












Figure 3. Molecular basis for the high fidelity of variant D148E. (A) Mg2+-dependent DNA cleavage of mutant D148E. Different concentrations of
metal ions (0–10mM) were incubated with 1 unit of WT or mutant D148E in a buffer containing 10mM Tris–HCl (pH 7.4), on ice for 5min. DNA
cleavage reaction was initiated by the addition of (i) pUC18 DNA (14 nM) or (ii) end labeled canonical oligonucleotide (10 nM) and incubated at
37�C for 1 h. (iii) Graphical representation of the Mg2+ activation profile of WT and D148E variant on the oligonucleotide substrate. Mutant D148E
requires a Mg2+ concentration of 200mM for the 90% digestion of the substrate, compared with 50mM required by WT, showing that the decrease in
binding affinity toward Mg2+ (Figure 2A) directly affects the cleavage activity of KpnI. (B) Canonical versus non-canonical discrimination by mutant
D148E. EMSA was carried to determine the binding affinity of mutant D148E to end-labeled canonical (GGTACC) and non-canonical (GaTACC)
substrates over a range of enzyme concentrations between 0 and 256 nM. The intensity of the shifted DNA band is expressed as percentage bound.
(C) Mutant D148E does not cleave star substrate at binding concentrations. End-labeled oligonucleotide duplex containing the 50-GaTACC-30

sequence (10 nM) was incubated with WT (2.5–10 nM) or mutant D148E (100–500 nM) at 37�C for 30min in the presence of 2mM Mg2+. The
cleavage products were analyzed on 12% urea-PAGE. Lane C contains the substrate DNA without the enzyme. S and P represent the substrate and
product, respectively.
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all the higher activity mutants had acquired an additional
mutation D16N, suggesting that the higher specific
activity was due to the D16N substitution but not the
targeted mutations.

Site-directed mutagenesis was carried out to generate
mutants D16N and D16N/D148E. In the case of
D16N/D148E double mutant, the D16N suppressor
mutation did not affect the other two properties of the
D148E mutant, namely, the high substrate specificity in
Mg2+catalyzed reaction and the Ca2+-mediated inhibition
of the cleavage activity (See Figure 1B and Supplementary
Figure S1). The increase in the activity of the enzyme
caused by mutation D16N could be the result of compen-
sational interactions with the D148E mutation or
enhanced activity independent of the D148E mutation or
a combination of both. To delineate the mechanism, the
DNA cleavage properties of the suppressor, D16N was
evaluated in the context of WT and D148E mutation.

Mutation D16N causes faster turnover

To better understand the role of the mutation D16N in
improving specific activity, we carried out steady state

kinetic analysis of mutants D16N, D148E, D16N/D148E
and the WT enzyme using the canonical substrate
(Table 2). The KM values of the mutants D16N and
D16N/D148E were 56.9 and 66.9 nM, respectively,
compared with 17.4 and 9.0 nM of the WT and mutant
D148E, respectively. The kcat values of mutants D16N
and D16N/D148E were 1.21 and 1.09 s�1, respectively,
compared with 0.22 and 0.02 s�1 of the WT and mutant
D148E, respectively. Compared with the WT enzyme, the
KM value of mutant D16N increased by �3-fold, whereas
the kcat value increased by 6-fold (Table 2). When
compared with mutant D148E, the KM value of mutant
D16N/D148E increased by �7-fold, whereas the kcat
values increased by �37-fold, resulting in �5-fold im-
provement in kcat/KM value. When the substrate concen-
tration is higher than the KM value, as in most commonly
used cleavage conditions, the D16N/D148E enzyme
cleaves the canonical site more efficiently than the D148E
mutant owing to its higher kcat value. Thus, introduction of
D16N into the D148E background restored the kcat/KM

value in the double mutant to the WT level (Table 2).
To analyze the molecular basis for the increased specific

activity, the DNA-binding property of the mutant

Figure 4. Molecular dynamics simulations for the interactions of KpnI WT and mutant D148E with Mg2+ and Ca2+. Representative snapshots of
the catalytic pocket within the active sites of KpnI WT bound to Ca2+ and Mg2+ ion (A) and mutant D148E bound to Ca2+ and Mg2+. (B) A
superimposition of WT and mutant D148E bound to Ca2+ or Mg2+ is shown in (C) and (D), respectively.
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proteins was assessed by EMSA. As shown in Figure 5,
irrespective of their cleavage efficiency, all mutants bound
to the canonical sequence with equilibrium binding
affinity comparable with that of the WT enzyme. To
further investigate the basis for the higher turnover
number of the D16N mutation, the association and dis-
sociation rates of WT, mutants D16N, D148E and D16N/
D148E with the canonical recognition sequence were
determined (Figure 6). At the association step, the WT
enzyme and the mutant D148E exhibited comparable as-
sociation rate (‘on’ rate). In contrast, the D16N and
D16N/D148E mutants exhibited a 7- and 28-fold faster
‘on’ rates, respectively, compared with the WT enzyme,
indicating that the D16N mutation increases the rate of
association with the substrate DNA. At the dissociation
step, when compared with WT enzyme, the D148E and
D16N/D148E mutants exhibited 3.2- and 1.8-fold faster
dissociation from the canonical DNA complex, respect-
ively. In addition to a faster association rate, the D16N
mutant exhibited a slower ‘off’ rate from the substrate,
showing that the D16N mutation does not only speed
up the formation of the KpnI-canonical DNA complex
but also stabilizes the complex.
Lastly, limited proteolysis analysis of the WT, D16N,

D148E and D16N/D148E was carried out to examine
whether the enzymes have undergone major structural
change. From Supplementary Figure S5, it is apparent
that the trypsin cleavage patterns of the mutants were
similar to that of WT, indicating that the increase in
activity and sequence specificity is not due to major struc-
tural change to the protein.

DISCUSSION

In this study, we show that a conservative substitution of
Asp to Glu in the metal ion coordinating residue D148 of
the catalytic/HNH motif of KpnI results in changes in two
major aspects in its DNA cleavage activity—a drastic
increase in cleavage fidelity with Mg2+ and elimination
of cleavage activity with Ca2+. We show that the high
fidelity cleavage was contributed by the enhanced discrim-
ination of non-canonical sequences from the canonical at
the binding step of the enzyme and at the catalytic step.
Ca2+-mediated cleavage activity of the D148E mutant was
abolished at the catalytic step. Molecular dynamics simu-
lation data suggest that when Ca2+ is coordinated by Glu
instead of Asp, it is more tightly bound (as indicated by
the higher CN) and hence less likely to move toward the
O30 atom of the leaving group and facilitate its departure
by compensating the negative charge. The D148E
mutation decreases the turnover rate and kcat/KM value
of the enzyme, whereas the D16N mutation reverts the
kcat/KM value to the WT level through a higher turnover
rate.
Generally, Ca2+ ions do not support the cleavage

activity of PD-(D/E)-XK REases. However, it is well
documented that members of the HNH superfamily of
nucleases exhibit a wider metal ion preference and many
of them can use Ca2+ ion as a cofactor (11,10,14–18),
although the molecular basis of Ca2+-mediated DNA

cleavage is not completely understood. In the case of
KpnI, Ca2+ not only facilitates cleavage but also induces
high cleavage fidelity (21). The binding of Ca2+ to KpnI
mutant D148E, however, results in a catalytically inactive
complex (Figure 2A and B and Supplementary Figure S1).
Our results show that when a Ca2+ ion is bound to the
D148E mutant, the side chain of H149 becomes more
accessible to DEPC modification than the Ca2+-bound
WT or the Mg2+-bound mutant D148E. We interpret
the DEPC inactivation of mutant D148E by Ca2+ as
mis-positioning of H149, the general base of the HNH
active site (4), such that it cannot activate a nucleophilic
water molecule for the cleavage reaction to occur.
Alternatively, the ordered water molecule that acts as a
nucleophile in the active site might be excluded due to the
increased length of the acidic side chain of D148E when a
Ca2+ ion is bound. Both of these mechanisms of inhibition
have been proposed for other enzymes (35). For example,
in the case of HincII and E. coli ribonuclease H1, it was
observed that Ca2+ coordinates the general base required
for catalysis (36,37). Comparison of the Mg2+versus Ca2+

bound structure of the E. coli phosphoenolpyruvate
carboxykinase revealed that the binding of a Ca2+ ion
results in the exclusion of two water molecules at the
active site (38). The increased accessibility of H149 to
DEPC modification in mutant D148E favors our hypoth-
esis that in D148E KpnI, H149 is mis-positioned such that
it cannot act as a general base to activate the nucleophilic
water molecule for cleavage to occur.

Based on kinetic, structural and/or biochemical studies,
three possible mechanisms have been proposed to explain
promiscuous DNA cleavage by REases. In the case of
EcoRI, it has been shown that an overall increase in
binding affinity of the enzyme to canonical, non-canonical
or non-specific DNA sequence coupled with increased
cleavage rate constants enhances the probability of
cleavage at non-canonical sites (39). Studies with BamHI
and its isochizomer, OkrAI have suggested that a struc-
tural element, the presence of a flexible C-terminal helix
(as seen in BamHI) or its absence (in OkrAI), facilitates
the formation of a non-canonical cleavage competent
complex (40). Our previous studies have shown that
binding of an additional Mg2+ to KpnI induces promiscu-
ous activity (26). Mechanistically, a higher degree of rec-
ognition specificity can be the result of the enzyme’s
discrimination of non-canonical sequences from the ca-
nonical one at the binding, cleavage or both steps. From
the results presented here, it is evident that the high fidelity
variant D148E exhibits reduced binding at non-canonical
sites. The mutant D148E does bind to the substrate
GaTACC at high enzyme concentrations but does not
cut (Figure 3B and C), suggesting that the mutation also
suppresses the catalytic step when a non-canonical sub-
strate is bound. It is possible that the binding of the
second Mg2+ ion required for inducing promiscuous
activity (26,27) is hampered in the mutant. The change
in the Mg2+ activation profile and the binding affinity
toward Mg2+ and Ca2+ (Figure 3A) suggests that
mutation D148E alters the metal ion coordination appar-
atus of the enzyme. Molecular dynamics simulations of
the distances between the metal ions Ca2+ and Mg2+ and
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atoms of active site residues (Figure 4 and Supplementary
Figure S3) agree with this proposition. In a typical one-
metal ion mechanism, both the activation of the water
molecule that becomes the nucleophile (by donating a
proton to an acceptor residue such as a nearby histidine)
and the compensation of the negative charge accumulating
at the leaving group oxygen atom are achieved by the
same metal ion. The leaving group can become protonated
by a second metal-activated water molecule, or directly
coordinated to the metal ion on dissociation of the P-
O30 bond. In either case, the metal ion must move
somewhat from the attacking site to the departure site,
requiring a subtle balance between metal ion mobility
and coordination. Our molecular dynamics simulations
show that the CN of the metal ion increases from 6 to 7
when Ca2+ is bound to mutant D148E. The higher CN
may prevent ion movement, affecting the catalysis. Our
simulation also indicated that mutation D148E introduces
significant changes of the active site pocket and the mode
of Mg2+ ion coordination with respective to the WT con-
formation (Figure 4D and Supplementary Figure S3).
How these changes in the D148E-Mg2+ complex are
related to the reduced specific activity and better discrim-
ination against non-canonical substrates? More detailed
simulations and biochemical experiments will be needed
to investigate this issue.

Although D148E eliminates cleavage activity with Ca2+

and promiscuous activity with Mg2+ and retains similar
affinity to both the metal ions, we have shown previously
that mutating D148 to Gly eliminated KpnI’s cleavage
activity with Mg2+ by preventing the binding of the
metal ion to the active site. The latter mutant showed
lower cleavage activity with non-canonical sites with
Mn2+ and lower ds cleavage activity toward canonical
substrate, leading to the accumulation of nicked inter-
mediates (25). These properties of D148 mutants under-
score the important role of the residue in the plasticity of
the metal ion cofactor selection and the enzyme’s promis-
cuous activity, and suggest a correlation between the
bound metal ion cofactor and promiscuous activity in
KpnI.
It is noteworthy that other residues or motifs outside of

the HNH motif also play a role in the cleavage fidelity and
Ca2+-mediated activity of KpnI. First, mutation of residue
D163 to Ile resulted in the loss of Ca2+-mediated activity
and high cleavage fidelity with Mg2+ (26,27). Second,
mutation in a separate motif ExDxD (E132, D134 and
D136), which is involved in Ca2+ coordination reduced
the Ca2+-mediated cleavage activity of canonical substrate
and Mg2+-mediated promiscuous activity (27). Although
it is known that Ca2+ coordinates with a larger number of
amino acid residues compared with Mg2+due to its larger

Figure 5. Suppressor mutant exhibits comparable DNA-binding affinity. EMSA analyses for the DNA-binding affinity of WT KpnI and mutants.
Different concentrations of WT or KpnI mutants (0–256 nM) were incubated with 1 nM of end-labeled canonical (-GGTACC) oligonucleotide in
binding buffer [20mM Tris–HCl (pH 7.4), 25mM NaCl and 5mM 2-mercaptoethanol] on ice for 15min before loading onto a 8% polyacrylamide
gel. The intensity of the shifted DNA band is expressed as percentage bound.
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atomic radius, structural information is required for a
better insight into the distinct features of different metal
ion-mediated activity in KpnI.
The higher kcat values of mutants D16N and D16N/

D148E (compared with WT and mutant D148E, respect-
ively) indicate that the D16N mutation increases the
turnover of the enzyme. Without an atomic structure or
a reliable structural model of the N-terminus of KpnI, we
are not able to suggest a molecular mechanism of how the
D16N mutation increases the turnover of the enzyme on
its canonical substrate. The higher on rate and lower off

rate of the mutant D16N toward the cognate substrate
suggests that the D16N mutation alters the DNA-
binding interactions. Recent studies with acylphos-
phatases have shown that removal of a salt-bridge near
the active site decreases the activation barrier of the cata-
lytic reaction (41).

To conclude, the present study describes a mutation
that results in altered metal ion coordination and elimin-
ation of promiscuous activity for restriction enzyme KpnI.
Together with our previous studies, we propose that the
plasticity of the KpnI active site for metal ion cofactor is

Figure 6. Binding kinetics to the canonical site. DNA-binding kinetics of WT KpnI and the mutants was assayed by SPR spectroscopy. Biotinylated
oligonucleotide harboring the canonical (-GGTACC-) site was immobilized onto a streptavidin chip. The proteins were passed over the DNA with
restricted flow rates to measure the association and dissociation rates, as described in ‘Materials and Methods’ section. (A) Sensorgrams of WT,
D16N, D148E and D16N/D148E. Graphical representation of the association (B) and dissociation (C) rates of the proteins is shown.

9822 Nucleic Acids Research, 2013, Vol. 41, No. 21

 at C
harité - M

ed. B
ibliothek on M

arch 3, 2014
http://nar.oxfordjournals.org/

D
ow

nloaded from
 

-
to 
http://nar.oxfordjournals.org/
http://nar.oxfordjournals.org/


associated with its promiscuous activity. Substitution(s) of
residues that are involved in co-factor coordination in the
enzymes could be a general strategy to improve the sub-
strate specificity of HNH REases and possibly other HNH
nucleases. Demonstration that spontaneous mutations
distal to the active site of the enzyme influence the rate
of catalysis opens up further avenues for enzyme engin-
eering. Approaches discussed here for the generation of
variant enzymes would thus form the basis for future
studies. The tremendous effect of a single point
mutation on the abolition of non-canonical DNA
cleavage but retention of high sequence specificity empha-
sizes the role of promiscuous activity in divergence of
function while maintaining native interactions.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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9. Biertümpfel,C., Yang,W. and Suck,D. (2007) Crystal structure of
T4 endonuclease VII resolving a Holliday junction. Nature, 449,
616–620.

10. Keeble,A.H., Hemmings,A.M., James,R., Moore,G.R. and
Kleanthous,C. (2002) Multistep binding of transition metals to
the H-N-H endonuclease toxin colicin E9. Biochemistry, 41,
10234–10244.
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