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The Crystal Structure of the Nuclease Domain of
Colicin E7 Suggests a Mechanism for Binding to
Double-stranded DNA by the H—-N-H Endonucleases

Yi-Sheng Cheng'{, Kuo-Chiang Hsia'f, Lyudmila G. Doudeva'
Kin-Fu Chak? and Hanna S. Yuan'*

The bacterial toxin ColE7 contains an H-N-H endonuclease domain
(nuclease ColE7) that digests cellular DNA or RNA non-specifically in
target cells, leading to cell death. In the host cell, protein Im7 forms a
complex with ColE7 to inhibit its nuclease activity. Here, we present the
crystal structure of the unbound nuclease ColE7 at a resolution of 2.1 A.
Structural comparison between the unbound and bound nuclease ColE7
in complex with Im7, suggests that Im7 is not an allosteric inhibitor that
induces backbone conformational changes in nuclease ColE7, but rather
one that inhibits by blocking the substrate-binding site. There were two
nuclease ColE7 molecules in the P1 unit cell in crystals and they appeared
as a dimer related to each other by a non-crystallographic dyad symmetry.
Gel-filtration and cross-linking experiments confirmed that nuclease
ColE? indeed formed dimers in solution and that the dimeric conformation
was more favored in the presence of double-stranded DNA. Structural com-
parison of nuclease ColE7 with the His-Cys box homing endonuclease I-Ppol
further demonstrated that H-N-H motifs in dimeric nuclease ColE7 were
oriented in a manner very similar to that of the BBa-fold of the active sites
found in dimeric I-Ppol. A mechanism for the binding of double-stranded
DNA by dimeric H-N—-H nuclease ColE7 is suggested.
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Introduction

Many endonucleases are homodimeric enzymes
that recognize and cleave palindromic or non-palin-

dromic sequences of double-stranded DNA,
examples include type II restriction endo-
nucleases,'> homing endonucleases,* topo-

isomerases™® and recombinases.””® The advantages
of dimeric enzymes in DNA recognition and
cleavage are as follows: palindromic DNA has a
2-fold symmetry, which can be “read” proficiently
by a homodimeric protein with an identical 2-fold
symmetry, as demonstrated by the early research in
the helix-turn-helix (H-T-H) family of DNA-binding
proteins.'’~'* Furthermore, each of the monomeric
subunits of an endonuclease contains a single active
site for hydrolysis, therefore dimeric endonucleases

T These two authors contributed equally to this work.

Abbreviations used: ColE7, colicin E7.
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can make two nicks and cleave double-stranded
DNA efficiently, resulting in blunt ends or overhangs
of DNA products, depending on the relative orien-
tation and distance of the two active sites."

Here, we show that protein colicin E7 (ColE7)
can dimerize and it may be another example of a
dimeric endonuclease that cleaves double-stranded
DNA. ColE7 is a non-specific endonuclease classi-
fied as one of the Escherichia coli secretary toxins
that are released under stress conditions to kill
other related bacteria."*~'” After ColE7 enters target
cells with the help of its receptor-binding domain
and membrane translocation domain, it hydrolyzes
cellular DNA and RNA non-specifically, using its
nuclease domain, leading to cell death. In order to
protect the host cell from the cytotoxic nuclease
activity of ColE7, an immunity protein, Im7, is
co-expressed with ColE7 to inhibit the nuclease
activity of ColE7 in host cells. It has been shown
recently, that ColE7 and Im7 are secreted from the
host cell as a heterodimeric complex; however,
ColE7 is processed in the periplasm with only the
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nuclease domain of ColE7 (referred to as nuclease
ColE?) traversing the inner membrane and reach-
ing the cytoplasm of target bacterial cells.'®"

The C-terminal domain of nuclease ColE7 contains
a 30 amino acid residue H-N-H motif, which has
been identified in numerous endonucleases, includ-
ing homing endonucleases: I-Hmu1,*°~** I-Hmu I1,**
IF-Hmulll,? I-TevIlll” I1-Cmoel? RF253,> yosQ,*
Avi” Cpc? PetD® I-SecV,® I-SecVI» I-Llal?
I-Two,*' bacteria toxins: ColE2,"* ColE7,'> ColES8,"
ColE9," S1, S2,** and repair or restriction enzymes:
McrA* and MutS.* Therefore, it is possible that the
DNA recognition and hydrolysis mechanism
mediated by nuclease ColE7 may apply to other
H-N-H family proteins. Crystal structures of nucle-
ase ColE7/Im7* and the highly homologous
nuclease ColE9/Im9¥ showed that the H-N-H
motif has a topology similar to that of a zinc finger
motif® or treble clef finger motif,” containing two
B-strands and one a-helix linked together by a diva-
lent metal ion. Enzymological characterization of
ColE9 has revealed that the cleavage of DNA pro-
duced 3'-hydroxyl and 5-phosphate termini, with
the enzyme preferring to make nicks at thymine
bases in double-stranded DNA.* Extensive studies
on metal-dependence activities*****°~* for H-N-H
proteins have been done; however, the roles of tran-
sition metal or alkaline earth metal ions in DNA
hydrolysis are still matters for discussion.

The crystal structures of Im7* and the nuclease
domain of ColE7 (or ColE9) in complex with Im7
(or Im9)***” provide a clear picture of how an
inhibitor protein binds to a colicin. Since the
nuclease active site in the H-N—-H motif of ColE7
is not covered by the inhibitor directly, it was
proposed that either the inhibitor blocks the DNA-
binding site or inhibitor binding induces confor-
mational changes in colicins.’**** In order to better
understand the recognition process between
H-N-H proteins and DNA, as well as to deter-
mine if there are structural changes in nuclease
ColE7 after inhibitor binding, we analyzed the
crystal structure of the unbound nuclease ColE7 at
a resolution of 2.1 A. The crystal structure of
nuclease ColE7 reveals that there is no allosteric
effect induced by Im7, in that the enzyme retains
its conformation before and after Im7 binding. Bio-
chemical data show that nuclease ColE7 can form
dimers in solution, and the presence of double-
stranded DNA promotes dimer formation. A
mechanism for the recognition of double-stranded
DNA by the H-N-H nuclease ColE7 is proposed
based on the structural comparison between
dimeric nuclease ColE7 and the His—Cys box
homing endonuclease I-Ppol.

Results

Structure determination and overall structure

The crystal structure of the unbound nuclease
ColE7 was solved by molecular replacement using

Figure 1. Three molecules of nuclease domain of ColE7
packed in the P1 unit cell. The two nuclease ColE7
molecules (labeled 1 and 2) in one asymmetric unit are
displayed in blue with only the H-N-H motif in red.
Zinc ions (yellow sphere) and the bound phosphate ions
in the center of the H-N-H motif are represented by
ball-and-stick models. Molecule 3, displayed in green, is
symmetrically identical with molecule 1; however, it
makes different contacts with molecule 2. Molecules 1
and 2 are related by a pseudo 2-fold symmetry (position
roughly labeled as an ellipsoid).

the structure of the bound nuclease ColE7 (bound
with Im7; PDB entry: 7cei) as the searching model.
The final structural model contains two nuclease
ColE7 (residues 446-576), two zinc ions in the
center of each H-N-H motif, and two phosphate
ions that bind directly to the zinc ion. The two
nuclease ColE7 molecules (labeled 1 and 2) in the
asymmetric unit of the P1 unit cell are related to
each other by a non-crystallographic 2-fold sym-
metry and are displayed in blue with only the
H-N-H motifs in red (Figure 1). Molecule 2
makes different contacts with molecule 3 (in green
in Figure 1), which is symmetrically identical with
molecule 1 (moved one unit in the z-direction).
Molecules 2 and 3 are related to each other by a
pseudo 2-fold symmetry.

Comparison between the structures of the
bound and the unbound nuclease ColE7

In order to find out if the structure of nuclease
ColE7 remains the same before and after inhibitor
Im7 binding, we compared the structures of the
bound (PDB entry: 7cei) and the unbound nuclease
ColE?. Before the comparison, the C* backbones of
the two molecules (1 and 2) in the P1 unit cell
were superimposed, giving an rms difference of
only 0.22 A, indicating that the two structures
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Figure 2. Analysis of the oligomeric state of nuclease ColE7 in different solutions by gel-filtration chromatography.
Broken lines represent the elution profiles for molecular mass markers ovalbumin (43 kDa), chymotrypsinogen
(25 kDa) and ribonuclease A (13.7 kDa). The molecular mass of the monomeric nuclease ColE7 is 15,731 Da and that
of the dimeric nuclease ColE7 is 31,462 Da. Continuous lines represent the elution profiles of nuclease ColE7 in (a)
50 mM sodium phosphate (pH 7.0) and 150 mM NaCl; (b) 10 mM ZnCl, and 0.7 M CH;COONH,; and (c) 10 mM

ZnCl, and 1.5 M CH;COONH.,.

were almost identical. Therefore, only one of the
unbound nuclease ColE7 structures (molecule 1)
was used in the following comparison with the
structure of the bound enzyme. The main
difference between the bound and unbound
nuclease ColE7 is that the temperature factors for
the unbound enzyme were much lower than those
of bound enzyme, an average of 27.0 A% for
unbound and 41.2 A” for bound nuclease-ColE7.
Particularly, the long loop in the H-N—-H motif of
bound nuclease ColE7 had higher temperature
factors and became less flexible in the free form.
This loop was in contact with the neighboring
molecule (2) in the unbound structure. Residues
Pro548, Ser550 and GIn551 in the loop were buried
in the protein—protein interface. Thus, the lower
flexibility of the H-N-H motif in the unbound
nuclease ColE7 was likely the result of protein—
protein contacts.

The superimposition of the C* atoms of the
bound and the unbound nuclease ColE7 gave an
average rms difference of 0.62 A. The core regions
of the two structures were almost identical. The
higher rms differences of 2.9-10.9 A are positioned
in a loop region from residues 466 to 472; however,
this loop is located distantly from the Im7-recog-
nition surface in ColE7. In the unbound structure,
this loop makes contacts with the neighboring
molecule (3) and, therefore, the larger shifts
possibly resulted from crystal packing. So, in
summary, the structures of the bound and
unbound nuclease ColE7 are almost identical, and
the binding of Im7 to ColE7 does not induce
obvious backbone conformational changes in
colicin.

Protein—protein interfaces

The protein interfaces between molecules 1
and 2, and between molecules 2 and 3 were

examined closely to determine if they resulted
from crystal packing. We found that the acces-
sible surface area buried in the interface between
molecules 1 and 2 was 558.5 A% and between
molecules 2 and 3 it was 595.9 A* for each mol-
ecule. These values are in the lower range as
compared to the values of 368—-4746 A* of buried
interface in 32 homodimers.** The interface
between molecules 1 and 2 contained 52% polar
atoms and 48% non-polar atoms, so the interface
had a similar chemical character as compared to
the accessible surface of an average protein.”
There were four hydrogen bonds in the interface
(molecules 1 to 2): Asp571 (OD1) to GIn551
(NE2), ILE572 (O) to GIn574 (NHI1), His573
(ND1) to Arg574 (O), and His573 (CEl) to
Argh74 (0). Several hydrophobic
residues, including Pro548, Ile570 and Ile572,
were involved in the interactions. Two H-N-H
motifs were located close to the interface and
the three histidine residues directly bound to
the zinc ion, His544, His569 and His573, were
buried in the interface. On the basis of these
data, it was difficult to make a conclusive state-
ment concerning whether protein—protein inter-
actions between molecules 1 and 2 is genuine or
the result of crystal packing.

The interface between molecules 2 and 3 was
filled with more charged and polar residues.
There are seven hydrogen bonds in the interface
(molecule 2 to molecule 3): Asn462 (OD1) to
GIn532 (NE2), Asn462 (ND2) to GIn532 (OEl),
Lys511 (O) to GIn532 (N), Phe513 (O) to Thr531
(N), Thr531 (N) to Phe513 (O), GIn532 (N) to
Lys511 (O) and GIn532 (OE1) to Lys511 (NZ). Only
a single hydrophobic residue, Phe513, was identi-
fied among the 15 polar or charged residues in the
interface. Therefore, the interactions between
molecules 2 and 3 were likely generated from
crystal packing.
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Figure 3. Glutaraldehyde (GA) cross-linking analysis of nuclease ColE7. (a) Nuclease ColE7 (1 pg) was cross-linked
by >0.05% glutaraldehyde. (b) Nuclease ColE7 (1 ng) was cross-linked by less glutaraldehyde (>0.01%) in the

presence of 27 bp double-stranded DNA (1 pg).

Biochemical characterization of monomer
and dimer

It was unexpected that nuclease ColE7 could
form a dimer, because a previous study using
analytical ultracentrifugation had shown that
nuclease-ColE9 exists only as monomers.”® In
order to clarify the oligomeric state of nuclease
ColE7, we further analyzed nuclease ColE7 by gel-
filtration chromatography and biochemical cross-
linking methods. From gel-filtration experiments,
we found that nuclease ColE7 was indeed a mono-
mer in a low-salt buffer (150 mM NaCl) in the
absence of metal ions (Figure 2(a)); however,
nuclease ColE7 shifted to a dimer in buffers with
higher concentrations of salt in the presence of
10 mM ZnCl, (see Figures 2(b) and 3(c)). Nuclease
ColE7 samples in similar conditions were assayed
by analytical ultracentrifugation (data not shown);
however, only monomeric protein was detected.

Cross-linking experiments further identified the
dimeric conformation of nuclease ColE7 in a low-
salt buffer. Figure 3 shows that nuclease ColE7
was cross-linked by >0.05% (v/v) glutaraldehyde.
In the presence of a 27 bp double-stranded DNA,
nuclease ColE7 was cross-linked by less glutar-
aldehyde (>0.01%). This result indicated that

nuclease ColE7 formed dimers in solution, and the
presence of double-stranded DNA promoted
dimer formation.

Discussion

Hydrolysis of a phosphodiester bond requires
three general function entities in the active site: a
general base to activate a nucleophile; a Lewis
acid to stabilize the phosphoanion transition state;
and a general acid to protonate the leaving
group.” Therefore, some endonucleases share no
sequence homology or overall structural
resemblance, but have a similar active site. One
example is the similarity observed in a small
region between the homing endonuclease I-Ppol,
Serratia nuclease, phage T4 endonuclease VII
(Endo VII) and nuclease ColE7/ColE9.*~>" I-Ppo1
is a His—Cys box homing endonuclease that site-
specifically cleaves a 14bp pseudo-palindromic
homing site to yield 3" overhangs of four
nucleotides.” Serratia nuclease is similar to
nuclease ColE7, in that it is a non-specific endo-
nuclease that cleaves both single-stranded and
double-stranded DNA and RNA without apparent
base preference.”® Endo VII is more different in
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1-Ppol

Serratia nuclease Endo VII

that it recognizes a variety of branched and single-
base mismatched DNA and cleaves Holliday
junctions, cruciform DNA, Y-unctions, single-
stranded overhangs, and abasic sites.”* Although
these nucleases are different in many aspects, their
active-site regions all consist of two B-strands and
one o-helix linked by a divalent metal ion. The
overall crystal structures of these nucleases are dis-
played in Figure 4 with the common BRa-metal
fold colored in red.

As well as the structural similarity in the active-
site region, I-Ppol, Serratia nuclease and Endo VII
are all dimeric enzymes. The crystal structure of
I-Ppol in complex with DNA demonstrates at the
atomic level how this enzyme works.”>*" I-Ppol
has an elongated fold with a concave surface to
bind and cleave DNA at the minor groove of its
homing site. The two active sites in the dimeric
I-Ppol are about 20 A apart, therefore in order to
place the two farthest away scissile phosphate
groups near the active sites, the DNA is bent by
approximately 50°. The two active sites in dimeric
Endo VII are separated by ~25 A and arranged in
a different relative orientation, as compared to
those in I-Ppol. This difference is likely due to the
fact that Endo VII recognizes branched but not
typical double-stranded DNA substrates, as
demonstrated in the structural model constructed
for the Endo VII in complex with a Holiday
junction.® The two active sites in Serratia nuclease,
however, are distant from the dimeric interface,
and it has been shown that a dimeric state is not
essential for the catalytic function of Serratia
nuclease.”

The distance between the two H-N-H motifs in
the dimeric nuclease ColE7 (molecules 1 and 2) is
14.7 A (between two zinc ions), which is close to
the distance of 18.7 A (between two magnesium
ions) in I-Ppol. More worthy of note is the fact
that the relative orientation of the two H-N-H
motifs in the dimeric nuclease ColE7 are arranged
in a similar manner as compared to the two BRa-
folds of active sites in I-Ppol (see Figure 4). The
dimeric nuclease ColE7 has an elongated crescent
shape, with the two H-N-H motifs located close
to the interface. Superimposing the two H-N-H
motifs of dimeric nuclease ColE7 onto the active
sites of I-Ppol/DNA (see Figure 5(a)) shows that

nuclease-ColE7

Figure 4. Structural comparison
of dimeric nuclease ColE7 with
other dimeric nucleases. Ribbon
models for the crystal structures of
(a) I-Ppol in complex with DNA;”
(b) Serratia nuclease;” (c) phage T4
Endo VII;* and (d) nuclease ColE7.
The common BRa-fold of the
active sites are displayed in red.
The H-N-H motifs in nuclease
ColE7 are arranged similarly as
compared to the BPa-fold of active
sites in I-Ppo 1.

the BBa folds in the two enzymes match well with
an rms deviation of 3.8 A (for the C* atoms in the
BBa motif). Without any further adjustment, after
the superimposition at the active-site regions, the
nuclease ColE7 fits to the DNA snugly with the
a-helices (a2) binding at the two major grooves
and the zinc ions located close to the phosphate
backbone at the central minor groove. Although
the structures of the two enzymes are different,
nuclease ColE7 has an overall concave shape simi-
lar to that of I-Ppol. An electrostatic surface plot
of dimeric nuclease ColE7 further shows that the
concave surface is more basic, especially at the
region close to the active sites, indicating that this
surface is appropriate for DNA binding (see Figure
6). Gelfiltration and cross-linking experiments
confirm that nuclease ColE7 forms dimers in
solution, and that dimeric conformation increases
in the presence of double-stranded DNA. More-
over, a molecular ratio of two nuclease ColE9
molecules bound to one 12bp double-stranded
DNA molecule has been characterized earlier in a
fluorescence study.*” Therefore, all these results
support the possibility that nuclease ColE7 may
form a dimer upon binding double-stranded DNA.

However, the dimeric interface of 558 A is in the
lower range for stable dimer formation.*® This
could explain the result that the nuclease ColE7 is
not a permanent dimer, but exists as a dimer only
in some conditions. In fact, H-N-H endonucleases
show great versatility in substrate specificity. Some
H-N-H nucleases, such as colicins, are non-
specific nucleases and some are site-specific endo-
nucleases but cleave DNA differently, such as
I-Hmu1,°°-2* I-Hmu II?'* and I-Two1,*' which cleave
only one strand of their double-stranded DNA tar-
gets; but I-Cmoe** and I-TevIII* make two nicks
in DNA. Therefore the H-N-H family enzymes
likely cleave nucleic acids either as monomers or
dimers depending on substrate requirement. It is
possible that some H-N-H family proteins may
bind and cleave double-stranded DNA as homo-
dimers, especially in cases where they need to
make two nicks. However, the possibility is not
excluded that some of the H-N-H proteins,
including ColE7, may bind and cleave nucleic
acids, especially single-stranded DNA or RNA, as
monomers.
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Figure 5. (a) Stereo views of the superimposition of the crystal structures of I-PpoI/DNA and nuclease ColE7. Only
the active sites (the BB« folds) were used for the fitting. The nuclease ColE7 is colored in blue, with the H-N-H motifs
colored in red and the zinc ions colored in blue. I-Ppol is colored in light yellow, with the BBa-Mg** active site colored
in pink. The dimeric nuclease ColE7 shows a similar concave structure with two a-helices binding at the major grooves
and two zinc ions located close to the phosphate backbonds in the minor groove. (b) Stereo views of the superimposi-
tion of the structural model of nuclease ColE7/DNA and the crystal structure of nuclease ColE7/Im7 (PDB entry 7cei).
The DNA is tilted as compared to the view in (a). Im7 overlaps with DNA, therefore it is likely that Im7 blocks the
DNA substrate-binding site thus inhibiting the nuclease activity of ColE7.

An intriguing yet unanswered question was how
Im7 inhibits the nuclease activity of ColE7. In the
crystal structure of the ColE7/Im7 complex, the
putative nuclease active site in H-N-H motif is
not blocked by Im7. It had been suggested that
either Im7 induces conformational change or Im7
blocks the DNA-binding site so that ColE7 loses

its activity upon binding to Im7.>*** Our analysis
shows that the crystal structure of the unbound
nuclease ColE7 is almost identical with the bound
one, indicating that Im7 does not induce confor-
mational changes in ColE7. By superimposing the
nuclease-ColE7/DNA structural model onto the
crystal structure of nuclease-ColE7/Im7 (Figure
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Figure 6. The electrostatic molecular surface of dimeric nuclease ColE7 produced with GRASP.%* Blue and red corre-
spond to positively and negatively charged areas, respectively. The concave surface of the dimeric nuclease ColE7
facing DNA (left panel) is more basic than the opposite side of the molecule.

5(b)), it can be seen that Im7 overlaps with DNA.
Our study supports the theory that Im7 blocks the
DNA-binding site in ColE7, resulting in the
inhibition of its nuclease activity. The crystal
structure of nuclease ColE7 in complex with DNA
substrates is eagerly awaited to further confirm
the hypothesis proposed here.

Experimental Procedures

Protein over expression and purification

The expression vector pQE70 (Qiagen) containing a
C-terminal Hiss affinity tag was used for the over-
expression of nuclease ColE7 and Im7 proteins. E. coli
M15 (nals, strs, rif s, lac2, ara2, gal2, mtl2, recAl, uvrl)
was used as the bacterial host for the expression vector.
PCR amplification and cloning of the nuclease domain
ceiE7 and ceiE7 gene fragments into the pQE expression
system are described elsewhere.® Cells were cultured at
37 °C until the Agyp am reached 0.6 in LB medium. IPTG
was then added to a final concentration of 1 mM, to
induce the expression of the nuclease ColE7/Im7 com-
plex, for four hours. Crude cell extracts were loaded
onto a Ni-NTA resin affinity column (Qiagen, Germany).
The bound protein was then eluted by an imidazole
gradient solution from 75 mM to 500 mM. The eluent
was dialyzed in 20 mM glycine—HCl buffer (pH 3.0)
overnight to denature the protein complex. The resulting
protein solution was loaded onto a Sepharose-SP column

(HiTrap SP, Pharmacia) equilibrated in 20 mM glycine—
HClI buffer (pH 3.0). The nuclease ColE7 was eluted by
a NaCl gradient (0-2.0 M). Im7 was further eluted by
20 mM sodium phosphate buffer at pH 7.0. The eluent
containing nuclease ColE7 was dialyzed in 20 mM
sodium phosphate buffer (pH 7.0) and then applied to a
heparin column (HiTrap SP, Pharmacia). The free
nuclease ColE7 (containing residues 444-576 without a
His-tag) was then eluted by a NaCl gradient (0-1.0 M)
and concentrated to 10 mg/ml in 50 mM Tris—HCI (pH
7.5).

Gel-filtration and glutaraldehyde cross-linking

The nuclease ColE7 protein samples were dialyzed
against different buffers, including (a) 50 mM sodium
phosphate (pH 7.0) and 150 mM NaCl; (b) 10 mM ZnCl,
and 0.7 M CH;COONH, (close to the crystallization con-
dition); (¢) 10mM ZnCl, and 1.5M CH;COONH,.
Aliquots (100-200 p.g) of pure nuclease ColE7 were then
applied to a Superdex-75 gel-filtration column (HR,
Pharmacia). Protein markers of ovalbumin (43 kDa),
chymotrypsinogen (25kDa) and ribonuclease A
(13.7 kDa) were applied to the columns in the same
buffers.

Purified nuclease ColE7 (1 ng) was cross-linked at
room temperature by 0-0.25% glutaraldehyde, in the
absence or presence of 27 bp double-stranded DNA
(1 ng), in a total of 5 ul of 50 mM Tris—HCl (pH 8.0) for
ten minutes at 37 °C. The reaction solution was quenched
with 1 pl of stop solution (10% (v/v) B-mercaptoethanol,
50 mM Tris—HCI (pH 8.0), 10 mM EDTA). The products
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Table 1. X-ray diffraction statistics for the nuclease ColE7

A. Data collection and processing

Space group P1
Cell dimensions

a,b,c(A) 37.7,39.2,53.2
a By 96.8,103.9, 91.4
Resolution (A) 2.1
Observed reflections 53,594
Unique reflections 16,335
Completeness, all data (%) 95.0
Completeness, last shell (%) 92.7
(Resolution range, A) (2.18-2.10)
Rinerge all data (%)? 4.4
Rinerge last shell (%) 17.3

B. Refinement N

Resolution range (A) 50.0-2.1
Reflections 16,016
Non-hydrogen atoms

Protein 2116
Solvent molecules 209
R-factor (%)® 18.5
Riree (%)° . 24.3
1/0(I), all data (50.0-2.1 A) _ 22.5
I/a(I), last shell (2.18-2.10 A) 7.0

C. Model quality

rms deviations in

Bond lengths (A) 0.017
Bond angles (°) | 1.655
Average B-factor (A?)

Protein atoms 27.0
Solvent atoms 343
Ramachandran plot (%)

Most favored 88.3
Additionally allowed 10.8
Generously allowed 0.9
Disallowed 0

a

SO Myi— (M)l
Rmerge = hi_.’
Iy,1
]ZI Z h

where (I;) is the mean intensity of the i observations for a given
reilection h.

SE, | — IE
SIE

where |IF,| and IF.| are the observed and calculated structure-
factor amplitudes, respectively.

¢ Rpee was calculated using a random set of 10% of obser-
vations that were omitted during refinement.

R-factor =

were resolved by SDS-PAGE (20% (w/v) polyacryl-
amide) and visualized by staining with Coomassie
brilliant blue.

Crystallization and X-ray data collection

Crystals of nuclease ColE7 were obtained by the hang-
ing-drop, vapor-diffusion method. Drops of a solution
containing 10 mg/ml of nuclease ColE7, 5mM ZnCl,,
0.35M ammonium acetate, 6.35% (w/v) PEG4000,
0.025M Tris—HCI (pH 7.5) were set up against a reser-
voir of 10mM ZnCl,, 0.7 M ammonium acetate and
12.7% PEG4000. Plates of crystal appeared within a
week at room temperature. X-ray diffraction intensities
were collected at —150 °C from an R-AXIS-II imaging

plate equipped with a double-mirror focusing system
mounted on a rotating anode X-ray generator (MSC Co.,
USA). The nuclease ColE7 crystallized in a P1 unit cell
and diffracted at least to 2.1 A resolution. Diffraction
data were processed with the HKL package® and the
diffraction statistics are listed in Table 1.

Structure determination and refinement

The crystal structure of nuclease ColE7 was deter-
mined by molecular replacement using the program
CNS.*" Two nuclease ColE7 molecules were expected in
one asymmetry unit of the P1 cell that gave a Matthew’s
coefficient of 2.6 A®/Da with the corresponding solvent
content of 53.1% (v/v). The bound structure of the
nuclease ColE7 without Im7 (PDB accession number
7cei) was used as the searching model. All reflection
data above 20 in the resolution range of 8—4 A were sub-
jected for rotational search using a direct rotation search
function. The two highest peaks in the rotational search
had correlation coefficients of 26.4 and 25.5, respectively.
Subsequently, the two rotation solutions were used for a
fast translation search with the data in the same
resolution range, and the top two molecules gave a cor-
relation coefficient of 54.4. Fast rigid-body refinement
using data above 20 between 50 A and 2.5 A gave an
R-factor of 40.4%.

Structure refinement of nuclease ColE7 was carried
out by the program CNS®* with 10% of data selected
randomly and set aside for the calculation of R-free
values. Manual rebuilding of the model was performed
using TURBO-FRODO,{ alternating with torsional
angle-simulated annealing, standard positional refine-
ment, individual isotropic B-value refinement, calcu-
lation of electron density maps and automatic solvent
molecules placement in CNS. The two nuclease ColE7
molecules in the asymmetry unit were numbered as
A446-A576 and B446-B576, respectively. The final refine-
ment statistics are listed in Table 1.

Protein Data Bank accession code

The atomic coordinates for the two nuclease ColE7
molecules have been deposited at the RCSB Protein
Data Bank with accession code: 1MO08.
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