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FThe HNH motif is a small nucleic acid binding and cleavage module,
widespread in metal finger endonucleases in all life kingdoms. Here we
studied a non-specific endonuclease, the nuclease domain of ColE7 (N-
ColE7), to decipher the role of the conserved asparagine and histidine
residues in the HNH motif. We found, using fluorescence resonance energy
transfer (FRET) assays, that the DNA hydrolysis activity of H545 N-ColE7
mutants was completely abolished while activities of N560 and H573
mutants varied from 6.9% to 83.2% of the wild-type activity. The crystal
structures of three N-ColE7 mutants in complex with the inhibitor Im7,
N560A–Im7, N560D–Im7 and H573A–Im7, were determined at a resolution
of 1.9 Å to 2.2 Å. H573 is responsible for metal ion binding in the wild-type
protein, as the zinc ion is still partially associated in the structure of H573A,
suggesting that H573 plays a supportive role in metal binding. Both N560A
and N560D contain a disordered loop in the HNH motif due to the
disruption of the hydrogen bond network surrounding the side-chain of
residue 560, and as a result, the imidazole ring of the general base residue
H545 is tilted slightly and the scissile phosphate is shifted, leading to the
large reductions in hydrolysis activities. These results suggest that the
highly conserved asparagine in the HNH motif, in general, plays a
structural role in constraining the loop in the metal finger structure and
keeping the general base histidine and scissile phosphate in the correct
position for DNA hydrolysis.
© 2007 Published by Elsevier Ltd.
E
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Introduction

The HNHmotif is a small nucleic acid binding and
cleavage module, containing about 30 to 40 amino
acid residues and bound with a single divalent
metal ion. This motif was first identified based on
the sequence similarity among several intron-
encoded homing endonucleases and bacterial
toxins.1,2 HNH stands for the three most conserved
histidine and asparagine residues in the degenerate
motif with less than a dozen of consensus amino
acids. To date, more than 1000 proteins containing
an HNH motif have been identified in all life
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kingdoms of the prokaryotes, archaea and eukar-
yotes (see the HNH endonuclease domain in Pfam
Protein Families database3).
The biggest subgroup of HNH proteins with

known functions are the site-specific group I and
group II homing endonucleases, including PetD,4

Avi,5 Cpc,5 I-TevIII,6 I-HmuI,7,8 yosQ,9 ORF253,10

I-CmoeI,11 I-TwoI12 and I-BasI.13 A group of
bacterial toxins with non-specific endonuclease
activity represent another prototype sub-group of
HNH proteins, including the colicins, ColE714 and
ColE9,15 and the pyocins, S1 and S2.16,17 The HNH
motif has also been identified in restriction or repair
enzymes, such asMcrA,18 mtMSH,19 KpnI,20 MnlI,21

Hin4II22 and HphI.23 In eukaryotes, most HNH
proteins have unknown functions, but the HNH
motifs are often found in proteins bearing helicase or
reverse transcriptase domains.24–26 Figure 1 shows
the sequence alignment of a number of representa-
paragine in the HNHMotif Serves an Important Structural Role
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Figure 1. Sequence alignment of HNH proteins. The amino acid sequences of the HNH motifs in several
representative proteins are aligned and these proteins are classified into four sub-groups: bacteriacin, homing
endonuclease, restriction or repair enzyme and putative helicase or reverse transcriptase. Relative amino acid
probabilities at each position are listed on the top of the aligned sequences, based on the analysis of 922 HNH protein
sequences in the Pfam database.48 The secondary structure derived from the crystal structure of ColE728 and the
consensus sequence of the HNH motif are also listed on the top of the aligned sequence. The three most conserved
histidine (blue) and asparagine (red) residues standing for the HNH are highlighted in color. The mutation points in this
study, at H545, N560 and H573 in ColE7, are marked at the bottom line of the aligned sequences.
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tive HNHproteins, classified into four sub-groups of
bacterial toxin, homing endonuclease, restriction or
repair enzyme and putative helicase or reverse
transcriptase.
The three-dimensional structure of an HNH motif

was first revealed in the crystal structure analysis of
the nuclease domain of ColE7 (referred to as N-
ColE7 hereinafter) in complex with its inhibitor
Im7.27 Subsequently, the crystal structures of several
HNH proteins in complex with DNA duplexes have
been determined, including N-ColE7 in complex
with an 8 bp,28 a 12 bp29 and an 18 bp DNA,30 the
nuclease domain of ColE9 in complex with an 8 bp
DNA31 and the homing endonuclease I-HmuI in
complex with a cleaved 25 bp DNA.32 The HNH
motifs in these structures all fold into a similar
conformation, containing two antiparallel β-strands,
one α-helix and a divalent metal ion bound in the
center (see Figure 2). This type of “ββα-metal fold”
has been observed in a number of endonucleases,
including the homing endonuclease I-PpoI,33 Serratia
nuclease,34 phage T4 Endo VII,35 Vvn36 and CAD37,
and is a general structure of the endonuclease active
site38–40.
Different metal ions are associated with the HNH

motif as the cofactor for DNA hydrolysis. Those
proteins containing an H-N-N rather than the HNH
consensus sequence are often activated by Mg2+,
such as I-HmuI. The Mg2+ in the HNH/Nmotif of I-
HmuI is bound to six coordinated groups in an
octahedral geometry: D74, N96, the cleaved DNA 5′-
Please cite this article as: Huang, H. & Yuan, H. S., The Conserved As
in Metal Finger Endonucleases, J. Mol. Biol. (2007), doi:10.1016/j.jm
TEphosphate group, the 3′-hydroxyl leaving group,
and two water molecules (PDB entry 1U3E). On the
contrary, some HNH proteins are bound to a Zn2+,
such as ColE7 in which the zinc ion is bound to three
histidine residues (H544, H569 and H573) and the
scissile phosphate in a tetrahedral geometry41 (see
Figure 2). Since metal ions are always bound to the
scissile phosphate, it has been concluded that the
divalent metal ion in the HNH motif serves three
roles during hydrolysis: polarization of the P–O
bond for nucleophilic attack, stabilization of the
phospho anion transition state and stabilization of
the cleaved product.29 H544 and H569 in ColE7
geometrically match well with D74 and N96 in
I-HmuI, all responsible for metal ion binding.
However, the most conserved residues in the

HNHmotif of ColE7 are H545 and N560, but not the
metal ion binding residues of H544 and H569. H545
is strictly conserved in the HNH motif because it
functions as the general base, which activates a
water molecule for DNA hydrolysis. N560 is the
second most conserved residue in the HNH motif,
located in the loop between two β-strands and far
away from the endonuclease active site and the
protein–DNA interface. It was therefore intriguing
why N560 is so conserved in all of the HNH
proteins, since it can be neither a catalytic residue,
nor responsible for DNA interactions. The side-
chain of N560 forms a hydrogen bond network with
the main-chain atoms in the loop region in the HNH
motif. The side-chain of the general baseH545makes
paragine in the HNHMotif Serves an Important Structural Role
b.2007.02.044
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Figure 2. Structures of HNH motif in I-HmuI and ColE7. (a) The HNH motif in I-HmuI contains two β-strands and
one α-helix folded in a ββα-metal structure with a Mg2+ bound in an octahedral geometry in the center. The most
conserved histidine (H75) and asparagine (N87) are located at the loop region between the two β-strands. The magnesium
ion is bound to D74, N96, the cleaved DNA 5′-phosphate group, the 3′-hydroxyl leaving group, and two water molecules
(PDB entry 1U3E). Two nucleotide fragments of the 25 bp DNA are shown as a stick model. (b) The HNH motif in ColE7
folds into a ββα-metal structure with a Zn2+ bound in a tetrahedral geometry in the active site. The zinc ion is bound to
three histidine side-chains, H544, H569 and H573, and a phosphate ion (PDB entry 1MZ8). The most conserved H545 and
N560 are located at the loop region.
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a hydrogen bond to the main-chain carbonyl atom of
V555 in the loop. Therefore it was suspected that the
N560 is involved in constraining the loop structure,
and in turn holding the general base residue in an
appropriate position for hydrolysis.41,42

Here we have used the ColE7 as the model system
to decipher the role of conserved residues in the
HNH motif in DNA binding and hydrolysis. We
mutated several conserved residues, including H545
(general base), H573 (metal ion binding), and N560
(function unclear), and measured the endonuclease
activity of these mutants by the fluorescence
resonance energy transfer (FRET) method. More-
over, the crystal structures of three mutants in
complex with inhibitor Im7, H573A–Im7, N560A–
Im7 and N560D–Im7, were determined at a resolu-
tion of 1.9 Å to 2.2 Å. Upon consideration of both the
biochemical and structural results, we suggest that
the conserved asparagine plays important structural
roles in the HNH motif not only in restraining the
loop structure but also in maintaining the precise
location of the general base histidine.

Results

Mutations at H545, N560 and H573 interrupt
ColE7 endonuclease activity

We had constructed five N-ColE7 mutants, H545A,
H545E, H545Q, H573E and H573A, and found that
Please cite this article as: Huang, H. & Yuan, H. S., The Conserved As
in Metal Finger Endonucleases, J. Mol. Biol. (2007), doi:10.1016/j.jm
TEthe mutation of the general base residue H545 or
the metal-ion-binding residue H573 abolished or
reduced the endonuclease activity of N-ColE7 by
plasmid digestion assays.29 Besides these five
mutants, here we constructed a further five more
N560 and H573 mutants: N560A, N560D, N560H,
H573N and H573Q. Altogether, the ten single-point
mutants and the wild-type N-ColE7 were
expressed and purified, respectively. The overall
structure of each mutant was then assayed by CD,
which gave a similar spectrum as compared to that
of the wild-type N-ColE7, indicating that the
overall fold of each mutant was unchanged (data
not shown). The melting points for thermal
denaturation of these proteins were further ana-
lyzed by CD (see Figure 3). The wild-type N-ColE7,
and the H545 mutants and N560 mutants, had a
melting point of ∼81 °C, suggesting that the
mutation did not change the overall structure nor
the thermal stability of the protein. However, all of
the H573 mutants had lower melting points in the
range of 73 °C–77 °C. Since H573 is responsible for
metal ion binding, the lower melting points are
likely resulted from the reduced metal binding
ability (see Discussion).
To obtain a quantitative estimate, the endonu-

clease activities of each N-ColE7 mutant was
measured by the FRETmethod using a 16 nucleotide
single-stranded DNA, bound to a fluorophore at the
5′ end and a quencher at the 3′ end, as the substrate.
The cleavage of the DNA by N-ColE7 abolishes the
paragine in the HNHMotif Serves an Important Structural Role
b.2007.02.044
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Figure 3. The melting points of
the wild-type andmutatedN-ColE7
analyzed by circular dichroism.
Thermal denaturation experiments
were performed at a wavelength of
222 nm with each protein sample
first dialyzed with ZnCl2 and then
concentrated to 0.1 mg/ml in
10 mM Tris–HCl (pH 8.0). The
melting points of wild-type and
mutated N-ColE7 derived from
three measurements are listed in
the right panel.
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Table 2 t2:1. Diffraction and refinement statistics for N-ColE7
mutants in complex with Im7 t2:2

t2:3N560A-Im7 N560D-Im7 H573A-Im7

t2:4Data collection and procession
t2:5Space group P21212 P21212 I222
t2:6Cell dimensions (Å) a=119.2 a=120.0 a=63.1
t2:7b=62.7 b=62.9 b=74.4
t2:8c=74.8 c=74.2 c=119.6
t2:9Resolution (Å) 2.2 2.0 1.9
t2:10Observed

reflections
194,023 871,615 138,124

t2:11Unique reflections 29,109 35,931 21,837
t2:12Completeness-

all data (%)
99.9

(40.0–2.2 Å)
92.5

(50.0–2.0 Å)
97.4

(50.0–1.9 Å)
t2:13Completeness-

last shell (%)
100.0

(2.28–2.20 Å)
89.6

(2.10–2.03 Å)
86.1

(1.98–1.91 Å)
t2:14Rsym- all data (%)a 7.1 5.1 3.9
t2:15Rsym- last shell (%)a 38.5 35.4 26.9
t2:16I/σ(I), all data 27.1 21.4 39.2
OR
RE

fluorescence quenching and results in the in-
creased fluorescence emission intensity so that
the kinetics data of Km and kcat can be derived.
As expected, H545A and H545E had no measur-
able endonuclease activity whereas H545Q had
low (11.38%) activity as compared to the wild-type
enzyme (see Table 1). H573A and H573E showed
reduced cleavage efficiencies of 30.92% and 83.24%
of the wild-type enzyme, respectively. The Km
values of these two H573 mutants were close to
that of the wild-type enzyme, indicating that the
different catalytic activities did not result from
reduced binding affinity to the DNA substrate. The
three N560 mutants also cleaved DNA with re-
duced activities, 23.76% for N560A, 6.93% for
N560D and 27.08% for N560H, although they still
bound DNA with a similar affinity to the wild-
type protein. In summary, the mutations at H545
and N560 did not change the protein's overall
structure or thermal stability but did abolish or
greatly reduce the endonuclease activity. The mu-
tations at H573 lowered the thermal stability of the
protein and reduced the endonuclease activity of
N-ColE7.

Crystal structure of ColE7 mutants- N560A and
N560D

To determine the structural basis of the reduced
enzyme activity, we attempted to crystallize the
three N560 mutants in complex with Im7, N560A–
Im7, N560D–Im7 and N560H–Im7, for detailed
structural determination. Two of the mutant com-
UN
C

Table 1. The endonuclease activities of the wild-type and
mutated nuclease domain of ColE7 measured by FRET
methods

Km (nM) kcat (s
−1) kcat/Km (M−1s−1)

WT 74.9±3.2 0.0045±0.0010 60,600 (100%)
H545A – – ≈ 0 (0%)
H545E – – ≈ 0 (0%)
H545Q 53.3±2.2 0.0003±0.0001 6200 (11.38%)
N560A 52.3±6.0 0.0008±0.0002 14,400 (23.76%)
N560D 95.3±4.8 0.0004±0.0002 4200 (6.93%)
N560H 20.7±8.2 0.0003±0.0000 16,400 (27.08 %)
H573A 62.4±4.4 0.0012±0.0001 18,700 (30.92%)
H573E 24.8±5.0 0.0013±0.0001 50,400 (83.24%)

Please cite this article as: Huang, H. & Yuan, H. S., The Conserved As
in Metal Finger Endonucleases, J. Mol. Biol. (2007), doi:10.1016/j.jm
PR
OO

Fplexes, N560A–Im7 and N560D–Im7, were success-
fully crystallized in unit cells isomorphous to the
wild-type phosphate-bound N-ColE7–Im7 com-
plex.41 The crystal structures of N560A–Im7 and
N560D–Im7 were refined to a resolution of 2.2 Å
and 2.0 Å, respectively, with reasonable refinement
and geometry statistics (see Table 2). The omit
difference maps displayed in Figure 4 show clearly
the side-chain density of A560 and D560.
The electron density for the loop between the two

β-strands in the HNH motif was poorly defined in
the crystal structures of N560A–Im7 and N560D–
Im7. Therefore the loop between residues 547 to 554
was not modeled in the structures. As a result, a
t2:17I/σ (I), last shell 5.4 3.0 4.8
t2:18
t2:19Refinement
t2:20Resolution range (Å) 40.0–2.2 50.0–2.0 50.0–1.9
t2:21Reflections 28,439 34,191 22,607
t2:22Non-hydrogen

atoms
t2:23Protein 3363 3327 1659
t2:24Solvent molecules 335 322 195
t2:25R-factor (%)b 20.1 20.6 21.1
t2:26Rfree (%) 25.0 25.0 25.2
t2:27
t2:28Model quality
t2:29RMS deviations in
t2:30Bond lengths (Å) 0.007 0.007 0.006
t2:31Bond angles (deg.) 1.12 1.22 1.08

a Rsym=∑hkl∑i | Ii(hkl)−<I(hkl)> | / Ii(hkl). t2:32
b R-factor=∑hkl || Fo(hkl) |−| Fc(hkl) || / Σhkl Fo(hkl). t2:33

paragine in the HNHMotif Serves an Important Structural Role
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number of hydrogen bonds in the loop region were
lost in the mutants as compared to the wild-type N-
ColE7 (see Figure 5). In the wild-type enzyme, the
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side-chain of N560 makes a hydrogen bond network
to the peptide backbone atoms in the loop, the Nδ2

atom making two hydrogen bonds with the carbo-
nyl groups of G554 and K547, and the Oδ1 atom
making two hydrogen bonds with the amino groups
of K547 and E546. In the N560A–Im7 structure, the
side-chain of A560 cannot make any hydrogen bond
to stabilize the loop structure. In the N560D–Im7
structure, the side-chain of D560 swung out of the
loop region and did not make any hydrogen bonds
with the loop backbone atoms either. Because of the
disruption of the hydrogen bond network surround-
ing the side-chain of residue 560, half of the loopwas
disordered and not seen in the N560A and N560D
mutants.
The general base residue H545 makes a hydrogen

bond to the carbonyl group of the loop residue
V555 in the wild-type N-ColE7.41 It was expected
that this hydrogen bond would be disrupted by the
mutation at N560 due to the disordered loop
structure. However, to our surprise, this hydrogen
bond was maintained in the structures of N560A–
Im7 and N560D–Im7. Therefore, the imidazole ring
of H545 was still polarized by the carbonyl group
of Val555, and was probably still capable of
functioning as a general base to activate a water
molecule for the nucleophilic attack on the scissile
phosphate.

Crystal structure of ColE7 mutant H573A

To examine the structural basis for the reduced
endonuclease activity of H573 mutants we also
purified H573 mutants in complex with Im7 for
structural studies. All of the purified protein
complexes were first dialyzed with ZnCl2 before
protein concentration and crystallization. Only
H573A–Im7 was successfully crystallized in the
I222 unit cell, isomorphous to that of the wild-
type zinc-bound N-ColE7.27 The structure of
H573A–Im7 was refined to a resolution of 1.9 Å
with reasonable statistics as listed in Table 2. The
final model of H573A contained residues 449 to
572, without visible electron density after residue
A573. The omit difference map surrounding the
metal ion binding site is shown in Figure 4(c). A
zinc ion was bound to three ligands, H544 and
H569 and a water molecule, whereas the fourth
ligand was not present in the map. Compared to
the peak height of 9σ in the N560A–Im7 structure
and 12σ in the N560D–Im7 structure, the zinc ion
in the H573A–Im7 had a peak height of only 5σ
Figure 4. The omit difference (Fo-Fc) maps of N560A–
Im7, N560D–Im7 and H573A–Im7 at the mutation site. (a)
The N560A map contoured at 3σ shows the short side-
chain density of A560. (b) In N560D, the side-chain of
D560 swings out of the loop and points outwards (map
contoured at 3σ). (c) In H573A, the electron density for the
mutated residue A573 is not seen in the difference map
(contoured at 3σ). A zinc ion is located in the active site
and binds to H544, H569 and a water molecule.

paragine in the HNHMotif Serves an Important Structural Role
b.2007.02.044
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Figure 5. The hydrogen bond networks in the loop
region of the HNH motif in N-ColE7. (a) In the wild-type
N-ColE7–Im7, the side-chain of N560 makes four hydro-
gen bonds to the backbone atoms to constrain a well
ordered loop structure. For clarity, only the side-chain
atoms of H545 and N560 are shown with the loop
backbone atoms. Hydrogen bonds are shown in yellow
dotted lines. (b) In the N560A–Im7, the hydrogen bond
network surrounding residue 560 is disrupted due to the
replacement of N560 to Ala. As a result, half of the loop is
disordered (as shown in broken grey sticks). (c) In the
N560D–Im7, the side-chain of D560 swings out of the loop
region and does not make hydrogen bonds to the
backbone atoms in the loop. Half of the loop is disordered
without a defined structure.
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in the 2Fo–Fc Fourier map, indicating that with-
out the metal-binding residue of H573, the zinc
ion did still bind to the mutant but with a lower
occupancy.
Please cite this article as: Huang, H. & Yuan, H. S., The Conserved As
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Discussion

H573 is responsible but not crucial for metal ion
binding in ColE7

H573, together with H544 and H569, is respon-
sible for Zn2+ binding in the HNHmotif of N-ColE7.
The H573 mutants, H573A and H573E, have de-
creased endonuclease activities and melting points
of 73.3(±0.1) °C for H573A and 76.8(±0.2) °C for
H573E. The zinc-bound wild-type N-ColE7 has a
melting point of 80.8(±0.8) °C and the apo-N-ColE7
has a melting point of 74.3(±0.7) °C.29 Therefore, we
had suspected that the zinc ion was not bound in
H573A and H573E. We therefore further mutated
H573 to Asn or Gln, which contains an amide group
supposedly capable of metal ion binding. However,
the melting points for H573N and H573Q were still
close to that of the apo-enzyme, indicating that
neither N573 nor Q573 bind zinc ions.
To find out if the zinc was still able to bind to the

H573 mutants, we determined the crystal structure
of H573A–Im7 complex. We found that the zinc ion
was still bound in the HNH motif of the N560A
mutant but the peak height was reduced from ∼12σ
(N560D) and ∼9σ (N560A) to ∼5σ (H573A),
indicating that the zinc could bind but with lower
occupancy. The zinc-binding capability of the mu-
tant seems to be correlated to the enzyme activity.
H573E has the highest melting point and also the
highest enzyme activity among the H573 mutants.
Therefore, we conclude that the divalent metal ion is
required for the endonuclease activity, and that
H573 plays a supportive role for metal ion binding
in the HNHmotif of N-ColE7. With fewer metal ions
bound at the active site, H573 mutants are less active
than the wild-type enzyme.

N560 plays a structural role in the HNH motif

In contrast to the H573 mutants, all of the N560
mutants, including N560A, N560D and N560H, had
a melting point of ∼81 °C, close to that of the wild-
type N-ColE7, indicating that all of these mutants
fold as well as the wild-type protein. However, all of
the N560 mutants had reduced endonuclease
activities, ranging from 6.93% to 27.08%, indicating
that the conserved asparagine in the HNH motif
plays an important role in DNA hydrolysis. Since
they all fold well and bind to DNA with high
affinity, it was intriguing why these mutants have
low endonuclease activity. The crystal structures of
N560A–Im7 and N560D–Im7 reveal a disordered
loop in the HNH motif due to the disruption of the
hydrogen-bond network surrounding the N560
side-chain. Therefore, N560 plays an important
role in retention the loop structure in the HNH
motif.
The loop is located remotely from the endonu-

clease active site or protein–DNA interface, hence it
was difficult to explain how a disordered loop led to
the decreased endonuclease activity. A previous
paragine in the HNHMotif Serves an Important Structural Role
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steady-state and pre-steady-state cleavage experi-
ments demonstrated that the DNA hydrolysis
reaction catalyzed by the non-specific Serratia
nuclease was not limited by the product dissocia-
tion step but by the association step or the chemical
cleavage of the phosphodiester bnd.43 Serratia
nuclease, similar to ColE7, is a member of ββα-
metal nucleases as a result, ColE7 likely cleaves
DNA in a way similar to that of Serratia nuclease.
We therefore looked into the residues that are
involved in the possible rate-limiting step of
phosphate binding and cleavage in ColE7. We
found that the general base residue H545 makes a
hydrogen bond with the carbonyl group of V555 in
the loop region in the wild-type N-ColE7, and this
hydrogen bond is still retained in the N560A and
N560D mutants. But a closer examination by
superimposition of the HNH motif in the wild-
type and N560 mutants shows that the imidazole
ring of H545 is tilted, and as a result, the phosphate,
which mimics the scissile phosphate in DNA, is
shifted (see Figure 6). The Nδ1 atom in the imidazole
ring is shifted by 0.63 Å in N560A and 0.75 Å in
N560D mutant compared to that of wild-type
protein. The average root-mean-square differences
between wild-type N-ColE7 and N560A/N560D
mutants are only 0.131/0.330 Å for main-chain
atoms and 0.207/0.347 Å for side-chain atoms.
Therefore, the displacement of the general base
residue of ∼0.6 Å to 0.7 Å is significant. Moreover,
the distance between H545 Nδ1 atom to the
phosphate oxygen atom is 2.41 Å in the wild-type
UN
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EC

Figure 6. Stereo views of the superposition of the HNH m
(in pink). Only the backbone atoms in the HNHmotif were use
in the N560D mutant, and as a result, the side-chain of H545
shifted. The distance between H545 Nδ1 atom to the phosphate
to 3.72 Å in the N560D mutant. This result indicates that the
structure and in turn changes the orientation of the imida
responsible for the reduced endonuclease activity.
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enzyme, 2.90 Å in N560A mutant and 3.72 Å in the
N560D mutant (see Figure 6). Therefore, the
disruption of the endonuclease activities observed
for N560A and N560D is possibly due to the
misalignment of the scissile phosphate of the
DNA substrate. The longer the Nδ1–O distances
resulted in greater reduction of endonuclease
activity: 100% for wild-type, 23.76% for N560A
and only 6.93% for N560D of endonuclease activity.
It has been shown that the scissile phosphate of a

specific DNA site has to be bound at a precise
location close to the active site of restriction enzymes
for efficient cleavage.44 In those cases, where a non-
specific DNA site is bound to a restriction enzyme,
the DNA is not cleaved because the scissile
phosphate is located too far away from the active
site.45 We also showed that N-ColE7 cleaves DNA
with a preference for making nicks after thymine
because the scissile phosphate moves closer to the
endonuclease active site.30 Another example from
the study with the Klenow fragment of Escherichia
coli DNA polymerase I have shown that the move-
ment of the scissile bond by only 0.6 Å from the
native position substantially reduces the exonu-
clease activity.46 Here we show one more example of
surrounding residues fine-tuning the geometry of a
set of catalytic residues for precise substrate binding
and hydrolysis. We conclude that the N560 plays a
structural role to restrain the loop structure in the
HNH motif and in turn it restrains the precise
location and orientation of the general base H545 for
DNA binding and efficient DNA hydrolysis.
T

otif in the wild-type N-ColE7 (in grey) and N560D mutant
d for the least-squares fitting. Half of the loop is disordered
is tilted and the phosphate ion bound in the active site is
oxygen atom changes from 2.41 Å in the wild-type enzyme
replacement of N560 in the HNH motif disturbs the loop
zole ring of the general base histidine (H545), which is

paragine in the HNHMotif Serves an Important Structural Role
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Methods

Cloning, protein expression and purification

The expression vectors pQE-70 (QIAGEN), containing a
6-histidine affinity tag at the C terminus of the cloning site,
were used to express wild-type N-ColE7 and Im7 hetero-
dimer in E. coli M15 cells. The N-ColE7 mutants, H545A,
H545E, H545Q, N560A, N560D, N560H, H573A, H573E,
H573N and H573Q were constructed using the Quick-
Change™ Site-Directed Mutagenesis Kit (Stratagene), and
were expressed with Im7 and purified in the same manner
as that of wide-type N-ColE7. The free-form of the wild-
type and mutated N-ColE7 were then separated from Im7
and purified by methods described.47 The molecular mass
of each mutant was measured by mass spectroscopy and
the measured molecular weight matched well with the
calculated weights (data not shown).

CD measurements

Before melting point measurements, all the proteins
were treated with Chelex 100 resin (Bio-Rad) and EDTA to
remove any associated metal ions using the method
described.29 The metal-free N-ColE7 was then dialyzed
against 1 mMZnCl2 (99.999%) in 10mMTris–HCl (pH 8.0)
at 4 °C overnight. The metal-treated N-ColE7 was then
dialyzed against 10mMTris–HCl buffer (pH 8.0) with four
separate changes of buffer independently. The melting
point of each zinc-bound protein sample was measured
three times by circular dichroism. Thermal denaturation
experiments were performed in 10 mm cuvettes at a
wavelength of 222 nm on a Jasco J720 spectropolarimeter.
The protein concentrations used for all measurements
were 0.1 mg/ml in 10 mM Tris–HCl (pH8.0). The
temperature was increased from 25 °C to 95 °C at a rate
of 50 °C/h. The transition curve (Tm) was fitted to a two-
state unfolding model.

Endonuclease activity measured by the FRET method

The 16 nuclotide single-stranded DNA substrate was
labeled with fluorogenic material FAM (6-carboxyl-fluor-
escein) at the 5′ end and TAMRA (6-carboxyl-tetramethyl-
rhodamine) at the 3′ end (Biotech, Taiwan): FAM-5′-
CTGTCGCTACCTGTGG-3′-TAMRA. The wild-type or
mutated zinc-bound N-ColE7 was then mixed with the
annealed fluorogenic DNA in buffers of 10 mM Tris–HCl
(pH8.0) and 1 mM MgCl2 at 25 °C. With an excitation
frequency of 515 nm, the increased fluorescence emission
intensity at 486 nm, resulting from DNA cleavage, was
measured on a fluorescence plate reader (PerkinElmer
1420 Victor2 multi-label counter) over a period of 200 s at
25 °C. The protein concentration used in the measurement
was fixed at 10 nM with varied DNA concentrations of 7,
14, 35, 70, 140, 280 and 700 nM. The FRET measurement of
each protein was repeated for at least three times and the
resultant kinetic data of Km and kcat are summarized in
Table 1.

Crystallization and data collection

Before crystallization, the purified N-ColE7 mutant
complexes of N560A–Im7, N560D–Im7 and H573A–Im7
were dialyzed against 1 mM ZnCl2 to make sure that the
active site contained a Zn ion. Crystals of N560A–Im7
Please cite this article as: Huang, H. & Yuan, H. S., The Conserved As
in Metal Finger Endonucleases, J. Mol. Biol. (2007), doi:10.1016/j.jm
TE
D P

RO
OF

were grown by hanging drop vapor-diffusion method at
4 °C against a reservoir containing 20% (w/v) polyethy-
lene glycol monomethyl ether 2000, 0.2 M ammonium
sulfate, and 0.1 M sodium acetate trihydrate (pH 4.6).
Crystals of N560D–Im7 and H573A–Im7 complexes were
also grown by hanging drop vapor-diffusion method at
room temperature with a reservoir of 20% (w/v) PEG3350
and 0.1 M di-ammonium hydrogen citrate for N560D–
Im7; and 20% PEG3350 and 0.2 M di-ammonium hydro-
gen citrate for H573A–Im7.
All crystals were flash cooled in liquid nitrogen before

data collection. The diffraction data of N560A–Im7 were
collected by a R-AXIS-IV imaging plate using Micro-
Max007 X-ray generator. Diffraction data of N560D–Im7
and H573A–Im7 were collected using synchrotron X-ray
radiation by the ADSC Quantum-315 CCD detector at
SPXF beamline BL13B1 at NSRRC (Taiwan, ROC), and by
the Quantum 315 CCD detector at the BL12B2 in SPring-8,
Japan, respectively. These mutant complex crystals
diffracted X-ray to a resolution of 1.9 Å–2.2 Å. All the
diffraction statistics are listed in Table 2.

Structural determination and refinement

N560A–Im7 and N560D–Im7 were crystallized in an
isomorphous P21212 unit cell of the phosphate-bound N-
ColE7–Im7.41 H573A–Im7 was crystallized in an isomor-
phous I222 unit cell of the wild-type zinc-bound N-ColE7–
Im7.27 Therefore these two structures (PDB entry of 1MZ8
and 7CEI) were used as the starting models for structural
refinement by the program CNS. Metal ions and phos-
phate ions were added into the model before the last cycle
of refinement. The final refinement statistics are listed in
Table 2.

Protein Data Bank accession codes

Structural coordinates and diffraction structure factors
have been deposited in the RCSB Protein Data Bank with
ID codes of 2JBG for N560A–Im7, 2JAZ for N560D–Im7
and 2JB0 for H573A–Im7.
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