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Abstract

The essential bacteriophage T7-encoded single-stranded DNA binding protein is the nexus of T7
DNA metabolism. Multiple layers of macromolecular interactions mediate its function in
replication, recombination, repair, and the maturation of viral genomes. In addition to binding
sSDNA, the protein binds to DNA polymerase and DNA helicase, regulating their activities. The
protein displays potent homologous DNA annealing activity, underscoring its role in
recombination.
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1. Introduction

The apparent simplicity of bacteriophages often belies the complexity of their molecular
functions. Bacteriophage T7, a lytic phage of Escherichia coli, is a sterling example of this
statement. Its ~40 kb linear, double-stranded DNA (dsDNA) encodes proteins necessary for
transcription, replication, recombination, and virion packaging, while relying minimally on
host functions, albeit with important exceptions (Figure 1) (1-3). The multifunctional single-
stranded DNA (ssDNA) binding protein (gp2.5) of bacteriophage T7 is the hub linking all
the major processes of T7 DNA metabolism (4-10).

Two groups initially identified a ~ 25 kDa protein induced upon infection of £. coli with
bacteriophage T7 that exhibited strong binding to ssDNA-affinity columns, and which
enhanced the activity of T7 DNA polymerase (4-6). Pioneering work by Studier identified
the majority of the genes essential for bacteriophage T7 growth by screening lethal amber
mutants generated by chemical mutagenesis (7, 8). The gene encoding the T7 DNA-binding
protein, however, was not among these essential genes since its nucleotide sequence does not
encode suitable amber codons (9). The gene encoding the T7 DNA-binding protein was
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finally identified after an extensive screen of hundreds of strains isolated after heavy
mutagenesis (9). Several strains were found that resulted in a T7 DNA-binding protein with
altered electrophoretic mobility. The gene was mapped by genetic crosses coupled to
electrophoretic analysis of protein patterns from the resulting recombinant strains. The
results showed that the gene encoding the T7 DNA-binding protein was located between
gene 2 and gene 3, hence the designation of gene 2.5. When the T7 genome was sequenced
shortly after, the genomic location of gene 2.5 led to the identification of the coding
sequence (1). Definitive proof of the essential nature of gene 2.5 was obtained form the
inability of a recombinant T7 phage bearing a deletion of gene 2.5 to synthesize viral DNA
after infecting £. coli (10). Rezende et a/. identified residues essential for the function of
gp2.5 by screening for lethal mutations in gene 2.5 using a genetic complementation assay
with a library of randomly mutagenized plasmids encoding gp2.5 (11). Twenty distinct lethal
mutations encoding single amino acid changes were identified in gp2.5 affecting protein
dimerization, DNA binding, and homologous DNA annealing (11-13). These latter
mutations are discussed in subsequent sections.

Expression of gene 2.5 is driven by T7 RNA polymerase-mediated transcription of class Il
genes that encode the T7 proteins of DNA replication. Among these gene products are a
DNA polymerase, DNA helicase-primase, and both an exonuclease and an endonuclease.
Gp2.5 is one of the most abundant T7 proteins and can be detected around 6 minutes after
phage infection (1, 2, 9). Gp2.5 is a 25.7-kDa protein of 232 amino acid residues and an
isoelectric point of 4. 7. A strong overall negative charge at physiological pH values is a
feature shared by many of the T7-encoded proteins involved in nucleic acid metabolism.
Homologs of gene 2.5 are present in numerous bacteriophage species and, interestingly, at
least four families of nucleo-cytoplasmic large DNA viruses that infect eukaryotes (14, 15).

2. Structure of gp2.5, DNA Binding, and Homologous DNA Annealing
2. 1. Gp2.5 adopts an OB-fold structure

The crystal structure of gp2.5 shows a dimer in which each monomer adopts a conserved
oligosaccharide-oligonucleotide binding fold (OB-fold) which consists of a five-stranded
anti-parallel B barrel capped by an a-helix on one end (aA) (16) (Figure 2). The structural
core of the B-barrel is hydrophobic and solvent-excluding, with loops extending from two
sheets forming a prominent groove on the surface of the fold, the major site of interaction
with ssDNA (13). An alpha helix unique to gp2.5, aA, is located between strands p2 and 3
of the OB-fold. a A packs against strands f1 and B3, occluding the interior of the p-barrel.
Other ssDNA binding proteins have similar OB-folds but they lack helix a.A, instead having
a short a-helix that interacts with  strands on the opposite face of the p-barrel (16-18).

A common strategy of binding by ssDNA binding proteins involves electrostatic and
stacking interactions between ssDNA and the OB-fold, as observed in the co-crystal
structures of other sSDNA binding proteins with ssDNA (17, 19-21). The structure of gp2.5
does not contain ssDNA and there is little amino acid sequence homology among ssDNA
binding proteins members. However, superposition of the OB-folds of ssDNA binding
proteins of various species with the OB-fold of gp2.5 reveals conserved aromatic residues
that stack against the bases in ssDNA. This finding suggests that gp2.5 binds to sSDNA in a
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similar manner. Introduction of mutations into OB-fold residues results in decreased affinity
for ssDNA and impaired annealing of homologous DNA (Figure 2) (11, 13, 16).

2. 2. An acidic C-terminal tail of gp2.5 and its terminal Phe residue are critical for its
interaction with proteins

A key molecular feature of gp2.5 is an acidic C-terminal tail, 28 residues in length (Figure
3). While this tail was not present in the construct used for crystallization, there is an
abundance of data underscoring its functional significance. The C-terminal tail is essential
for phage growth; it modulates the oligomerization of gp2.5 and its interaction with sSDNA,
T7 DNA polymerase, and helicase-primase (22-24). A variant of gp2.5 lacking the C-
terminal tail (gp2.5A26) exhibits altered behavior in size-exclusion chromatography, and a
loss of interaction with polymerase and helicase-primase (22). Similar results are obtained if
the terminal phenylalanine residue is deleted or substituted with non-aromatic residues (23,
25). Substitution of the negatively charged residues with neutral residues results in alleles
incapable of supporting T7 growth even when the terminal phenylalanine is present.
Interestingly, the multifunctional gene 4 protein, the helicase-primase, also contains an
acidic C-terminal tail with a terminal phenylalanine (26, 27). If either the C-terminal tail or
the terminal phenylalanine are altered, the interaction of helicase-primase with DNA
polymerase is eliminated, suggesting that gp2.5 and helicase-primase compete for the same
binding site on T7 DNA polymerase (26). Chimeric proteins where the C-terminal tails of
gp2.5 and the helicase-primase were interchanged support phage growth. Chimeric gp2.5
bearing the helicase-primase C-terminal tail supports wild-type levels of DNA synthesis /n
vivo but shows lower affinity for T7 DNA polymerase (23, 26). Interestingly, a chimeric
gp2.5 containing the C terminus of £. coli SSB is also functional. It supports T7 growth,
forms dimers, and interacts with T7 DNA polymerase, likely because £. coli SSB has a
similar length, charge distribution, and a C-terminal phenylalanine (23, 28).

2. 3. Binding to ssDNA

Purified gp2.5 has a lower affinity for ssDNA than other sSDNA binding proteins (19, 20,
29-31). Gp2.5 binds ssDNA with an equilibrium dissociation constant (Kq) of ~ 0. 8 uM as
measured by fluorescent titration, a value at least an order of magnitude higher than that for
E. coli SSB and T4 gp32. Gp2.5 binds ~7 nucleotides of ssDNA per monomer of protein as
shown by (23, 29, 32). Binding does not show appreciable cooperative behavior, again in
contrast to the binding behavior of other ssDNA binding proteins (23, 29, 33). The salt
dependence of the dissociation constant suggests that gp2.5 utilizes cationic sites as well as
aromatic residues for binding ssDNA. Gp2.5 binds dsDNA primarily through electrostatic
interactions and diffuses one-dimensionally along dsDNA as shown by single-molecule
analysis (34). Although this interaction with dsDNA is 10,000-fold weaker than the
interaction with ssDNA, it may facilitate the search of gp2.5 for sites of sSDNA (32-34).

The dimer interface observed in the crystal structure is thought to be stabilized by the
reciprocal binding of the C-terminal tail of a gp2.5 monomer to the OB-fold of another
gp2.5 monomer, and vice versa (16). This model suggests that binding of the C-terminal tail
constitutes a molecular switch between gp2.5 dimerization and ssDNA binding (33, 35, 36).
In the absence of ssDNA, the C-terminal tail of one monomer would be bound by the DNA-
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binding cleft of the other monomer. ssDNA binding would lead to displacement of the C-
terminal tail, freeing it for interaction with other replication proteins. Evidence suggests that
the C-terminal tail and ssDNA compete for the same binding cleft in gp2.5 (35). A
chemically synthesized C-terminal peptide tail can be cross-linked to gp2.5A26 (lacking the
C-terminal tail). Cross-linking of gp2.5A26 to the C-terminal peptide prevents DNA binding,
while DNA binding inhibits cross-linking.

Mapping of NMR chemical shifts upon titration of labeled gp2.5A26, lacking the C-terminal
tail, with either ssDNA or the C-terminal tail peptide showed that both affect the same gp2.5
residues (35). These NMR studies support a model in which both ssDNA and the C-terminal
tail bind to the same, or similar, surface of the protein. However, binding of sSDNA was
more stable than was binding of the C-terminal peptide, evidenced by the different
magnitude of the chemical shift changes. Analysis of the NMR data revealed a rapid
dissociation of the C-terminal peptide from gp2.5A26 and a slower dissociation from sSDNA
(35). Interestingly, addition of increasing amounts of ssDNA leads to a loss of visible
spectra, perhaps due to the formation of higher-ordered gp2.5A26-ssDNA complexes.

Marintcheva et al. (35) proposed that the C-terminal tail of gp2.5 oscillates between being
bound to the DNA-binding cleft and a free state (Figure 3). When gp2.5 binds ssDNA,
additional binding energy derived from hydrophobic or stacking interactions between gp2.5
and unpaired bases in the ssDNA further stabilize the complex, leading to displacement of
the C-terminal tail. The now free negatively charged C-terminal tail is free to interact with
positively charged residues in the segment of T7 DNA polymerase that binds thioredoxin or
with T7 helicase-primase (37-40). It is unclear if the active gp2.5 species is a monomer or a
dimer, as either could be accommodated based on these observations. Other prokaryotic
ssDNA binding proteins, such as £. coli SSB and T4 gp32 have acidic C-terminal tails that
regulate their interactions with protein (23). However, the former is a tetramer and the latter
is a monomer (19). Binding of gp2.5 induces striking structural rearrangements in SSDNA
(12, 29, 41). The electron micrographs of nucleoprotein complexes of gp2.5 and M13
ssDNA in the presence of magnesium show a highly compact structure, in contrast to the
open configuration observed with £. coli SSB. Electron micrographs of gp2.5-M13
complexes show indications of intrastrand interactions (12, 24, 29), suggesting that protein-
protein interactions between ssDNA-bound gp2.5 could be responsible for placing
homologous sequences in close proximity. Interestingly, single molecule force-extension
experiments reveal a contour length of ssSDNA saturated with gp2.5 that approaches the
contour length of dsDNA (41). While these two observations appear contradictory, we
envision that the extended structure adopted by ssSDNA when bound by gp2.5 likely
facilitates search for homologous sequences. Protein-protein interactions between ssDNA-
bound gp2.5 observed by electron microscopy are likely transient, and could be potentially
perturbed by the forces applied in single-molecule experiments.

2.4. Gp2.5 Facilitates Annealing of Homologous DNA Sequences

Gp2.5 facilitates the annealing of homologous sSDNA 3-4 orders of magnitude over the
spontaneous rate and is more efficient than ssSDNA binding proteins from other organisms by
1-3 orders of magnitude1 (42). While the molecular mechanism through which gp2.5
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accelerates homologous base pairing of DNA is unclear, this process is not due to the
elimination of ssDNA secondary structure. £. coli SSB and T4 gp32 bind more tightly to
ssDNA and remove secondary structure more efficiently but do not promote annealing as
proficiently as gp2.5 (19, 20, 31, 42-45). The annealing of complimentary strands by gp2.5
is specific for DNA; no annealing of complementary RNA is observed. While the annealing
reaction is somewhat tolerant to internal mismatches, it is very permissive to internal,
unpaired loops?. In contrast to £. colirecA, another protein that promotes ssSDNA annealing,
gp2.5 does not catalyze strand-invasion, and does not hydrolyze ATP (46).

A gp2.5 variant where arginine 82 is altered to a cysteine (gp2.5 R82C) shows no defect in
gp2.5 function /n vitro other than an inability to facilitate homologous ssDNA annealing
(12). Yet, this altered protein cannot support T7 growth. This finding strongly suggests that
the annealing activity of gp2.5 is essential for growth of bacteriophage T7. Arg-82 lies in a
disordered loop connecting the characteristic a-helix present in gp2.5 and its homologs
(aA) to the B-barrel portion of the structure (Figure 2) (12). It is tempting to speculate that
this region is critical for the ability of gp2.5 to mediate homologous ssDNA annealing (14,
15).

The observation that homologous sSDNA annealing activity of gp2.5 is essential for T7
growth reflects the fact that this activity is required at multiple steps in the metabolism of T7
chromosomes (see below). Annealing by gp2.5 is required for the formation of concatemers
through base-pairing of the terminal redundancy of two chromosome molecules.
Homologous recombination and dsDNA break repair in T7 also are heavily dependent on
annealing of homologous ssDNA, and surprisingly, packaging of unit-length T7 genomes
into virions also requires the presence of gp2.5 (47-49).

We envision that gp2.5 facilitates annealing of homologous ssDNA through protein-protein
interactions between ssDNA-bound gp2.5 molecules. Formation of such a complex would
increase the local concentration of ssSDNA and promote base-pair formation. The
conservation of the a.A helix and loop in gp2.5 homologs in phage and eukaryotic viruses
suggests that this region is important, perhaps mediating homotypic gp2.5 protein-protein
interactions underlying oligomerization-dependent annealing.

3. Role of gp2.5 in DNA replication

Bacteriophage T7 has evolved an efficient and economical mechanism for DNA replication.
The relatively large size of the T7 chromosome enables it to encode all but one of its
replication proteins (Figure 1) (3) and thus bypass the more complex host replication system
upon which smaller phages, such as M13 and ¢$X174, are dependent. However, essentially
all the proteins and replication mechanisms uncovered in the T7 replication system are
applicable to those of more complex organisms (36-38).

In vitro, only four proteins are required to reconstitute coordinated leading and lagging
strand DNA synthesis (Figure 4) (36-38). The hexameric helicase-primase encoded by gene

IHernandez, A.J. and Richardson, C.C. Unpublished results.
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4 unwinds duplex DNA to provide the sSDNA template for nucleotide polymerization by T7
DNA polymerase. The leading strand is copied continuously by T7 DNA polymerase, a 1:1
complex of gp5 and its processivity factor, £. colithioredoxin. Thioredoxin binds to a
unique segment, the thioredoxin binding domain (TBD), in the thumb domain of the
polymerase and increases its affinity for the primer-template. The lagging strand is
synthesized discontinuously in segments designated Okazaki fragments, which are later
joined by DNA ligase. The primase domain of gp4 catalyzes the synthesis of
tetraribonucleotides at specific DNA sequences that are transferred to DNA polymerase to
initiate the synthesis of an Okazaki fragment. Finally, gp2.5 binds to any ssDNA at the
replication fork and is essential for the coordination of events during synthesis of both
strands (50-52). Most likely, its interaction with the polymerase-thioredoxin complex and
the helicase-primase are important in establishing coordinated DNA synthesis.

3. 1. Gp2.5 interacts with T7 DNA polymerase

Gp2.5 binds directly to gp5, the polymerase subunit of T7 DNA polymerase to form a 1:1
complex with a Ky of 1 uM (53). Binding of gp2.5 to gp5 is mediated through the C-
terminal tail of gp2.5 and the TBD of gp5 (22-24, 28, 39, 53). The interaction between
gp2.5 and gp5 does not have an absolute requirement for thioredoxin but the presence of
thioredoxin significantly enhances the affinity of gp5 for gp2.5 (39, 53). Thioredoxin
interacts extremely weakly with gp2.5 (Kq4 of ~ 500 uM) suggesting that its effect on the
affinity of gp5 for gp2.5 is not merely additive (39). Binding of thioredoxin to gp5 leads to
the formation of two basically-charged loops, A and B, within the TBD (Figure 5) (54). The
C-terminal tail of gp2.5 interacts with loops A and B electrostatically, as determined by
surface plasmon resonance. Deletion of the C-terminal tail from gp2.5 eliminates its
interaction with T7 DNA polymerase, as does the substitution of acidic residues with basic
or neutral amino acids (22-24, 39, 40). The residues in gp5 that contact the C-terminal tail
of gp2.5 also interact with the acidic C-terminal tail of the helicase-primase and are in close
proximity to the gp5 DNA-binding groove (39, 55).

Interestingly, the C-terminal phenylalanine of gp2.5 is critical for interaction with T7 DNA
polymerase. Removal of this phenylalanine or replacement with a non-aromatic residue is
lethal /n vivo and eliminates the interaction between gp2.5 and T7 DNA polymerase /n vitro
(23, 26). A genetic screen for second-site suppressors of a lethal variant of gp2.5, in which
the C-terminal phenylalanine was placed in the penultimate position, identified two gp5 that
suppress this lethal phenotype (56). The gp5 suppressor variants, bearing a G371K or an
A411T/T258M alteration, are in close proximity to aromatic residues near the DNA binding
site, suggesting these aromatic residues are potential sites of interaction between gp5 and the
C-terminal phenylalanine of gp2.5 (57). The suppressor mutations identified likely introduce
small changes in the hydrophobic binding pocket to accommodate binding of the artificially
placed phenylalanine. The suppressor gp5 variants are comparable to wild-type gp5 in their
ability to complement T7 phage lacking gene 5, and their polymerase activity. While gp2.5
lacking the C-terminal phenylalanine does not interact with wild-type T7 DNA polymerase,
binding is restored by suppressor gp5 variants, indicating that the interaction between gp2.5
and T7 DNA polymerase is essential for phage growth (40, 56).
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Wild-type T7 DNA polymerase is unable to initiate DNA synthesis at a nick in dSDNA. The
presence of gp2.5, however, enables T7 DNA polymerase to catalyze limited strand-
displacement synthesis at this site (Figure 5) (25, 58). Most likely gp2.5 binds to transiently
ssDNA arising at the nick and stabilizes the ssSDNA. This structure allows T7 DNA
polymerase to catalyze strand-displacement synthesis to provide sufficient ssDNA onto
which the helicase can load (58, 59). A lethal variant of gp2.5 where the conserved C-
terminal phenylalanine is mutated to aspartate does not support initiation of strand
displacement DNA synthesis (25). The inability of this variant to allow initiation of strand-
displacement synthesis at a nick in DNA underscores the need for an interaction between
gp2.5 and T7 DNA polymerase during this process and not merely a role of gp2.5 in
stabilizing ssDNA.

The T7 helicase-primase also has an acidic C-terminal tail with a phenylalanine as the
terminal residue (26, 27). Chimeric versions where C-terminal tails of gp2.5 and gp4 were
swapped fully support T7 phage growth. The chimeric proteins bind to T7 DNA polymerase
with similar affinities as the wild-type proteins, but the C-terminal tail of gp2.5 confers
slightly increased affinity (23, 26). This observation suggest that the dynamic, mutually
exclusive interactions of the helicase-primase and gp2.5 with T7 DNA polymerase, mediated
through their C-terminal tails, are critical for coordination of their functions at the
replication fork.

3. 2. Interaction of gp2.5 with T7 helicase-primase

The physical interaction between gp2.5 and T7 DNA polymerase is implied by experimental
data, but the evidence for a direct interaction between the proteins is lacking. T7 helicase-
primase binds to a gp2.5 affinity column under conditions of low ionic strength (53). The
interaction between gp2.5 and the helicase-primase appears to require the acidic C-terminal
tail of gp2.5. When gp2.5A26 is used as a ligand for affinity chromatography, the helicase-
primase does not bind (22). Other physical methods to detect protein-protein interactions,
such as surface plasmon resonance, have failed to measure an interaction between gp4 and
gp2.5. Instead, the interaction between gp2.5 and the T7 helicase-primase has been inferred
from the functional effects of gp2.5 on the enzymatic activities of the helicase-primase (24,
28, 51, 58, 60). While the underlying molecular mechanisms remain unknown, the
interaction between gp2.5 and the T7 helicase-primase likely facilitates the association of
the latter with sSDNA, an interaction that involves the C-terminal tail of gp2.5. For
simplicity, in the following two subsections, we will refer to specific subdomains within the
full-length T7 helicase-primase polypeptide, and their enzymatic activities, as “helicase” and
“primase”.

3. 2. 1 Helicase—The T7 DNA helicase assembles as a hexamer onto linear or circular
sSDNA in the presence of dTTP, without the need for loading factors (58, 61). In the absence
of dTTP, a condition that does not permit binding of T7 helicase to sSSDNA, gp2.5 can
function as a helicase-loading factor. Under these conditions, T7 helicase associates with
sSDNA coated with gp2.5, but not with sSDNA coated with £. coli SSB (58).
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Wild-type gp2.5 modestly stimulates the dTTPase and helicase activities of T7 helicase.
Elimination of the C-terminal tail as in gp2.5A26, abolishes both activities at concentrations
where the ssDNA is saturated with gp2.5 (24).

3. 2. 2 Primase—Gp2.5 increases the initiation of RNA-primed DNA synthesis by T7
helicase-primase and T7 DNA polymerase using M13 ssDNA as a template (24, 58). Gp2.5
enhances the efficiency of oligoribonucleotide synthesis by T7 helicase-primase on ssSDNA
by reducing the dissociation of dimer intermediates from the helicase-primase, thereby
increasing the proportion of full-length primers produced (52). Gp2.5 inhibits the proportion
of primers extended approximately 2-fold. This inhibitory effect may be due to the
sequestration of primase recognition sites by gp2.5 and/or the anchoring of the polymerase
distal to the site of primer synthesis. However, fully-extended products accumulate with
faster kinetics than in reactions lacking gp2.5, or those that contain either £. coli SSB or
gp2.5A26 (52). A competition between the C-terminal tails of gp2.5 and the helicaseprimase
for the TBD of the polymerase likely represents a molecular switch that enables the
replisome to position the lagging strand polymerase in a configuration leading to formation
of a priming complex.

3. 3. Gp2.5 coordinates DNA synthesis at the replication fork

Gp2.5 is indispensable for the coordination of leading- and lagging-strand DNA synthesis at
the replication fork (50-52). /n vitro analysis of the synthesis of leading-and lagging-strands
occurring simultaneously can be accomplished using small, synthetic DNA minicircles of
~70 bp. The base sequence of DNA minicircles can be selectively designed to allow for the
quantitative monitoring of DNA synthesis of each strand. For example by having guanosines
only in one strand and cytosines in the other synthesis of leading and lagging strands can be
monitored by the incorporation of radioactive dCMP or dGMP. In addition, the number and
location of primase recognition sites can be specified.

Under conditions of coordinated DNA synthesis on the minicircle, the leading strand is
extended continuously to sizes greater than 10 kb. The lagging strand is replicated as
multiple Okazaki fragments with an average size of 1 kb (36—38). The consistency in
Okazaki fragment size is remarkable because the replisome would encounter a primase
recognition site on the minicircle on average, every 35 bp (50, 51). Okazaki fragments in the
absence of gp2.5, or in the presence of gp2.5A26, show a distribution of sizes skewed
towards species shorter than 0.5 kb (50, 51, 62). The periodicity in the extension pattern
when reaction products are analyzed by denaturing PAGE strongly suggests that these
products represent primer extension initiation/termination events, which are indicative of an
over-utilization of primase recognition sites. Thus, the presence of gp2.5 tempers the levels
of primer utilization, which leads to a bypass of priming events (52, 63). This bypass
mechanism may allow leading- and lagging-strand DNA synthesis to proceed at comparable
rates.

3. 4 Role of gp2.5 in initiation of DNA replication

The primary origin of initiation of DNA synthesis has been mapped to a 129 bp segment of
DNA between positions 14.75 and 15.0, approximately 15% of the distance from the left end
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of the T7 DNA molecule (64). Sequence analysis (65) has shown that this region contains
tandem promoters for T7 RNA polymerase that direct RNA synthesis rightward. No coding
sequence is present between the promoters but an RNase 111 cleavage site is present in the
RNA transcribed from this region. Immediately to the right of the promoters is a 61 bp AT-
rich (79%) known to be essential for initiation at this origin (64).

Initiation of DNA replication can be reconstituted using T7 RNA polymerase, T7 DNA
polymerase, T7 helicase-primase, and either T7 DNA or a T7 origin-containing plasmid
DNAs (66, 67). On the origin-containing plasmid DNA synthesis is unidirectional
proceeding in a rightward direction with respect to the T7 genetic map, the same direction as
transcription by the T7 RNA polymerase (68). The product DNA has 10 to 60
ribonucleotides covalently linked to their 5’-termini. These RNA primers arise from each of
the two promoters located in the origin region.

Initiation of DNA synthesis in the opposite direction requires the presence of a sSDNA
binding protein (68). Both gp2.5 and £. coli SSB promote leftward synthesis but,
interestingly, T4 gene 32 protein does not. Both T7 gp2.5 and £. coli SSB stimulate
rightward synthesis. What is the role of ssDNA-binding protein in initiation of leftward
synthesis? Transcription from the two promoters exposes sufficient ssSDNA for the helicase
to load and unwind DNA in the rightward direction. In order for helicase to load onto the
opposite strand requires exposure of ssDNA to the left of the origin region. It has been
proposed that ssSDNA binding protein participates in this event.

3. 5. Gp2.5 is required for concatemer formation

Replication of T7 DNA proceeds via the formation of concatemers, head-to-tail
arrangements of genome length DNA joined through a 160 bp region of complementarity
called the terminal redundancy (3, 69). Since the T7 genome is linear, the first round of
replication produces two DNA products containing 3’ ssSDNA extensions. The 3* ssDNA
extensions of two molecules can anneal to form a linear concatemer (70, 71). The formation
of concatemers requires gp2.5 and the 5°-3” exonuclease (gp6) encoded by T7 (7). The direct
role of gp2.5 in the annealing process is discussed below. Linear concatemers of increasing
size can be detected early after infection, followed by the appearance of a nucleoprotein
complex containing over 100 phage genome equivalents, with multiple regions of sSDNA
which is thought to consist of actively replicating and recombining genomes (71-74). These
recombination intermediates are likely converted into replication forks, and the complex
DNA structure is eventually resolved by the T7 encoded endonuclease, gp3, to linear
concatemers in preparation for packaging (75-77).

4. Role of gp2.5 in DNA Recombination, Repair, and Packaging

4. 1. Recombination

Homologous recombination in bacteria infected by bacteriophage T7 is extensive and
extremely efficient (64-67). Although it is independent of host recombination pathways, the
mechanism used in T7-infected cells is still unknown. Studies with extracts from T7 mutants
show a requirement for T7 DNA polymerase, helicase-primase, gene 6 exonuclease, gene 3
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4. 2. Repair

endonuclease, and gp2.5 (78-80). Gp2.5 is likely critical for T7 recombination, as it
efficiently mediates annealing of complementary ssDNA (see below) (26, 27. 42, 69). In
conjunction with T7 helicase-primase the two proteins mediate DNA transfer between
homologous strands (see below (70, 71).

4.1. 2. Gp2.5 and T7 helicase-primase mediate homologous strand exchange
—Gp2.5, in coordination with the T7 helicase-primase, mediates the transfer of strands
between homologous DNA molecules (Figure 6) (81). In this process, gp2.5 stimulates the
annealing of ssSDNA between regions of homologous ssSDNA, resulting in the formation of a
hybrid molecule. T7 DNA helicase then unwinds the complementary strand to mediate
strand transfer. This process requires an interaction between gp2.5 and DNA helicase, as
gp2.5A26 cannot mediate strand transfer, even though it binds DNA and mediates annealing
of homologous ssDNA. Strand transfer is tolerant to the presence of thymine dimers and
short regions of non-homology (82, 83).

A possible mechanism for homologous recombination in T7-infected cells could involve a
process similar to the recombination-dependent DNA replication occurring in phage T4 (3,
84-86). During this process, single-stranded 3’ ends generated by resection by T7 gene 6
5’-3” exonuclease invade a double-stranded region and anneal to homologous strands, a
process mediated by gp2.5 and T7 DNA helicase. After their replication, an enzyme such as
T7 gp3 endonuclease resolves the complex recombination intermediates.

4. 2. 1. dsDNA break repair—In prokaryotic systems, broken chromosome ends are
predominantly repaired by homologous recombination (87). Repair of dsSDNA breaks in T7-
infected cells is quite efficient and proceeds through a recombination homologous-repair
mechanism, which involves the incorporation of a donor DNA fragment into the damaged
chromosome (88, 89). This process is independent of the £. coli RecA pathway and is
carried out almost exclusively by T7 proteins, with gp2.5 being essential (47, 90, 91). A
gene 2.5 deletion mutant blocks repair of dsDNA breaks, but inactivating mutations in T7
helicase-primase have no effect, suggesting that DNA strand transfer is not required (47).

Repair of a gap in dsDNA is accomplished by the formation of 3’ single-stranded tails
through the 5’-3” exonucleolytic digestion of double-stranded donor DNA and the broken
acceptor DNAs by T7 exonuclease. Annealing of ssDNA segments bearing sequence
homology by gp2.5 follows this event. T7 DNA polymerase (or £. coli DNA polymerase 1)
then fills unextended regions, followed by ligation, completing the repair (47, 88-92).

4. 2. 2. Nicks in dsDNA and lesions to DNA bases—T7 bacteriophage does not
encode a specialized DNA base repair system and its growth is impaired in £. coli defective
in DNA repair (93). However, mutagenized T7 genomes can produce successful infection
when transfected into £. coli, indicating that it can utilize the host repair mechanisms (94—
98). In addition, recent evidence indicates that some DNA lesions/adducts can be overcome
by an intrinsic translesion synthesis ability of T7 DNA polymerase, when coupled to
helicase, to replicate through sites of damage that would otherwise be inhibitory (99, 100).
Helicase coupled-T7 DNA polymerase can bypass single-stranded nicks in dsDNA and the
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presence of gp2.5 enhances this activity (25, 100). Neither T7 DNA polymerase nor helicase
can bypass a nick individually. Upon bypass, gp2.5 promotes initiation of strand-
displacement DNA synthesis by binding to the displaced ssDNA generated by the helicase-
polymerase complex (25, 100). Helicase coupled-T7 DNA polymerase can also tolerate and
directly overcome leading-strand template lesions, which are thought to present the most
potent barrier to replication fork progression, but any role gp2.5 may play in this process is
yet to be examined. (99).

4. 3. Packaging

Phage capsid and maturation proteins functionally cooperate with DNA replication proteins
to process concatemers and package genomes into virions (48, 101-105). Processing of
concatemers involves the introduction of nicks at the terminal redundancy junction, strand
displacement synthesis, and conversion of the single-stranded regions to dsDNA (3, 105).
One can envision a role of gp2.5 in conjunction with T7 DNA polymerase and DNA helicase
in this complex process. In support of this notion, /in vitro packaging reactions that lack
gp2.5 yield abnormally low titers of phage, underscoring its importance in this process (47,
49).

5. Homologs of gp2.5

Bioinformatic analyses indicate that a large number of bacteriophage genomes encode
proteins with homology to gp2.5 (14, 15). These putative gp2.5 homologs share a similar
gene location in the viral genome. Also, their sequence suggests the presence the distinctive
aA between strands p2 and B3 of the OB-fold, as well as residues know to be functionally
important for gp2.5 function, including highly acidic residues at the C-terminus of the
polypeptide. Homologs of gp2.5 are not limited to phages related to T7, or even prokaryotic
systems (14). Homologs of T7 gp2.5 are found in four families of nucleo-cytoplasmic large
DNA viruses (NCLDVs): Phycodnaviridae, Mimiviridae, Iridoviridae and Marseillevirus.
These viruses feature some of the largest viral genomes known and do not depend on host
factors for DNA replication (106). This observation is perhaps not too surprising considering
the proposal that eukaryotic dsDNA viruses are directly descended from bacteriophages
(107, 108). In addition, ICP8 the major ssDNA binding protein from herpes simplex virus-1
is also distantly related to gp2.5, sharing a common ancestor (14). Like gp2.5, ICP8 can
anneal ssDNA and it is essential for replication of leading- and lagging-strands using
minicircle DNA in vitro (109). However, only the middle segment of ICP8 shares any
significant homology to gp2.5 and the two differ in their oligomerization state.

6. Conclusion

Despite the progress made in elucidating the complex layers of interactions between gp2.5
and its macromolecular partners, much work remains in order to understand its various
functions. How gp2.5 coordinates the synthesis of leading- and lagging-DNA strands at the
replication fork is unknown. Given its central role in DNA synthesis, repair, recombination,
and packaging, it is likely that gp2.5 regulates these processes as well, particularly in the
higher-order nucleoprotein DNA factories observed /n vivo. The prodigious acceleration of
homologous DNA annealing by gp2.5 is essential to its functions, yet we still lack an
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ad

equate understanding of the molecular events occurring during this process. Likewise, the

role of gp2.5 in the coordination of leading and lagging strand synthesis is critical but the
molecular interactions involved are not known. For example, the role of the essential C-
terminal phenylalanine of gp2.5 is yet to be elucidated. Finally, investigating the numerous
gp2.5 homologs found in other organisms will shed light into the evolution and function of
this ssSDNA-binding protein family.
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Figure 1.

Genetic map of the bacteriophage T7 genome. Rectangles represent genes with the essential
genes designated by numbers. The early Class | genes, including that for T7 RNA
polymerase (gene 1), are transcribed by £. coliRNA polymerase. Afterwards, T7 RNA
polymerase transcribes Class Il gene, involved in DNA replication, and Class I11 genes,
encoding phage structural proteins.
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Figure 2.
Crystal Structure of T7 gp2.5. Gp2.5 consists of a single OB-fold domain containing an anti-

parallel five-stranded B-barrel (purple). Basic and aromatic acid residues implicated in DNA
binding (K3, K109, K152, Y158) lie in the B-barrel and are indicated yellow. Alpha helix A
(aA, turquoise) is located on the opposite face of the B-barrel relative to other prokaryotic
ssDNA binding proteins. R84, a residue critical for the ability of gp2.5 to mediate
homologous ssDNA annealing, is located in a disordered loop connecting aA to 3 (dashed
line). The C-terminal tail, not present in the construct used for crystallization, is likely
disordered and is shown protruding away from the p-barrel (dashed line).
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Electrostatic shield to the binding site

Figure 3.
Model for C-terminal tail/DNA-binding switch of gp2.5. The C-terminal tail of gp2.5 binds

to the positively-charged DNA-binding cleft, oscillating between bound and bound states.
This oscillation allows gp2.5 to sense for the presence of sSDNA and prevents interaction
with random negatively charged surfaces. For simplicity, we depict a gp2.5 monomer
binding its C-terminal tail through its own DNA-binding surface.
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Figure 4.

The T7 Replisome. The hexameric helicase/primase unwinds the DNA duplex to provide the
template for DNA synthesis. The leading strand is continuously extended by T7 DNA
polymerase in complex with its processivity factor, £. coli Trx, in association with the
helicase. The primase synthesizes RNA primers on the lagging strand that are then extended
by T7 DNA polymerase/thioredoxin leading to the formation of a replication loop containing
a nascent Okazaki fragment. The T7 ssDNA-binding protein, gp2.5, stabilizes SSDNA
replication intermediates, interacts with T7 DNA polymerase and helicase/primase, and is
essential for the coordination of DNA synthesis on both strands.
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Figure 5.
Interaction between the TBD of gp5 and the C-terminal tail of gp2.5. Top panel: Binding of

thioredoxin to gp5 leads to the formation of two positively-charged loops, TBD loops A and
B (residues 275-285 and residues 299-314 of gp5, blue dashed lines). Bottom panel: When
gp2.5 binds ssSDNA (gray), its free acidic C-terminal tail (red) interacts electrostatically with
TBD loops A and B (blue).
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Figure 6.
Synthesis at a nick in dsDNA is facilitated by gp2.5. WT T7 DNA polymerase is unable to

initiate DNA synthesis at a nick in dSDNA. Top panel: T7 DNA polymerase idles at the
nick by alternating between 3’-5’ exonuclease and nucleotide polymerization activities. An
interaction between gp2.5 and T7 DNA polymerase allows limited strand-displacement
synthesis. This interaction is mediated, in part, by the C-terminal phenylalanine of gp2.5. In
addition, gp2.5 likely stabilizes the sSDNA produced. Bottom panel: The helicase hexamer
assembles on the displaced 5’-single-stranded tail when it is sufficiently long, and displaces
gp2.5. Helicase and T7 DNA polymerase form a stable complex and continue DNA
synthesis.

Semin Cell Dev Biol. Author manuscript; available in PMC 2020 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hernandez and Richardson

gp2.5

3! 5'

‘+ Helicase

3 5

~_-Helicase

3l
AN ENRENN

|

5l

Figure 7.
Strand-exchange of homologous DNA facilitated by T7 helicase and gp2.5. Top panel:

Gp2.5 (yellow) binds single-stranded regions of two partner DNA molecules and promotes

their homologous base pairing to form a stable hybrid molecule. Middle panel: The helicase
hexamer (dark gray) binds to the 5’-single-stranded tail, translocates in a 5’-3’ direction, and
unwinds duplex DNA. Bottom panel: ssDNA formed behind the moving helicase anneals to
the complementary strand on the circle as it is unwound.
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