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Escherichia coli single-stranded DNA-binding protein
mediates template recycling during transcription
by bacteriophage N4 virion RNA polymerase
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Coliphage N4 virion RNA polymerase (VRNAP), the most distantly
related member of the T7-like family of RNA polymerases, is
responsible for transcription of the early genes of the linear
double-stranded DNA phage genome. Escherichia coli single-
stranded DNA-binding protein (EcoSSB) is required for N4 early
transcription in vivo, as well as for in vitro transcription on super-
coiled DNA templates containing VRNAP promoters. In contrast to
other DNA-dependent RNA polymerases, VRNAP initiates transcrip-
tion on single-stranded, promoter-containing templates with in
vivo specificity; however, the RNA product is not displaced, thus
limiting template usage to one round. We show that EcoSSB
activates VRNAP transcription at limiting single-stranded template
concentrations through template recycling. EcoSSB binds to the
template and to the nascent transcript and prevents the formation
of a transcriptionally inert RNA:DNA hybrid. Using C-terminally
truncated EcoSSB mutant proteins, human mitochondrial SSB
(Hsmt SSB), phage P1 SSB, and F episome-encoded SSB, as well as
a Hsmt-EcoSSB chimera, we have mapped a determinant of tem-
plate recycling to the C-terminal amino acids of EcoSSB. T7 RNAP
contains an amino-terminal domain responsible for binding the
RNA product as it exits from the enzyme. No sequence similarity to
this domain exists in vVRNAP. Hereby, we propose a unique role for
EcoSSB: It functionally substitutes in N4 vRNAP for the N-terminal
domain of T7 RNAP responsible for RNA binding.

B acteriophage N4 virion RNA polymerase (VRNAP), respon-
sible for transcription of the phage early genes, is injected
into the host cell with the phage genome upon infection (1).
VvRNAP is inactive on linear double-stranded templates but
transcribes denatured genomic N4 DNA or promoter-containing
single-stranded DNA (ssDNA) with in vivo specificity (2, 3).
VRNAP promoters contain a 5- to 7-bp stem, 3-nt loop hairpin,
and conserved sequences (3, 4).

In vivo, N4 early transcription requires Escherichia coli DNA
gyrase and E. coli ssDNA-binding protein (EcoSSB), which
provide an “active” promoter structure (5). Other SSBs (T7 gp
2.5, T4 gp 32, and N4 SSB) fail to stimulate VRNAP transcription
in vitro because they destabilize the promoter hairpin (6).
VRNAP transcripts generated from ssDNA templates are re-
tained as RNA-DNA hybrids, suggesting that vVRNAP cannot
displace the RNA product (2). We show that EcoSSB activates
VRNAP transcription on ssDNA templates through displace-
ment of the RNA product and, therefore, through template
recycling.

The 177-aa EcoSSB polypeptide consists of a 115-aa N-
terminal domain responsible for DNA binding and an ~50-aa
Pro- and Gly-rich sequence followed by a 10-aa acidic tail, highly
conserved in eubacterial SSBs (7, 8). Human mitochondrial
(Hsmt) SSB is similar in sequence and structure to the N-
terminal domain of EcoSSB but lacks the conserved C-terminal
sequence (9-11). We show that Hsmt SSB did not activate
vRNAP transcription although it did not disrupt the promoter
hairpin. We determined that the 10 C-terminal amino acids of
EcoSSB are essential for activation through the use of C-
terminally truncated EcoSSB proteins, Hsmt SSB-EcoSSB chi-
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meras (12), and bacteriophage P1 (13) and F episome-encoded
(14) SSBs. The implications of these findings, which suggest a
novel role for a ssDNA-binding protein, are discussed.

Materials and Methods

Proteins. VRNAP from N4 virions and N-terminally His-6-tagged
mini-vRNAP were purified as described (15). EcoSSB was
purchased from Amersham Pharmacia or purified as described
below. Hsmt SSB, the truncated EcoSSB proteins, and the Hsmt
SSB-EcoSSB chimeric protein were provided by Ute Curth and
Claus Urbanke (Hannover Medical School, Hannover, Germa-
ny). EcoSSB, P1 SSB, and F SSB were purified as described (16)
with modifications. E. coli K-12 RDP268 cells, a AB1157 deriv-
ative where the ssb gene has been replaced by a DNA fragment
carrying the aphA gene encoding kanamycin and neomycin
resistance (17), bearing pPRPZ146 expressing EcoSSB, pKAC50
expressing F SSB (16), or pHAL253 expressing P1 SSB (13) were
used as the starting material. Cells (1 liter) grown in LB and 50
wng/ml kanamycin, were collected by centrifugation and soni-
cated in 300 mM NacCl buffer S (20 mM Tris'HCI, pH 8.0/0.2
mM EDTA/2 mM DTT) on ice. The cleared supernatant was
loaded onto a 5-ml denatured DNA-agarose column (Pharmacia
Biotech); the column was washed with 15 ml of 500 mM NaCl
buffer S, and the SSB protein was eluted by 2 M NaCl buffer S.
Fractions containing SSB protein were pooled, diluted 10-fold
with buffer S, and applied onto a 1-ml HiTrap Q column
(Pharmacia Biotech). Concentrated protein was eluted with 500
mM NaCl buffer S, mixed with an equal volume of 100%
glycerol, and stored at —20°C. All three proteins were at least
99% pure and nuclease-free.

Runoff Transcription Assay. Reaction mixtures (5 ul) contained
1 mM each ATP, CTP, and GTP, 0.1 mM UTP, 1 uCi of
[«-*P]UTP (3,000 Ci/mmol, Amersham Pharmacia), 10 nM
VvRNAP, and 1 nM DNA template (unless otherwise stated) in
buffer A (10 mM TrissHCl, pH 7.8/10 mM MgCl,/50 mM
NaCl/1 mM DTT). Template 12-P2-52 (3'-GAAATTTCTCTT
CTTCGAGGCGAAGAAAACCTACTTCATTACGTAGG-
TTAGGACATACTTTAAGAATTGGAAACAGACCCT-
5, the hairpin inverted repeat and position + 1 are underlined)
is a synthetic deoxyoligonucleotide containing 12-nt upstream of
the promoter hairpin, the N4 early promoter P2, and 52 nt of
transcribed region. Where indicated, no labeled NTP was added
and 5’ 3?P-labeled DNA template was used. EcoSSB, Hsmt SSB,
and SSBs deletions or chimeras were present at concentrations
specified in the figure legends. Reactions were incubated at 37°C
for 5 min unless otherwise stated, terminated by addition of 7 ul
of stop solution (95% formamide/20 mM EDTA/0.05% bromo-
phenol blue/0.05% xylene cyanol), and analyzed by electrophoresis

Abbreviations: RNAP, RNA polymerase; VRNAP, virion RNAP; ssDNA, single-stranded DNA;
SSB, ssDNA-binding protein; EcoSSB, Escherichia coli SSB; SEC, stalled elongation complex;
Hsmt SSB, human mitochondrial SSB.
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Effect of EcoSSB on N4 vVRNAP runoff transcription of the ssDNA template 12-P2-52. (A) Where indicated, EcoSSB and VRNAP were present at 1 uM and

10 nM, respectively. (B) A 100-ul complete transcription mixture containing 1 nM template but no EcoSSB was divided into four aliquots (I, 11, Ill, and 1V) before
incubation at 37°C. I, no additions; I, 50 nM template was added after 20 min incubation; Ill, 1 M EcoSSB was added before incubation; and IV, 1 uM EcoSSB
was added after 20 min of incubation. At the indicated times, 5-ul aliquots were analyzed.

on 8 M urea/8% polyacrylamide gels and phosphorimaging. De-
rivatives of template 12-P2-52 used to determine the effect of
template and/or product length on EcoSSB activation contained no
sequences upstream of the P2 hairpin and 24 (0-P2-24), 34 (0-P2-
34), 40 (0-P2-40), or 52 (0-P2-52) nt of transcribed sequence.
Template 34-P2-24 contains 22 additional nucleotides of upstream
sequence (3'-GGCTATCAAGTTATTGATAGAT). All se-
quences were derived from the N4 genome.

Analysis of the State of the Template and RNA Product by Native Gel
Electrophoresis. Reactions were carried out as described above.
Some of the samples were treated with 0.2 units/ul RNase H or
1 unit/ul Nuclease S1 (GIBCO/BRL) before analysis. After
addition of glycerol to 10%, 5-ul aliquots were analyzed by
electrophoresis at 4°C on 6% polyacryamide (80:1) gels (50 mM
Tris base/380 mM glycine/2 mM EDTA, pH 8.5/2.5% glycerol),
and autoradiography.

DNase | Protection Assays. Reaction mixtures (5 ul) contained 50
nM 5’ 3P-labeled DNA in buffer A. EcoSSB or Hsmt SSB (2 uM
final concentration) were added, and the mixtures were incubated
on ice for 10 min and treated for 15 min at 37°C with DNase I (0.01
units/ul final concentration, GIBCO/BRL). After addition of 7 ul
of Stop solution, samples were analyzed by electrophoresis on 8 M
urea/8% polyacrylamide gels and autoradiography.

RNA-Protein Crosslinking. Stalled mini-vRNAP elongation com-
plexes (SECs) were prepared in transcription reactions without
CTP by using a set of DNA templates containing the P2
promoter and a 23-nt transcribed region that ends in four G
residues. Eight variants of this sequence in which an A residue
replaced one of the T residues in the transcribed region were
used. The sequence of the full-length template is: 3'- CTTCG
AGGCGAAGAAAACCTTCTTCTTTTCCTTCCTGGGG-5'
(hairpin inverted repeat and position + 1 are underlined, and the
T residue replaced with an A residue at positions +3, +6, +9,
+10, +11, +12, +15, or +19, in the variant templates are in
bold). Then 1 uM N-terminally His-6-tagged mini-vRNAP, 1
uM DNA oligonucleotide, 2 uM EcoSSB, 0.5 mM 5-IodoUTP
(Sigma), 1 mM GTP, 0.1 mM ATP, 2 uCi of [a->?P]ATP (3,000
Ci/mmol, Amersham Pharmacia), and buffer A were mixed in a
total volume of 5 ul in a 15-ul well of a polystyrene MicroWell
minitray with lid (Nunc) on ice. The minitray was placed on a
37°C metal heat block for 5 min and then on a Spectroline
TM-312A UV Transilluminator (Spectronics, Westbury, NY) lid
down with an ice pack on top. After irradiation for 40 min at 312
nm (19), the samples were mixed with 5 ul of 2X loading buffer
(100 mM Tris'HCl, pH 6.8/200 mM DTT/4% SDS/0.2% bro-
mophenol blue/20% glycerol), heated at 96°C for 2 min, and
analyzed by SDS/PAGE and phosphorimaging.
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Results

EcoSSB Activates VRNAP Transcription at Limiting ssDNA Template
Concentrations. To determine the effect of EcoSSB on vVRNAP
transcription of ssDNA templates, runoff transcription reactions
were carried out on a synthetic oligonucleotide template con-
taining VRNAP early promoter P2 and a 52-nt transcribed
region. In the absence of EcoSSB and at the lowest template
concentration, RNAP transcription yields three major products:
the 52-nt runoff product and two additional products differing
at the 3’ end due to nontemplated nucleotide addition (Fig. 14,
lane 1). Longer products are also synthesized (Fig. 14, lanes 3
and 5). In the presence of EcoSSB, activation occurs at low
template concentrations (compare lanes 1 and 2 to 5 and 6), and
the synthesis of longer transcripts is abolished (compare lanes 3
and 5 to 4 and 6).

We have previously shown that the product of vVRNAP transcrip-
tion on ssDNA templates is retained in an RNA-DNA hybrid (2).
Therefore, we considered that EcoSSB activates transcription at
limiting template concentrations through recycling of the template.
To explore this possibility, we determined the time course of RNA
synthesis in three reactions at low template concentration. In the
absence of EcoSSB (Fig. 1B, I), no further RNA synthesis was
observed beyond 20 min of incubation. This effect was due to
template limitation because RNA synthesis resumed on further
addition of template (Fig. 1B, II). In the presence of EcoSSB, the
rate of RNA synthesis was constant during the course of the
reaction, indicating that template limitation was overridden by
the presence of EcoSSB (Fig. 1B, III). The possibility that template
degradation might occur in the absence of EcoSSB was ruled out
because EcoSSB activated transcription after RNA synthesis had
reached a plateau (Fig. 1B, IV). The slow rate of RNA synthesis
after EcoSSB addition reflects the rate of melting of the RNA-DNA
hybrid, as determined by the change in sensitivity of the isolated
32P-RNA-DNA hybrid to RNase H and nuclease S1 upon EcoSSB
addition (not shown). These results indicate that EcoSSB prevents
formation of an RNA-DNA hybrid during transcription.

EcoSSB Activates Transcription by Binding to the Template and the
RNA Product. To determine whether EcoSSB prevents the for-
mation of an RNA-DNA hybrid, we analyzed the physical state
of the template and the transcript synthesized in the absence or
presence of SSB by native gel electrophoresis (Fig. 2). Tran-
scription reactions were carried out with unlabeled template and
labeled NTPs (4 and B), or with labeled template and unlabeled
NTPs (C and D) to analyze the state of the product and template,
respectively. Before incubation, 1 uM EcoSSB was added to
one-half of each reaction mixture (B and D). At the end of the
transcription reaction, each reaction mixture was divided into
three aliquots: a control sample, a sample with RNase H added
to degrade RNA in RNA-DNA hybrids, and a third sample with
nuclease S1 added to degrade single-stranded nucleic acids.

In the absence of EcoSSB, the majority of the RNA product
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Fig. 2. Effect of EcoSSB on the state of the DNA template and the RNA
product. (A and B) Transcription reactions contained 5 nM unlabeled 12-P2-52
DNA template and [a-32P]JUTP. (C and D) Transcription reactions contained 5
nM 5’ 32P-labeled template and unlabeled NTPs. Where indicated, EcoSSB was
present at 1 uM. After a 15-min incubation, each mixture was divided into
three aliquots and treated for 15 min at 37°C with no additions, RNase H, or
Nuclease S1, as indicated, and analyzed by native PAGE.

(Fig. 24, lane 1, bands I and II) and the DNA template (Fig. 2C,
lane 7, bands I and II) were present in RNA:DNA hybrids as
revealed by the disappearance of the labeled RNA (Fig. 24, lane
2) and the change in mobility of the labeled template (Fig. 2C,
lane 8) after RNase H treatment. Band III, which is barely
detected under these conditions, corresponds to free RNA; band
X corresponds to template DNA; band IX is not detected after
heating and quick cooling of the template before electrophoresis,
indicating that it is the product of intermolecular template
interaction. Treatment with nuclease S1 yielded the same com-
plexes (bands I'V and V) whether the template or transcript was
labeled, indicating the presence of RNA-DNA hybrids.

In the presence of EcoSSB, a significant fraction of the RNA
was RNase H resistant (compare Fig. 2 4 and B, lanes 2 and 5,
band VII and below), indicating the absence of a DNA-RNA
hybrid. However, a species sensitive to RNase H (Fig. 2B, lane
4, band VI), corresponding to a RNA-DNA-EcoSSB complex
intermediate, was present. Under these conditions, the labeled
template formed two different complexes with EcoSSB (Fig. 2D,
lane 10, bands XI and VI). Complex VI (Fig. 2D, lane 10),
contains RNA (B, lane 4) and was sensitive to RNase H
treatment, indicating that it is the RNA*DNA:EcoSSB complex
intermediate. The lower mobility complex (Fig. 2D, lane 10,
band XI), which increased in amount after RNase H treatment
and was partially degraded after nuclease S1 treatment, corre-
sponds to a DNA-EcoSSB complex (Fig. 2D, lanes 11 and 12). In
all cases, treatment with nuclease S1 resulted in the same
Sl1-resistant complexes (bands IV and V).

We conclude that the RNA product of VRNAP transcription
on ssDNA templates remains in an RNA-DNA hybrid, which
limits template usage to a single round. In the presence of
EcoSSB, both the transcript and the template are present in
complexes with EcoSSB.

EcoSSB Activation Depends on Template Length, and EcoSSB Interacts
with the Nascent Product. EcoSSB exists in solution and binds to
ssDNA as a homotetramer (20). Three different stable binding
modes, which depend on the type of salt and its concentration
and are referred to as (SSB)ss, (SSB)se, and (SSB)gs, have been
defined (21, 22). In the (SSB)ss-binding mode only two of the
subunits interact with ssDNA, whereas in the (SSB)s¢- and
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(SSB)gs-binding modes, all four subunits contact ssDNA (21,
23). Similar binding modes have been observed with poly(U) and
poly(A) (ref. 24, and W. Bujalowski, L. B. Overman, and T. M.
Lohman, unpublished results) although the affinity of EcoSSB
for ribopolynucleotides is much lower than for deoxypolynucle-
otides (25). Based on the nucleic acid binding properties of
EcoSSB, we expected the effect of EcoSSB to be dependent on
the length of the template or of the transcript. The results of an
experiment with templates containing promoter P2 and 24, 34,
40, or 52 transcribed nucleotides are shown in Fig. 34. EcoSSB
had no effect when the transcripts were 24 or 34 nt long, whereas
2.5- and 12-fold activation was detected when the transcripts
were 40 and 52 nt long, respectively. These results do not
differentiate between the role of the length of the transcript or
the template. Therefore, we tested activation on templates where
the total length of the DNA was increased by addition of
sequences upstream of the promoter. Although no activation was
detected on the 0-P2-24 template, activation was observed with
templates 12-P2-24 and 34-P2-24 (Fig. 3B), indicating that the
length of the DNA template available for EcoSSB binding is a
determinant of EcoSSB assisted-template recycling.

To determine contacts between the nascent transcript and
EcoSSB, SECs were synthesized on templates containing a single A
at specific positions, no G residues up to position +19, followed
by four G residues (Fig. 3C). Transcription reactions were carried
out in the presence of 5-Iodo-UTP, [a->?P]JATP, and GTP. SECs
were irradiated with UV light, and the proteins were analyzed by
SDS/PAGE. Maximal crosslinking to mini-vRNAP occurred when
the photoactive ribonucleotide was present 10-nt upstream of the 3’
end of the transcript (Fig. 3C) and was not dependent on the pres-
ence of EcoSSB (not shown). Crosslinking to EcoSSB was evident
when the analog was present 14 nt and was maximal when present
at 17 nt from the 3’ end (Fig. 3C). These results strongly suggest that
the transcript binds to EcoSSB as it exits from the enzyme.

The C-Terminal Region of EcoSSB Is Required for Activation of Tran-
scription. We have previously shown that SSBs such as T4 gp32
(26), td gpV (27), T7 gp 2.5 (28), and N4 SSB (29) cannot
stimulate, but actually inhibit, VRNAP transcription on ssDNA
templates because they destabilize the VRNAP promoter hairpin
(6). The ssDNA-binding determinants of EcoSSB reside in the
115 N-terminal amino acids (Fig. 44) (8). The 132-aa Hsmt SSB
(30) also binds to ssDNA as a homotetramer (9) and shares
significant sequence homology to the DNA-binding domain of
EcoSSB (Fig. 44). Hsmt SSB and EcoSSB have similar DNA-
binding properties (9); the structures of the DNA-binding do-
main of EcoSSB and of Hsmt SSB have been solved (11, 31, 32)
and show striking similarities (10). EcoSSB and Hsmt SSB cannot
form heterotetramers (12) because of differences in amino acids
present in the dimer interface (10). We tested the effect of Hsmt
SSB on vVRNAP transcription of ssDNA templates. In contrast to
EcoSSB, Hsmt SSB did not activate transcription. However,
Hsmt SSB did not inhibit transcription even at the highest
concentration tested (Fig. 4B), suggesting that that Hsmt SSB
does not destabilize the promoter hairpin.

To determine the effect of Hsmt SSB binding on promoter
structure, we compared the patterns of EcoSSB and Hsmt SSB
protection of a 5" end-labeled promoter-containing DNA from
DNase I cleavage (Fig. 4C). Both proteins yielded the same
patterns of DNase I cleavage at the hairpin region and of
protection on the rest of the fragment. We conclude that the
inability of Hsmt SSB to activate vVRNAP transcription is not due
to destabilization of the promoter hairpin and cannot be easily
explained by the mode of Hsmt SSB DNA binding.

To define the EcoSSB sequence determinants of VRNAP tran-
script displacement, we used a series of mutant EcoSSBs, with
deletions in the C-terminal third of the protein (12). Two of the
mutant proteins, Ecol-152 and Ecol-117 (Fig. 54) that are trun-
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(A and B) Effect of template length on EcoSBB activation. Runoff transcription reactions contained 1 nM template, 1 uM EcoSSB, and 1 M mini-vRNAP

and were incubated for 10 min at 37°C. (C) Interactions of the nascent transcript with mini-vRNAP and EcoSSB. (Upper) DNA template and nascent RNA
arrangement in SEC. DNA templates bearing a single A in the transcribed region at the indicated positions numbered relative to the transcription start site (+1)
were used in mini-vRNAP transcription reactions with 5-1-UTP, GTP, and [a-32P]ATP. Arrowhead, position of the active center in the SEC. RNA is represented by
aline. IU at positions —10 and —17 of the RNA in SEC is shown. (Lower) Crosslinking of the nascent RNA containing IU at different positions to mini-vRNAP and
EcoSSB in SEC. Positions containing IU in nascent RNA of the SEC are numbered relative to the 3’ end (—1). Arrows indicate RNA crosslinked to mini-vRNAP and

to EcoSSB. IU, 5-iodo-uridine.

cated by 25 and 50 aa, show higher affinity for ssSDNA (12). EcoSSB
A116-167 lacks the Pro- and Gly-rich region but contains the
C-terminal 10 aa (Fig. 54). In addition, we used a chimeric protein
(Hsmt-EcoSSB), in which amino acids 113-176 of EcoSSB have
been fused to the C terminus of Hsmt SSB (Fig. 54) (12).
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We determined the effects of these SSBs on VRNAP tran-
scription of ssDNA templates at three protein concentrations
(Fig. 5B). Under the conditions tested, WT EcoSSB showed
20-fold activation of transcription at the highest concentration.
Eco A116-167 activated to 50% of WT EcoSSB levels. The two
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Mutant and chimeric SSB proteins and their effect on VRNAP transcription. (A) Schematic representation of mutant and chimeric proteins (12).

DNA-binding domains (striped); EcoSSB C-terminal 10-aa region (filled); linker sequence between Eco SSB DNA-binding domain and the C-terminal 10-aa region
(open); and Hsmt SSB unique N-terminal and C-terminal sequences (shaded). (B) The effect of mutant and chimeric SSB proteins on VRNAP transcription. Symbols
are presented to the right of schematic representation in A. (C) Sequence of the C-terminal 13 aa of the EcoSSB (7), P1 SSB (13), and F SSB (33). (D) Effect of P1
SSB and F SSB on VRNAP transcription. Reaction mixtures containing no SSB or the indicated concentrations of different SSB proteins, 3nM 12-P2-52 DNA template
and 1 uM mini-vRNAP were incubated for 5 min at 37°C, and the products were analyzed on 8 M urea/8% polyacrylamide gels.

C-terminally truncated EcoSSBs, Ecol-152 and Ecol-117, did not
activate transcription, suggesting that determinants for tran-
script displacement are localized to the C terminus of EcoSSB.
In support of this idea, the chimeric protein containing the
C-terminal one-third of EcoSSB fused to the C terminus of Hsmt
SSB was proficient in transcription activation (Fig. 5B). The
inability of EcoSSB A116-167 and Hsmt SSB-EcoSSB to activate
to the same extent as WT EcoSSB is most likely due to their
decreased affinity for ssDNA (12).

The DNA-binding domains of P1 SSB and F SSB share 91%
and 85% homology, respectively, with the EcoSSB DNA-binding
domain (13, 33) and P1 and F SSBs can complement a strain
lacking EcoSSB (13, 18). However, although P1 SSB and EcoSSB
have identical sequences at their 13 C-terminal amino acids (13),
the sequence of F SSB differs in 7 of 13 positions (33) (Fig. 5C).
We tested the effect of purified P1 and F SSBs on transcription
of vVRNAP. P1 SSB was as active as EcoSSB in stimulating
vRNAP transcription of ssDNA templates; in contrast, F SSB
was inactive (Fig. 5D). These results reinforce our conclusion
that the C terminus of EcoSSB is essential for displacement of
the RNA product from vRNAP-elongating complexes.

Discussion

N4 vRNAP is unable to displace the RNA product when
transcribing ssDNA templates (2). Here, we showed that EcoSSB
activates VRNAP transcription of ssDNA templates by binding to
the DNA template and the RNA product, preventing formation
of the RNA-DNA hybrid, and allowing template recycling.
Moreover, activation is dependent on the length of the template
and the C-terminal amino acids of EcoSSB.

EcoSSB exists in solution and binds to ssDNA as a homo-
tetramer (20, 21). Although formation of the EcoSSB tetramer
is not required for EcoSSB binding to ssDNA, the affinity of the
monomer is ~10-fold lower than that of the promoter (34). The
ssb-1 mutation (H55Y) destabilizes tetramer formation (20). We
have previously shown that cells carrying the ssb-1 mutation
cannot support N4 early transcription, indicating that tetramer

9254 | www.pnas.org/cgi/doi/10.1073/pnas.1133325100

formation is required for EcoSSB activation of VRNAP tran-
scription (5). Our results raise three questions: (i) How is
EcoSSB recruited to the elongating transcription complex? (ii)
Is EcoSSB-assisted template recycling due to binding to the
DNA template, to the RNA product or both? (iii) What binding
mode is EcoSSB using in the process? Based on the results
presented in Fig. 3 4 and B, we suggest that EcoSSB is recruited
to the transcription complex through interaction with the tem-
plate in the (SSB)3s-binding mode because activation is observed
when 36 or more nucleotides are available for EcoSSB binding.

We have presented several lines of evidence indicating that the
C-terminal amino acids of EcoSSB are required for template
recycling. Interactions between the EcoSSB C terminus and
other proteins have been suggested in several cases (reviewed in
ref. 35). Direct EcoSSB-protein interactions have been shown
with the plasmid homolog of E. coli UmuC, MucB (36), with the
XY subunits of DNA polymerase III holoenzyme (37), and with
exonuclease I (38). In the last two cases, the interaction was
greatly reduced (39) or abolished (38) by a substitution of Ser for
Pro at the penultimate residue (40) (Fig. 5C); although the
mutant protein, SSB-113, has slightly increased affinity for
ssDNA (41). In contrast, N4 early transcription is not affected by
the ssb-113 mutation (5), indicating that, although the EcoSSB
C terminus is required, a Pro at position 176 is not essential for
EcoSSB-assisted template recycling. Further mutagenesis of the
C-terminal 10 aa of EcoSSB will allow us to identify specific
residues of EcoSSB required for template recycling.

N4 vRNAP is a 3,500-aa-long polypeptide that lacks extensive
sequence similarity to either of the two known families of
DNA-dependent RNA polymerases (15). However, vRNAP
contains four short motifs (TxxGR, A, B, and C) characteristic
of the T7-like RNAP family, which includes phage-, mitochon-
drial-, some chloroplast nuclear-, and linear plasmid-encoded
enzymes (15, 42). We have defined a stable and transcriptionally
active 1,106-aa long domain (mini-vRNAP) located at the center
of the vVRNAP polypeptide, which possesses the same initiation,
elongation, termination, and product displacement properties as
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full-length vVRNAP (15). Mutational, biochemical, and phyloge-
netic analyses indicate that N4 mini-vRNAP is a highly evolu-
tionarily diverged member of the T7 RNAP family (15).

T7 RNAP uses ssDNA templates containing a double-
stranded promoter (—17 to +1) (43), and undergoes multiple
rounds of transcription, indicating product displacement (43).
The structure of T7 RNAP is often compared to a cupped right
hand with subdomains designated thumb, palm, and fingers (44).
T7 RNAP possesses an N-terminal domain (amino acids 1-325),
located in front of the palm/thumb junction, which walls off the
front of the catalytic cleft of the enzyme (44). This domain
displays RNA-binding ability (45), and also plays a role in
transition from synthesis of abortive products to processive
elongation (46). Photochemical crosslinking of RNA to T7
RNAP in transcription complexes maps a major contact site to
the 5" end of the transcript to the amino acid 144-168 region and
a minor contact site to amino acids 1-93 (45). Moreover, as the
RNA is displaced from the RNA-DNA hybrid, it is directed
toward a positively charged surface in T7 RNAP, surrounding
Lys-302 and Lys-303 (47). The Glu-148 to Ala (E148A) substi-
tution in T7 RNAP leads to premature abortive transcription
and defective RNA binding (48). No sequence similarities are
detected between the T7 RNAP and N4 mini-vRNAP up to T7
RNAP amino acid 410 (15). Moreover, analysis of the crystal
structure of mini-vRNAP reveals the existence of an N-terminal
domain with no structural similarities to the T7 RNAP N-
terminal domain (K. Murakami, unpublished results). Finally,
neither VRNAP nor mini-vRNAP binds to RNA (E.K.D., un-
published results). The results presented in this paper indicate
that EcoSSB binds to nascent RNA as it exits from the enzyme.
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Therefore, we propose that EcoSSB functionally replaces the
N-terminal domain in T7 RNAP responsible for RNA binding.

Previously, we have proposed that supercoiling of the tem-
plate facilitates extrusion of the promoter hairpin required for
VvRNAP binding and provides a site of invasion for EcoSSB
binding to the DNA at the promoter (49). Tethering of EcoSSB
through template binding would allow interaction with vVRNAP
through C-terminal amino acids of EcoSSB. However, thus far,
we have been unable to detect VRNAP-EcoSSB interactions by
using purified proteins. Therefore we suggest that, upon pro-
moter clearance, VRNAP undergoes an extensive structural
rearrangement similar to that observed in T7 RNAP during the
transition from initiation to elongation (47, 50, 51). In vVRNAP,
this event would occur when the transcript is 12-nt long (E.K.D.,
unpublished results). This structural reorganization within
vRNAP will either display or create the site of interaction of the
C-terminal region of EcoSSB, resulting in recruitment of
EcoSSB to the VRNAP elongation complex and EcoSSB binding
to the RNA as it exits from the enzyme. Because EcoSSB is a
tetramer, it is possible that it interacts simultaneously with the
template and the RNA product. Experiments are in progress to
identify the site of EcoSSB interaction on VRNAP in the
template/vVRNAP/RNA complex.
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