. Similarly, deprotonation of the Glu
residue in the QI175E variant of R.Kpnl could occur near
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Figure 3. DNA binding properties of mutant proteins. (A) EMSA analysis:
50 nM of wt and mutant enzymes were incubated with 3.75 nM of **P-labeled
20mer duplex oligonucleotides containing recognition sequence (Table 1)
under standard assay conditions as described in Materials and Methods.
(B) Determination of DNA binding affinities of R.Kpnl, D148G and
H149L. The assays were carried out as above with the increasing amounts
of proteins (0, 0.1, 0.5, 1, 2, 4, 8, 16, 32, 64 and 128 nM) to carry out
Scatchard analysis. Lane F in each panel refers to oligonucleotides
incubated only with EMSA buffer in the absence of protein.

neutral pH resulting in poor binding and rendering it cataly-
tically inefficient. To verify this hypothesis, we have carried
out DNA binding experiment at pH 6.0. The mutant REase
Q175E binds to DNA in acidic conditions (Figure 5), unlike its
behavior at near-neutral pH. These results confirm that Q175
has an important role in DNA binding coupled to catalysis.

DISCUSSION

To date, a large number of mutational and structural studies
have shown that most REases possess the PD . . . D/EXK motif
for metal binding and catalysis (9,25,26). A single exception
described for which experimental evidence have been
provided, is the Type IIS REase Bfil, which does not
contain the PD...DE/XK motif. Instead, it belongs to the
phospholipase D superfamily and carries out the DNA cleav-
age in the absence of divalent metal ions (27). Moreover,
bioinformatic analyses suggested that a Type IV, m C-specific
REase McrA, and few Type II REases of different subclasses,
including Kpnl, Hpyl, Nlalll, Sphl, Sapl, NspHI, Nspl and
Mboll are related to the HNH superfamily (21,28,29), while
Eco29kI and its close relatives are members of the GIY-YIG
superfamily (28). Thus, motifs other than PD...D/EXK are
found in REases, although these predictions remained
untested.
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Figure 4. Effect of pH on DNA cleavage activities of Bo-Me motif mutants of Kpnl REase. Increasing amounts of wt, Q175E, H149L and D148G were incubated
with pUC18 in buffer with different pH (A) pH 6.0 (B) pH 7.0 (C) pH 8.0 and pH 9.0 (D) at 37°C for 1 h. The samples were electrophoresed through 1% agarose. SC,L
and OC indicate the respective positions of the supercoiled, linear and open circular forms of pUC18.

1nMl 100nht

F ,__—————'cm?rz”__‘
JRev IR

—Free

Figure 5. Proposed catalytic mechanism of R.Kpnl. Residues D148 and Q175
are shown in this scheme to be involved in metal coordination and H149 acting
as a general base. H149 activates the nucleophilic water molecule to facilitate
the phosphodiester bond cleavage.

We report here the first biochemical evidence for a Type II
REase that belongs to the HNH superfamily and exhibits a new
type of the catalytic motif based on the BBa-Me finger fold.
The HNH nucleases include heterogeneous group of enzymes
with varied sequence or structure specificity exhibiting differ-
ent biological functions. For example, mitochontrial EndoG
is a DNA/RNA non-specific nuclease, which employs the
mechanism of DNA cleavage similar to that of sequence-
specific homing nuclease I-Ppol and non-specific Serratia
nuclease (30-32). A typical HNH nuclease, I-Hmul is encoded
by group I intron present in the DNA polymerase gene of
SPO1 bacteriophage of Bacillus subtilis. The recently solved
structure of this single-strand-cleaving enzyme reveal its reac-
tion mechanism to be similar to that of I-Ppol and Serratia
nuclease (33). Likewise, the caspase-activated Dnase, another
member belonging to BPo-Me finger fold, follows the
mechanism of structure-specific T4 endonuclease VII and
non-specific colicin E9 (23,34).

Based on the results of our analysis, we propose roles for
active site residues of R.KpnlI (Figure 6) relying mainly on the
mechanism proposed for T4 endonuclease VII (23). The stud-
ies presented here indicate that the H149 of Kpnl REase
might be acting as a general base, which could activate a
water molecule for an in-line nucleophilic attack on the
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Figure 6. Role of Q175E in DNA binding activity. Different concentrations
of Q175E (1, 2.5, 5, 7.5, 10, 15, 20, 25, 50 and 100 nM) were incubated with
3.75 nM of *?P-labeled 20 bp duplex DNA containing Kpnl recognition
sequence on ice for 15 min at pH 6.0. The products were analyzed on 8%
PAGE as described in Materials and Methods.

scissile phosphate similar to H41 of T4 endonuclease VII.
Residues D40 and N62 of T4 endonuclease VII (corresponding
to D148 and Q175 in R.Kpnl) are involved in metal ion bind-
ing (23). D148 of R.Kpnl might be acting as a general acid
involved in metal binding. Interestingly, Q175 appears to have
roles both in metal coordination and DNA binding by R.Kpnl.
This conclusion is based on the ability of Q175E mutant to
bind DNA under acidic condition when it is protonated (See
Figure 5).

Another interesting feature of HNH endonucleases is the
generation of 3’-overhangs after DNA cleavage, a property
shared by R.Kpnl. A majority of the HNH nucleases including
His—Cys box containing I-Ppol act by cutting both scissile
phosphates across the minor groove. In so doing, they exhibit
very low specificity at the central four base pairs that are
located between these scissile phosphate groups, making spe-
cific contacts to bases present beyond the phosphates. Being a
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REase, R.Kpnl should be able to recognize its cognate seq-
uence with higher specificity compared to other diverse HNH
nucleases. Accordingly, footprinting results showed that the
enzyme makes base-specific contacts with the first three bases
(5'-GGT-) of each strand of the recognition sequence 5'-GGT-
ACC-3' (13), a pattern different from that of I-Ppol. However,
the data may not adequately reveal all the specific contacts of
the enzyme until its structure with the DNA is solved.

It appears that the majority of REases belong to the
PD...D/EXK superfamily, even though a few REases such
as Bfil or Kpnl, may exhibit alternative, unrelated three-
dimensional folds and mechanisms for DNA cleavage
(9,27,28). We speculate that the PD...D/EXK fold was
more suitable for development of extremely stringent recogni-
tion of DNA sequences, characteristic for Type II REases,
while other nuclease superfamilies predominantly gave rise
to enzymes with more relaxed specificities or preference
towards particular DNA structures. For instance T4 EndoVII,
the closest homolog of R.Kpnl, with known structure, primar-
ily acts as a broad specificity repair enzyme. Other enzymes
containing Bpo-Me finger fold, such as periplasmic non-spe-
cific nuclease Vvn, Serratia nuclease, colicin nuclease E7 and
E9 exhibit low sequence specificity (35-38). In support of this
view, we have recently demonstrated the relaxed specificity
exhibited by R.Kpnl (39). Thus, we hypothesize that Kpnl and
other few members of the HNH superfamily predicted
amongst REases developed more stringent sequence specifi-
city only when they teamed up with highly specific DNA
MTases and thereby appeared in the context of RM systems
relatively late in the evolution.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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