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Summary

We have solved, by X-ray crystallography to a resolu-
tion of 1.8 A, the structure of a protein capable of
mimicking approximately 20 base pairs of B-form DNA,
This ocr protein, encoded by gene 0.3 of bacterio-
phage T7, mimics the size and shape of a bent DNA
molecule and the arrangement of negative charges
along the phosphate backbone of B-form DNA. We
also demonstrate that ocr is an efficient inhibitor in
vivo of all known families of the complex type | DNA
restriction enzymes. Using atomic force microscopy,
we have also observed that type | enzymes induce a
bend in DNA of similar magnitude to the bend in the
ocr molecule. This first structure of an antirestriction
protein demonstrates the construction of structural
mimetics of long segments of B-form DNA.

Introduction

The natural woerld is replete with examples of mimicry
and deception designed to ward off predators. Decep-
tion is used at all size scales from the macroscopic to
the molecular level. On the molecular level, perhaps the
most drastic action of a predatory enzyme would be the
destruction of an organism’s genetic code, its DNA. This
function is carried out by restriction enzymes, ubiqui-
tous in the prokaryotic world as a mechanism of defense
against bacteriophage attack. To aveid the action of
host restriction enzymes, bacteriophage (phage) have
developed an ingenious range of deception mecha-
nisms, including “antirestriction” proteins, to allow them
to propagate through bacterial populations {Kruger and
Bickle, 1983; Bickle and Kruger, 1993; Zavilgelsky,
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2000). The gene 0.3 protein of phage T7, also known as
ocr (overcome classical restriction, Kruger et al., 1977},
competitively inhibits type | DNA restriction enzymes by
preventing them from binding to their DNA target and is
one of the very few characterized antirestriction proteins
(Atanasiu et al., 2001; Bandyopadhyay et al., 1985;
Blackstock et al., 2001; Kruger et al., 1985; Sturrock et
al., 2001). The atomic structure of ocrreveals remarkable
molecular mimicry of B-form DNA. As well as being the
first structure of an antirestriction protein, ocr should
also prove useful as a scaffold to be adapted for the
inhibition of other DNA binding proteins.

The binding affinity of ocr and type | restriction en-
zymes is at least 10'° M~ (Atanasiu et al., 2001; Bandyo-
padhyay et al, 1985} This tight binding effectively
knocks out the cellular defense provided by the type |
DNA restriction/modification (R/M) system thereby en-
suring phage propagation through the bacterial popula-
tion (Bickle and Kruger, 1993; Eskin et al., 1973; Studier,
1975; Zavilgelsky, 2000). In the absence of the ocr pro-
tein, the T7 genome is susceptible to cleavage by the
restriction endonuclease activity of the type | R/M sys-
tem, as it contains target sequences lacking the appro-
priate pattern of methylation. The host DNA is resistant
to cleavage, as the target sequences are methylated by
the maodification methyltransferase activity of the R/M
system. Biochemical observations that ocr is a competi-
tive inhibitor of DNA binding (Atanasiu et al., 2001;
Bandyopadhyay et al., 1985) and contains a large excess
of negatively charged amino acids (Dunn et al., 1981)
prompted the suggestion that ocr was not only a polyani-
onic inhibitor (Dunn et al., 1981) but that it could also
be a mimic of an extended DNA structure {Atanasiu et
al., 2001; Blackstock et al., 2001). Solution studies of
ocr and its interaction with the archetypal type | R/M
system, EcoKl, indicate that ocr may indeed be a DNA
mimic, as it was found to be an elongated, 26 kDa di-
meric protein (Atanasiu et al., 2001; Blackstock et al.,
2001; Mark and Studier, 1981) of similar shape to the
20 1o 25 bass pair (bp) DNA footprint of the type  enzyme
{Mernagh et al., 1998; Powell et al., 1998a, 1998b).

The type | R/M enzymes possess both restriction and
maodification activities within one enzyme (Murray, 2000)
comprising three types of subunit, HsdS, HsdM, and
HsdR, conferring DNA sequence specificity (3), methyl-
transferase activity (modification, M), and endonuclease
activity (restriction, R}, respectively. The active form of
the bifunctional nuclease/methyltransferase enzyme is
R.M.S,, but M,S, is also active as a methyltransferase.
The DNA target sequences recognized by these en-
zymes are all asymmetric, bipartite sequences of 13
to 15 bp. Ocr inactivates these complex enzymes by
apparently preventing the R/M enzyme from binding to
the bipartite DNA target sequence (Atanasiu et al., 2001;
Bandyopadhyay et al., 1985). The resulting ocr-type | R/M
enzyme complex can neither restrict nor modify DNA.
The inhibition is not dependent on the DNA sequence
recognized by the type | R/M enzyme, as ocr will inacti-
vate type | R/M enzymes that recognize different DNA
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Table 1, Structure Determination and Refinement

Data Collection Statistics

Refinement Statistics

Space group cz2 % of reflections for Ry, 5.5
Unit cell a=7878A, b =3767A, RioidRimo 17.4/24.4
c=3549A, § = 98.42°
Resolution 1.80 A Rmsd from ideality 0.03
Complateness (last bin) 99.3 (98.8) Bond length [A) 0.03
Total reflections 71,916 Bond angle () 22
Unique reflections 8,923 Dihedral angle (%) 17.5
Ry (last bin) % 4.9 (9.6) Ramachandran plot 96% (most favored); 4% (allowed)
I/ flast bin) 17.9(13.3 Average B factor 104
Rmsd of B factor (A9 42
Protein atoms in the medel 878
Water molacules in modal 118
Cs ions in model a

Rym = Z4l{14) — <I)=1Z4{) where L{j) is the i measurement of reflection j and <I(])=> Is the overall weighted mean of | measurements. rmsd,

root mean square deviation; ASU, asymmetric unit.

target sequences (Bandyopadhyay et al., 1985; Eskin et
al., 1973; Kruger et al., 1983; Studier, 1975).

Using X-ray crystallography, we have found that ocr
is an extended mimic of the structure of two 6 bp frag-
ments of canonical B-form DNA separated by a segment
of DNA containing a bend. The distribution of negative
charges on the surface of the protein matches that of the
phosphate backbone of DNA. Atomic force microscopy
shows that the distinctive bend in the ocr structure
matches the bend induced in DNA by a type | R/M
enzyme. We also show that ocr can inhibit all known
farilies of these restriction enzymes, irrespective of
their target DNA sequence, by mimicry of the DNA struc-
ture bound by the restriction enzymes and mimicry of
the non-sequence-specific phosphate backbone.

Results and Discussion

Ocr Forms an Elongated Dimer in the Crystal

Ocr has been crystallized in a number of different crystal
forms, and X-ray data for the seleno-L-methionine-sub-
stituted form has been collected to a resolution of 1.8 A
(Table 1). The presence of cesium was found to be re-
quired for good crystal growth (Sturrock et al., 2001).
Multiple Anomalous Dispersion {MAD) X-ray data was
used to identify possible positions for selenium and ce-
sium atoms in the unit cell. An excellent quality electron
density map (Figure 1A} was readily interpretable,
though the first four N-terminal residues and the final
six C-terminal residues were not visible. The fold of the
monomer is dominated by a bundle of three helices
(helix A, residues 7-24; helix-B, residues 34-44; and a
long, bent helix-D, residues. 78-106) (Figures 1B and
1C). The short C helix (residues 49-57} provides the
major surface for dimer formation. Despite the fact that
there are no known proteins with sequence identity
higher than 15%, the folding topology is similar to other
protsin structures. The pragram DAL (Holm and Sander,
1997) identified the transcription factors E2F-4 {1cf7)
and homeodomain (1fbf) to have the most similar struc-
tural alignments (with Z = 4.7 and 4.2, respectively).
Interestingly, the major prion protein (1gm3) has the next
closest structural similarity (Z = 3.9), with the ocr helix
A replaced by a strand in the prion protein.

The dimer formed by ocr in solution is retained in the
crystal with perfect crystallographic 2-fold symmetry (Fig-
ure 1C). The dimer adopts a banana shape with approxi-
mate length of 85 & and a maximum diameter of 30 A,
The interface between the subunits is surprisingly small
with a buried surface area of only 250 A2 for each mono-
mer. {Connolly surface for each monomer, 5869.5 Az;
Connolly surface for dimer, 11238 i\?; total bunied sur-
face, 500 A”) {Connolly, 1983). This contrasts with the
value of around 1000 A? found in surveys of protein
interfaces (Jones and Thormnton, 1995; Xu et al., 1997).
The dimer ocr interface is also unusual in that no hydro-
gen bonds are involved. The hydrophobic surface com-
prises only 15 nonbonded contacts of less than 3.7 A
and involves six amino acids in a distinctive knobs-into-
holes motif (Figure 1D).

EccKl Type | Restriction Enzyme Binds Bent DNA

It has been observed that ocr displaces DNA from type |
R/M enzymes most probably due to a direct competition
between DNA and ocr for the binding site on the type |
R/M enzyme (Atanasiu et al., 2001; Bandyopadhyay et
al., 1985; Blackstock et al.,, 2001}. The shape of ocr
suggests that for it to be complementary in shape to
the DNA binding groove on the enzyme, this binding
groove should be curved. Therefore, to investigate any
bending induced in DNA by specific binding of the type |
R/M enzyme EcoKl, a statistical analysis was performed
using atomic force microscopy (AFM) images of DNA-
protein complexes and naked DNA molecules (Figure
2). DNA fragments of 292 bp lengths with the EcoKl
recognition site located in the center were designed to
provide easy identification of specifically bound protein
complexes. The average bend angle for DNA containing
specifically bound EcoKl complexes was 46° ~ 2°
{mean = standard error). This is a significant bending
over a region of approximately 50 bp. The length of this
bending region is comparable to the footprint of the
complete R/M enzyme on DNA (Powell et al., 1998b). In
contrast, a Gaussian distribution centered at 0° = 3“can
describe the bending of naked DNA fragments over the
same region.







