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The gene 2.5 protein (gp2.5) of bacteriophage T7 is a single-
stranded DNA (ssDNA) binding protein that has essential roles in
DNA replication and recombination. In addition to binding DNA,
gp2.5 physically interacts with T7 DNA polymerase and T7 primase-
helicase during replication to coordinate events at the replication
fork. We have determined a 1.9-A crystal structure of gp2.5 and
show that it has a conserved OB-fold (oligosaccharide/oligonucle-
otide binding fold) that is well adapted for interactions with
ssDNA. Superposition of the OB-folds of gp2.5 and other ssDNA
binding proteins reveals a conserved patch of aromatic residues
that stack against the bases of ssDNA in the other crystal struc-
tures, suggesting that gp2.5 binds to ssDNA in a similar manner. An
acidic C-terminal extension of the gp2.5 protein, which is required
for dimer formation and for interactions with the T7 DNA poly-
merase and the primase-helicase, appears to be flexible and may
act as a switch that modulates the DNA binding affinity of gp2.5.

he chemically reactive bases of DNA are normally seques-

tered from the intracellular milieu by stacking interactions
within the double helix; in higher organisms, protection is also
derived from chromatin assembly. Nonetheless, single-stranded
DNA (ssDNA) has a transitory existence in cells, arising as an
intermediate during DNA replication, repair, recombination,
and transcription. Cells have evolved one class of proteins, the
ssDNA binding proteins (1), that bind ssDNA in preference to
double-stranded DNA (dsDNA). The function of ssDNA bind-
ing proteins appears to be 3-fold. They transiently coat and
protect ssDNA intermediates in the processes listed above, they
eliminate secondary structure in ssDNA and thereby facilitate
pairing of homologous strands, and they recruit the proteins of
DNA metabolism and coordinate their activities.

Bacteriophage T7, like other viruses that encode their own
proteins of DNA metabolism, encodes a ssDNA binding protein
that is the product of gene 2.5. Gene 2.5 protein (gp2.5) is
functionally similar to the extensively studied SSB protein of
Escherichia coli and the gene 32 protein of bacteriophage T4 (1,
2). In their respective systems, these proteins are essential for
DNA replication and have roles in DNA recombination and
repair (1-11). Gene 2.5 protein stimulates DNA polymerase
activity and increases the efficiency of RNA primer synthesis
through physical interactions with T7 DNA polymerase (9) and
T7 primase-helicase (12), respectively. These interactions are
undoubtedly involved in the critical role of gp2.5 in coordinating
leading and lagging strand synthesis at the replication fork (11).
In addition to these roles in replication, gp2.5 has critical roles
in DNA recombination and repair (1, 3, 4, 13).

T7 gp2.5, E. coli SSB protein, and T4 gene 32 protein contain
regions of functional homology, despite a near lack of sequence
homology (14). Limited proteolysis of each protein generates
several stable fragments suggestive of folded structural domains
joined by protease-sensitive segments (1). Each protein has an
acidic carboxyl terminus that facilitates interactions with other
DNA replication and recombination proteins (1, 6). Aromatic
residues within the amino terminus of each protein contribute
directly to ssDNA binding (1, 8, 13).

Although gp2.5 is functionally homologous to E. coli SSB
protein and T4 gene 32 protein, it has a number of distinguishing
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characteristics. gp2.5 is a stable protein dimer off DNA, with
subunit interactions involving the carboxyl-terminal acidic re-
gion (6). In contrast, the native form of E. coli SSB protein is a
tetramer, and T4 gene 32 monomers self-associate into larger
aggregates as the protein concentration is increased (1, 8). These
differences in subunit interactions are manifested in the differ-
ent DNA binding behaviors of these ssDNA binding proteins. E.
coli SSB protein (8, 15) and T4 gene 32 protein (16, 17) bind to
DNA cooperatively under low salt conditions, a finding consis-
tent with the formation of a protein filament that is entwined
with the ssDNA (18). In contrast, T7 gp2.5 binds to DNA with
little cooperativity at any salt concentration (2), suggestive of
DNA binding by monomers or stable dimers without additional
interactions between subunits on DNA. Under low salt condi-
tions, gp2.5 binds to ssDNA with only one-tenth of the affinity
exhibited by the other two proteins (2). When compared with
other prokaryotic proteins known to be involved in recombina-
tion, such as E. coli RecA protein, E. coli SSB protein, and T4
gene 32 protein, gp2.5 is considerably more efficient at mediating
homologous base pairing (refs. 2 and 3; S. Tabor and C.C.R,,
unpublished observations). This strand annealing activity (3),
coupled with the transfer of homologous strands by the T7
helicase (5), contributes to genetic recombination during growth
of T7 phage.

Genetic experiments have shown that neither E. coli SSB
protein nor T4 gene 32 protein can functionally replace gp2.5
protein in vivo (13). In vitro, T4 gene 32 protein has only a
minimal stimulatory effect on the activity of T7 DNA polymer-
ase (9), and T7 primase-helicase cannot load onto ssDNA that
is coated with T4 gene 32 protein, a process that is not impeded
by gp2.5 bound to DNA (4). In contrast, E. coli SSB protein both
stimulates T7 DNA polymerase activity (9) and permits T7
primase-helicase to load onto ssDNA (3, 10). However, gp2.5
causes a 10-fold increase in the frequency of initiation by T7
primase-helicase, whereas E. coli SSB protein does not (11). The
unique DNA binding characteristics of gp2.5 and its interactions
with other replication proteins together account for its irreplace-
able roles in T7 replication.

The essential protein—protein interactions of gp2.5 are medi-
ated in part by its acidic C-terminal region. Deletion of 21-aa
residues from the carboxyl terminus of gp2.5 results in a trun-
cated protein, gp2.5A21C, that cannot support phage growth,
form dimers, interact with T7 DNA polymerase or primase-
helicase (6), or coordinate the synthesis of leading and lagging
strands at an in vitro replication fork (11). Protein chimeras in
which the C-terminal acidic region of either E. coli SSB protein
or T4 gene 32 protein is fused to the truncated gp2.5A21C
protein can support the growth of T7 phage lacking gp2.5 (6).

Abbreviations: ssDNA, single-stranded DNA; gp2.5, gene 2.5 protein; OB-fold, oligosac-
charide/oligonucleotide binding fold.
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Conversely, a truncated E. coli SSB protein or T4 gene 32 protein
fused to the C-terminal acidic segment of gp2.5 does not support
growth of T7 phage, even though these protein chimeras dimer-
ize and can interact with T7 DNA polymerase and the primase-
helicase to stimulate their activities in vitro (6). The properties
of these chimeric ssDNA binding proteins suggest that gp2.5’s
acidic tail mediates nonspecific protein—protein interactions, and
that the remaining N-terminal region of gp2.5 makes specific
interactions with other proteins during DNA replication.

It is notable that gp2.5A21C binds to ssDNA with higher
affinity than wild-type gp2.5 (J.M.S. and C.C.R., unpublished
observations). This increase in binding affinity could result from
an increased concentration of monomers, which might be the
species that binds to ssDNA. Alternatively, the negatively
charged C terminus of gp2.5 could weaken DNA binding affinity,
either directly by competing with the DNA for the DNA binding
surface of gp2.5, or indirectly by unfavorable electrostatic inter-
actions that promote dissociation of the bound DNA. The
C-terminal acidic tail of gp2.5 also contributes to interactions
with other T7 replication proteins, as discussed above. The dual
roles of the C-terminal tail of gp2.5 in modulating DNA binding
affinity and mediating protein—protein interactions suggests the
possibility of a switching mechanism that regulates the DNA
binding strength of gp2.5 in response to binding other proteins
of a DNA replication complex.

To better understand the unique features of the gene 2.5
protein that underlie its functions in T7 replication and recom-
bination, we have determined a crystal structure of the gp2.5
dimer with x-ray data extending to 1.9 A resolution. The core of
the gp2.5 structure is a five-stranded B-barrel, termed an OB-
fold (oligosaccharide/oligonucleotide binding fold; ref. 19),
which is a conserved feature of many ssDNA binding proteins
from bacteria, mammalian cells, and viruses (20-23). The struc-
tural similarity of gp2.5 and SSB proteins is remarkable consid-
ering the lack of sequence homology, and it is suggestive of a
strong evolutionary selection for the barrel-shaped OB-fold as
an efficient scaffold for sequestering ssDNA. Several unique
structural features on the surface of the OB-fold create the
interface between subunits of the gp2.5 dimer, and other unique
features are likely to contribute to its specific interactions with
T7 replication proteins. A conserved patch of residues on the
surface of the OB-fold is the probable location of the ssDNA
binding surface.

Materials and Methods

Protein Expression and Crystallization. A gene fragment encoding
the truncated protein gp2.5A26C was cloned into the pET 19b
vector (Novagen, Madison, WI) in frame with a DNA sequence
encoding an 8-aa rhinovirus 3C protease recognition sequence
and a polyhistidine affinity tag. The resulting construct has an
N-terminal histidine affinity tag that can be cleaved with Pre-
Scission Protease (Amersham Pharmacia) after purification of
gp2.5A26C. Selenomethionyl gp2.5A26C was produced in E. coli
by published methods (24, 25), and purified by nickel chelate
affinity chromatography. The PreScission Protease was added to
the purified gp2.5A26C protein at a ratio of 1:100 and the
mixture was dialyzed overnight at 4°C against Tris-Cl, pH
7.5/300 mM NaCl/3 mM DTT. The protease was then removed
by passing the reaction mixture over a 1-ml glutathione agarose
column (Amersham Pharmacia).

gp2.5A26C was crystallized by the hanging drop vapor diffu-
sion method. Equal volumes of a protein solution (12 mg/ml)
and a well solution containing 22% PEG 4000/100 mM Tris-Cl,
pH 7.0/250 mM CaCl,/14% ethylene glycol were mixed together
and incubated at 22°C. Crystals of gp2.5A26C appear after 2 days
that belong to space group P2,2,2; and have two protein
molecules in the asymmetric unit. The dimensions of the unit cell
area = 68.1 A,b =718 A, and c = 822 A.
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Structure Determination. Crystals of selenomethionyl gp2.5A26C
were soaked with 1 mM phenylmercuric acetate in the crystal-
lization well solution for 3 days X-ray data from a single crystal
were collected by using energies corresponding to the selenium
K-edge (A = 0.9792 A) and the mercury Ly-edge (A = 1.0073
A) at beamline X-25 of the National Synchrotron Light Source
(Upton, NY). Native x-ray data were collected at beamline Al
of the Cornell High Energy Synchrotron Source (Ithaca, NY)
and x-ray intensity data were processed with DENZO/
SCALEPACK (26). Six mercury binding sites and four well
ordered selenium sites were located in the crystallographic
asymmetric unit by anomalous difference Fourier methods. The
heavy atom parameters for these metals were refined and
single-wavelength anomalous diffraction (SAD) phases were
calculated with the program MLPHARE (27). The best electron
density map was obtained after density modification by using the
program RESOLVE (28). Model building was performed with the
program O (29). The model was refined against the native data
set by conjugate gradient minimization and torsion angle-
restrained molecular dynamics using the program cNs (30). The
success of the refinement was evaluated at each stage by the
change in the free R factor (31) and by inspection of stereo-
chemical parameters with either the PROCHECK (32) or the
ERRAT program (33). Model refinement converged with a final
R factor of 21.4% (Rfree = 26.8%), using all observed x-ray
measurements in the resolution range 25-1.9 A. The coordinates
of the gp2.5 dimer have been deposited in the Protein Data Bank
(PDB ID code 1JES).

Protein Sequence and Structure Alignments. The structural coordi-
nates of E. coli SSB protein (IEYG) and human RPA70 (1JMC)
bound to DNA were obtained from the Protein Data Bank
(http://www.rcsb.org/pdb) and superimposed onto the
gp2.5A26C model coordinates with program DALI (34, 35;
http://www2.ebi.ac.uk/dali/dali.html). A least-squares super-
position of the protein models that was based on the structurally
homologous residues identified by DALI was then performed
with the modeling program 0 (29).

Results and Discussion

Structure of gp2.5. We crystallized a truncated form of T7 gp2.5
termed gp2.5A26C, which lacks 26 residues at its C terminus.
Full-length gp2.5 did not crystallize, perhaps because its C-
terminal acidic segment is not stably folded and may interfere
with crystal packing. gp2.5A26C binds to ssDNA with slightly
higher affinity than wild-type gp2.5, but it does not stably
dimerize or interact with T7 DNA polymerase or the T7
primase-helicase (J.M.S. and C.C.R., unpublished results). Al-
though the dimerization activity of gp2.5A26C is impaired, it
crystallized with two protomers in the crystallographic asym-
metric unit. The structure of gp2.5A26C was determined by
single wavelength anomalous diffraction experiments at two
different x-ray energies (Fig. 14, Table 1), using a crystal of the
selenomethionyl protein that was equilibrated in phenylmercury
acetate. After density modification by solvent flattening (36), the
electron density was of high quality for most residues in the
asymmetric unit (Fig. 2). Several disordered loops, spanning
residues 25-33 and 79-85 of both protomers and residues
183-188 of one protomer, were omitted from the crystallo-
graphic model. The root-mean-square deviation of all backbone
atoms of the two molecules in the asymmetric unit is 0.34 A, with
alarger than average deviation of the C-terminal region resulting
from two different crystal packing interactions. The crystallo-
graphic model of the gp2.5 dimer has been refined to an R factor
of 0.21 (Rgee = 0.26), using all x-ray data extending to a
resolution limit of 1.9 A (Table 1).

gp2.5A26C is a compact single domain protein consisting of a
five-stranded anti-parallel B-barrel, the OB-fold (19), capped by
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Fig. 1. gp2.5isan OB-fold protein. (A) The structure of gp2.5 is a single domain
consisting of a five-stranded anti-parallel -barrel (the OB-fold; gold) capped by
a a-helix (aA; blue). A 28-aa tail protrudes away from the B-barrel at the carboxyl-
terminus of the gp2.5A26C protein. An additional 26 residues, which are missing
from the C terminus of gp2.5A26C, participate in dimer formation and interac-
tions with other replication proteins. (B) The proposed DNA binding surface
(asterisk) contains a pair of structurally conserved aromatic residues surrounded
by basic residues. This region of the gp2.5 structure (gold) is superimposed on
structures of the E. coli SSB protein (magenta) (18) and human RPA70 (green) (37).
Inthe E. coli SSB protein and human RPA70 structures these residues contact three
nucleotides of the bound ssDNA. (C) A DNA docking model was constructed by
superimposing the E. coli SSB-DNA complex structure onto the gp2.5 OB-fold.
The DNA from the E. coli SSB structure overlies the conserved aromatic residues
(green) described in panel B and it is near a series of conserved basic residues
(blue; cf. Fig. 4). The DNA is closely apposed to these residues without significant
steric clashes. All ribbon diagrams and the electron density shown in Fig. 2 were
made with the program setor (44) and protein surfaces (Figs. 1C and 3A) were
made with the program Grasp (45).
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Table 1. Crystallographic data and refinement statistics

Spacegroup P2:242,4
Unit cell, A a=681b=718c=822
Molecules/a.u. 2

Native SeMet Hg
Wavelength, A 0.9350 0.9792 1.0073
Max resolution, A 1.9 2.3 2.8
Completeness, % 98.6 97.5 96.5
Redundancy 5 5 4
/o 17 18 18
Rmerge, %0* 5.0 7.0 4.6
Number of sites — 4 6
Resolution range, A 25-1.9
R factor® 21.4%
Rfree 26.8%
Rmsd bond lengths, A 0.012
Rmsd bond angles, ° 1.78

*Rmerge = 2|l — (I)|/=I, where | is the observed intensity and (I) is the average
intensity.

TR factor = Z||Fo| — |Fdl|l/Z|Fol- Rfree is the same as R, but calculated with 10% of
reflections that were never used in crystallographic refinement.

a long a-helix on one end of the barrel (Fig. 1). The core of the
B-barrel is filled with hydrophobic residues that exclude solvent,
and its surface is relatively smooth with a prominent groove
formed by the extensions of the 45 loop and the B3-3a loop
(Fig. 14). The C-terminal 28 residues of gp2.5A26C extend away
from the OB barrel on the side opposite the prominent groove
(Figs. 1 and 3). We presume that the additional 26 residues not
present in the truncated gp2.5A26C protein would extend from
the C-terminal tail seen in the crystal structure (Fig. 14). The
capping helix («A) and a short B-strand (B2a) are located in the
segment connecting strands 32 and 83 of the OB-fold. A packs
against strands 81 and 33, occluding the interior of the B-barrel
(Fig. 14). Other ssDNA binding proteins have similar OB-folds
(20-22, 37), but they lack a helix in the 23 loop analogous to
aA and instead have a short a-helix that packs against strands 2
and B4 on the opposite end of the B-barrel (Fig. 3; note the

Fig. 2.

Electron density from the gp2.5 crystal structure (stereo figure).
Crystallographic phase information was obtained from selenium and mercury
single-wavelength anomolous diffraction (SAD) phasing experiments, and
subsequently improved by density modification using the program ResoLve
(28). The region around Trp160 in the B45 loop is representative of the quality
of the modified experimental electron density for most of the backbone and
side chain atoms of both gp2.5 subunits in the asymmetric unit.
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Fig.3. Differentsubunitorientationsin gp2.5and E. coli SSB protein dimers.
(A) The gp2.5 dimer has a distinctive electrostatic surface (calculated with
Grasp; ref. 45) with one face consisting of neutral and positively charged
residues (Left, blue) and the opposite face consisting of predominately acidic
residues (Right, red). The proposed DNA binding surface is located in the
positively charged cleft (cf. Fig. 1). (B) The subunits of the gp2.5 dimer pack
together by an end-to-end interaction of the B-barrels involving the 823 loop,
B3, and the segment between 83 and p4. The subunits of the E. coli SSB protein
dimer (C) pack together by using the opposite end of the OB barrel, predom-
inately through B1 and the connecting segment between B4 and $5. This
mode of interaction is precluded by helix aA of gp2.5.

different orientations of strands B1-85 for gp2.5 and E. coli SSB
protein).

We believe that the crystallographic dimer of gp2.5A26C (Fig.
3 A and B) corresponds to the native gp2.5 dimer (2) for the
following reasons. The interface between subunits of the dimer,
consisting mainly of the 823 loop and the segment between 33
and B4 (Fig. 3), buries =750 A? of surface area from each
monomer. This substantial interface is formed predominately by
nonpolar residues, although salt bridges between Glu-138 and
Asn-126" (and the reciprocal pairing between Asn-126 and
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Glu-138") cross the dimer interface. A noncrystallographic
2-fold axis relates the two subunits of the dimer so that «A is
located at opposite ends of the dimer and the proposed DNA
binding surface (see below and Fig. 3) of both subunits is
unobstructed. Although the interactions between subunits of the
crystallographic dimer are rather extensive, they are not suffi-
cient for dimerization of gp2.5A26C in solution. The C-terminal
acidic segment of gp2.5 is required for the formation of stable
dimers (6). An extended conformation of the C-terminal tail,
suggested by the orientation of the adjoining residues in the
gp2.5A26C structure, could stabilize the dimer through a do-
main-swapping interaction involving electrostatic interactions
between acidic residues of the C-terminal tail and basic residues
on the surface of the OB-fold.

Although other ssDNA binding proteins bind to ssDNA as
oligomers, the available evidence is consistent with gp2.5 mono-
mers or stable dimers binding to DNA with no additional protein
oligomerization on DNA (2). E. coli SSB protein and the human
mitochondrial SSB protein are stable tetramers, consisting of a
dimer of dimers with D, symmetry. For both proteins the dimers
associate in an end-to-end arrangement of the OB-fold with
B-strands 1, 4, and 5 of each subunit packing together in an
extended six-stranded antiparallel B-sheet (Fig. 3; refs. 22 and
38). This extended B-sheet of the SSB protein dimers is relatively
flat, allowing two dimers to pack closely together and form the
active protein tetramer (Fig. 3C). Helix aA of gp2.5 prevents
dimerization in this orientation, and the subunits of the gp2.5
dimer pack together by using the opposite end of the OB barrel
(Fig. 3B). Higher order oligomers of gp2.5 have not been
observed. The B3’ strand and B12 loop protruding from the
surface of gp2.5 prevent the dimer from packing together in a
tetramer like the E. coli and mitochondrial SSB proteins.

The C-terminal tail of each subunit in the gp2.5 dimer extends
away from the B-barrel of the OB-fold and into solution (Fig. 3).
Each subunit of the gp2.5 dimer is in a different crystal packing
environment. The C terminus of one subunit packs against a
neighboring protomer in the crystal, and this crystal packing
interaction presumably stabilizes helix aB, which is disordered in
the other subunit of the gp2.5 dimer. The extended orientation
and disorder observed at the C terminus of gp2.5 suggest that this
segment and the additional twenty-six C-terminal residues that
are deleted from gp2.5A26C are flexible and could adopt
different conformations in gp2.5 complexed to DNA or inter-
acting with other replication proteins. The location and pro-
posed flexibility of the C-terminal region suggest a model in
which the C-terminal tails stabilize the gp2.5 dimer (7) by a
domain swapping interaction (39) across the dimer interface. A
likely binding site for the highly acidic C-terminal segment is the
basic region of gp2.5 that is the probable DNA binding surface
(see below). Fifteen of twenty-one amino acids at the C terminus
of gp2.5 are acidic residues and two residues in this short segment
are aromatic. This combination of negative charge and aromatic
groups is a seemingly ideal peptide mimic of ssDNA. This model
predicts that binding of the C-terminal segment to the DNA
binding surfaces of subunits in the gp2.5 dimer would interfere
with binding to DNA, necessitating dissolution of the dimer
and/or release of the tails before DNA can bind. Consistent with
this proposal, a truncated gp2.5 protein lacking 21 residues at its
C terminus binds to ssDNA with higher affinity than wild-type
gp2.5 and has a slower rate of dissociation from DNA (J.M.S.
and C.C.R., unpublished results).

Interactions of the C-terminal tail with the DNA binding site
of gp2.5 could modulate its affinity for ssDNA, as was proposed
for the acidic C-terminal tail of the T4 gene 32 single-stranded
binding protein (40). The binding of ssDNA might act as a switch
that displaces the tail so it is free to interact with the other
proteins of the T7 replication complex. Conversely, the displace-
ment of the C-terminal tail from the DNA binding surface of
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Fig.4. Structure-based alignment of ssDNA binding protein sequences. The
structures of T7 gp2.5, E. coli SSB protein, and one OB-domain of the human
RPA70 protein were aligned (35) by using the conserved B-strands of the
OB-fold. The sequences of homologous ssDNA binding proteins were then
added to the aligned sequences of the structurally homologous residues. The
secondary structure of gp2.5 is shown above the sequences. Although these
proteins have conserved OB-folds, there is virtually no sequence conservation.
The most striking feature is the alignment of aromatic residues at the end of
strands 3 and 4 (green; cf. Fig. 1C). Structurally conserved basic residues that
interact with DNA are indicated by the blue boxes (cf. Fig. 1C). Acidic residues
contributing negative charge to the large capping helix («A) and C terminus
of gp2.5 are indicated in pink (cf. Fig. 3A).

gp2.5 could increase its affinity for binding to T7 DNA poly-
merase or T7 primase-helicase. The sequestration of the C-
terminal tail in the gp2.5 dimer could be a ‘“neutralizing”
interaction that discourages binding to other proteins until gp2.5
is bound to DNA. The C-terminal tail of gp2.5 is sensitive to
proteolytic digestion when gp2.5 is bound to DNA, suggesting
that it is exposed in the DNA complex and available for other
interactions. The model for a DNA-mediated switch in the
orientation of the C-terminal tail, which is based on the crystal
structure of the gp2.5 dimer, can be explored through compet-
itive binding measurements using C-terminal peptide ligands
and spectroscopic studies of the dimer.

A Model for Binding to ssDNA. The sequences of ssSDNA binding
proteins are homologous only for proteins from closely related
organisms, and conserved sequence motifs are not readily
apparent for the larger group of proteins. Despite their highly
divergent sequences, proteins from each group have very similar
core structures consisting of a five-stranded OB-fold. We there-
fore aligned the sequences of T7 gp2.5, E. coli SSB protein, and
human RPA70 by superimposing the structures of their OB-folds
with the program DALI (34, 35) to create an amino acid alignment
that is based on structural homology (Fig. 4). The amino acids
sequences of additional ssDNA binding proteins from Xenopus
laevis, Saccharomyces cerevisiae, and human mitochondrial SSB
protein were then aligned with the sequences of the founding
members of the multiple alignment (Fig. 4). The structure of T4
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gene 32 protein (23) is significantly different from the rest of the
group (DALI Z-score = 0.7), so it was omitted from this
alignment. The structure-based sequence alignment shows few
amino acid similarities among these proteins, even for residues
known to contact ssDNA. The exceptions are two aromatic
residues (located near the C-terminal ends of B3 and B4, and
lying within the prominent groove on the surface of the OB-fold;
Figs. 1B and 4) that form part of the DNA binding surface of E.
coli SSB protein (18) and the human RPA70 subunit (37).
ssDNA binds in different orientations to the OB-folds of E. coli
SSB protein (18) and RPA70 (37), except for three nucleotides
that stack between the conserved aromatic residues described
above (Figs. 1B and 4). The three nucleotides sandwiched
between these conserved aromatic residues are flanked by the 3
strand on one side and strands B4 and B5 on the other side.
Additional DNA interactions are contributed by residues within
the connecting loops protruding from the OB barrel. These
aromatic residues, together with the adjacent B-strands and
connecting loops, constitute a trinucleotide binding motif that is
conserved in gp2.5, E. coli SSB protein, and human RPA70.

The proposed DNA binding cleft of gp2.5 contains a mixture
of nonpolar residues that could stack against the bases of DNA,
punctuated with clusters of basic residues that could interact
with the DNA backbone. A series of positively charged residues
(Lys3, Arg35, Lys39, Lys107, Lys109, Lys150, Lys152, and
Lys169) flank the nonpolar residues of trinucleotide binding
motif of gp2.5 at positions where they could interact with DNA.
Three of these positively charged residues (Lys39, Lys107, and
Lys169) are superimposable on basic residues of E. coli SSB
protein. Most of the remaining surface of the OB-fold of gp2.5
is negatively charged (Fig. 34), further reinforcing this proposal
for the location of the ssDNA binding surface.

We have modeled the proposed interaction of gp2.5 with DNA
by superimposing the crystal structure of the E. coli SSB
protein-DNA complex with six nucleotides (18) on the crystal
structure of gp2.5 (Fig. 1C). The superposition of the OB-folds
results in a reasonable docking of the DNA on the gp2.5
structure, with favorable electrostatic interactions and no severe
steric clashes. The DNA docking model does not yield any
compelling predictions about DNA interactions outside of the
trinucleotide binding cleft of gp2.5, but it is possible that ssDNA
might wrap around the barrel of the OB-fold, in a manner similar
to that observed with the E. coli SSB protein. A stripe of
nonpolar and positively charged residues flanking both sides of
the trinucleotide binding cleft could mediate these interactions
with DNA (Fig. 34). It is still unclear, however, whether gp2.5
binds to DNA as a stable dimer or as a monomer. If the DNA
docking model described above is applied to the gp2.5 dimer
(Fig. 3), the ends of the bound DNAs cannot be joined to wrap
around the dimer because the DNAs are oriented in opposite
directions. This may suggest that gp2.5 binds to ssDNA as a
monomer.

The crystal structure of bacteriophage T7 gp2.5 has revealed
an OB-fold that is present in a large group of highly divergent
ssDNA binding proteins. The structure of gp2.5A26C suggests a
possible mechanism of protein dimerization in which the C-
terminal tails of adjacent subunits interact in trans with the DNA
binding surface of the apposing subunit. This model for dimer-
ization of full length gp2.5, based on the locations of the
C-termini of subunits of the gp2.5A26C dimer, suggests a means
of modulating DNA binding affinity and protein—protein inter-
actions by repositioning the C-terminal DNA in response to
DNA binding. Two aromatic residues that stack against the bases
of DNA in the E. coli SSB protein and RPA70 structures are
conserved in the gp2.5 structure, suggestive of a similar mode of
DNA binding. The favorable electrostatic surface potential of
this region also supports this model for DNA binding interac-
tions. ssDNA binding proteins play critical roles in DNA repli-
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cation and recombination, and the structure of gp2.5 provides
many insights into these biological activities. Together with the
additional structures of T7 DNA polymerase (41) and the T7
helicase (42, 43) we can begin to piece together a high resolution
picture of a DNA replication system.
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