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DNA primases provide oligoribonucleotides for DNA polymerase to
initiate lagging strand synthesis. A deficiency in the primase of
bacteriophage T7 to synthesize primers can be overcome by genetic
alterations that decrease the expression of T7 gene 5.5, suggesting
an alternative mechanism to prime DNA synthesis. The product of
gene 5.5 (gp5.5) forms a stable complex with the Escherichia coli
histone-like proteinH-NS and transfer RNAs (tRNAs). The 3′-terminal
sequence (5′-ACCA-3′) of tRNAs is identical to that of a functional
primer synthesized by T7 primase.Mutations in T7 that suppress the
inability of primase reduce the amount of gp5.5 and thus increase
the pool of tRNA to serve as primers. Alterations in T7 gene 3 facil-
itate tRNA priming by reducing its endonuclease activity that
cleaves at the tRNA–DNA junction. The tRNAbound to gp5.5 recruits
H-NS. H-NS alone inhibits reactions involved in DNA replication, but
the binding to gp5.5–tRNA complex abolishes this inhibition.

A 3′-hydroxyl end of an RNA or DNA strand positioned at the
catalytic site of DNA polymerase functions as a primer to

initiate synthesis of DNA. In most instances, primers are short
oligoribonucleotides synthesized by enzymes designated DNA
primases (1). DNA primases catalyze the template-directed syn-
thesis of short oligoribonucleotides and stabilize the newly syn-
thesized primer on the template and hand it off to DNA
polymerase for initiation of DNA synthesis (2, 3).
Bacteriophage T7 has provided a model system for the study of

DNA replication. Only three T7 proteins—gene 5 DNA poly-
merase (gp5), gene 4 primase-helicase (gp4), and gene 2.5 ssDNA-
binding protein (gp2.5)—together with host Escherichia coli thio-
redoxin, are sufficient for leading and lagging strands synthesis in
a reconstituted replication system (4). The genes encoding these
proteins, together with genes 2 (E. coliRNApolymerase inhibitor),
3 (endonuclease), 3.5 (lysozyme), and 6 (exonuclease) constitute
the DNA metabolism class II genes. More than a dozen additional
genes within the class II group remain uncharacterized (5).
The primase activity of T7 is located in the N-terminal half of

the 63-kDa gp4, whereas the C-terminal half of gene 4 encodes
the DNA helicase (4). Like other prokaryotic homologs, the pri-
mase domain recognizes a specific sequence (1, 6) 5′-(G/T)(G/T)
GTC-3′ in the ssDNA template to catalyze the template-directed
synthesis of functional tetraribonucleotides (pppACCA, pppACCC,
and pppACAC) that the lagging strand DNA polymerase can use
as primers to initiate the synthesis of Okazaki fragments. Gene 4
encodes two colinear proteins, the full-length 63-kDa gp4 and
a short 56-kDa form in equal amount in vivo from an internal
start codon and ribosome-binding site (4). This 56-kDa gp4 has
full helicase activity but lacks the N-terminal zinc-binding do-
main (ZBD), an indispensable motif for primer synthesis (7).
Despite its inability to synthesize template-dependent tetrar-
ibonucleotides, the 56-kDa gp4 is capable of stabilizing certain
preformed oligonucleotides on the cDNA template and deliv-
ering them to T7 DNA polymerase for extension (3).
T7Δ4 phage lacking gene 4 can only grow normally on E. coli

harboring the plasmid expressing full-length 63-kDa gp4 (8). On
the same host expressing the primase-deficient 56-kDa gp4, T7Δ4
phage has a low efficiency of plating, but tiny phage plaques are
observed. Here we show phages that grow robustly with only

56-kDa gp4 emerge after repetitive selection of single plaques,
suggesting they are suppressors that overcome the primase de-
ficiency. Indeed, many of these suppressors have mutations in
gene 5.5. We show that gp5.5 forms a complex with host transfer
RNAs (tRNAs) and H-NS protein. tRNAs, whose 3′ termini have
the sequence ACCA identical to primers synthesized by the pri-
mase, can be delivered by the 56-kDa gp4 to prime T7 DNA
synthesis. We further show that the binding of tRNA facilitates
the binding of gp5.5 to E. coli H-NS.

Results
T7 Suppressors That Overcome Primase Deficiency of the 56-kDa gp4.
Because the 56-kDa gp4 cannot catalyze synthesis of oligor-
ibonucleotides, its expression is not sufficient to support growth
of T7Δ4 as a full-length 63-kDa gp4 does (Fig. 1A). Repetitive
growth of the tiny phage plaques with 56-kDa gp4 supplied from
a plasmid gave rise to suppressor phages that grow robustly on
E. coli expressing only 56-kDa gp4. The plaques produced are
comparable to those observed with 63-kDa gp4 (Fig. 1A). Al-
though the initial T7Δ4 grow approximately 100 times better with
63-kDa than with 56-kDa gp4, the suppressor phages resulting
from this selection (designated Sup 11–51) exhibit similar plaque
size and plating efficiency with either gp4.
Expression of only the helicase domain of gp4 does not support

normal growth of any of the suppressor phages, strongly in-
dicating that the truncated primase domain is also necessary for
the suppressors to function (Fig. S1A). The suppressor phages
grew equally well with 56-kDa gp4 regardless of whether the
primase catalytic site was active or mutationally inactivated (9),
suggesting that primer delivery is the basis of the requirement of
the 56-kDa gp4 in supporting suppressor activity (Fig. S1B).
To elucidate the alternative pathway for priming of DNA syn-

thesis, the class IIDNAmetabolism genes of the suppressor phages
were sequenced and compared with those of the initial T7Δ4 phage
(Fig. 1B). All five phage suppressors analyzed contain mutations in
gene 5.5/5.7 that result in early termination of the proteins enco-
ded. The two suppressors showing the best growth, Sup 11 and 41,
contain an additional mutation in gene 3 endonuclease.

T7 gp5.5 Forms a Stable Complex with E. coli H-NS and tRNA. Gene
5.5 expresses a 99-aa-long protein that binds to E. coli H-NS to
potentially counteract its inhibitory role to both host and phage
transcription (10, 11). Gene 5.7 is located close to gene 5.5 with one
overlapping nucleotide; its product has not been characterized. It
has been suggested that a fusion gene 5.5/5.7 protein resulting from
a frame-shift translation exists (5).
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The fact that all suppressor T7Δ4 phages that allow for growth
of cells expressing only the 56-kDa gp4 have mutations in or near
gene 5.5 suggests that gp5.5 is involved in an alternative priming
pathway. To investigate the effect of the mutations found in
suppressors on the expression of gene 5.5, we purified the pro-
tein products of gene 5.5 and gene 5.5/5.7 from E. coli BL21
(DE3) cells containing plasmids that express wild-type proteins
as well as those expressing the proteins containing suppressor
mutations. All proteins were expressed with an N-terminal His-
tag. Gel analysis shows that both wild-type gene 5.5 and gene 5.5/
5.7 express a His-tagged protein of the same length, presumably
gp5.5 on the basis of its mobility. A gene 5.5–5.7 fusion protein is
not expressed. The gp5.5 expressed from gene 5.5/5.7, however,
is more abundant (Fig. 2A), suggesting that gene 5.7 stimulates
the expression of gene 5.5. In both cases, host H-NS protein
copurifies with gp5.5. Although all frame-shift mutations in gene
5.5 abolish full-length gp5.5 (Fig. 2A, Sup 11, 21, 41, and 51),
a mutation in gene 5.7 (Sup 31) produces almost the same level

of gp5.5 as that obtained without gene 5.7. Taken together, the
common feature of all five suppressor phages is the decreased
level of gp5.5. Interestingly, gene 5.5 expression does not require
induction by isopropyl β-D-1-thiogalactopyranoside (Fig. 2A).
Because the suppressor phages need an alternative source of

primers, we speculated that gp5.5 might function in the acqui-
sition of functional primers. If RNA transcripts function as pri-
mers, one would expect enhanced transcription from higher but
not decreased levels of gp5.5. On the other hand, we do find that
oligonucleotides copurify with the gp5.5/H-NS complex by ethi-
dium bromide staining of the gel containing the proteins (Fig.
2B). The gp5.5/H-NS/oligonucleotides complex is very stable
throughout the purification procedure including an affinity col-
umn, a gel filtration column, and an ion-exchange column. The
oligonucleotides in the complex are not sensitive to DNase I but
are degraded by RNase I, suggesting that they are RNA (Fig.
2B). Further comparison of their size on a denaturing gel with
E. coli tRNAs indicates that they represent host tRNAs (Fig. 2C).

Fig. 1. T7 phage suppressors that overcome
primase deficiency with 56-kDa gp4. (A) Infec-
tion of wild-type and suppressor T7Δ4 phage on
E. coli expressing 63-kDa or 56-kDa gp4. Numbers
on the right show the relative plating efficiency
and plaque size of T7Δ4 and suppressor phages
in the presence of 56-kDa gp4 normalized
against those in the presence of 63-kDa gp4. (B)
Genetic analysis of class II genes for the presence
of suppressors.

Fig. 2. A complex of T7 gp5.5, E. coli H-NS, and tRNA. (A) Gp5.5 copurified with E. coli H-NS and its expression is eliminated by suppressor mutations. T7 gene
5.5, gene 5.5/5.7, and gene 5.5/5.7 from suppressors 11–51 were overexpressed as His-tagged proteins and purified by Ni-NTA before loading onto the SDS/
PAGE gel. (B) Gp5.5 is copurified with RNA. Purified gp5.5/H-NS (1 μM) from cells expressing gp5.5 was electrophoresed through an agarose gel and then
stained with ethidium bromide to detect nucleic acids. The gp5.5/H-NS complex was incubated with DNase I or RNase I (1 U/μL) for 1 h at 37 °C before loading.
(C) Mobility of RNA components in gp5.5/H-NS complex is similar to E. coli tRNAs. The purified complex, RNA components extracted from the complex, and
E. coli total tRNAs were compared on a 15% TBE-Urea gel. (D and E) Comparison of the RNA components in gp5.5/H-NS complex and E. coli tRNAs for their
ability to be charged with leucine (D) and arginine (E) using E. coli aminoacyl-tRNA synthetases.
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During the preparation of this article an independent study also
described the observation of small RNAs in a gp5.5/H-NS com-
plex, and the 3′ termini of specific tRNAs were identified (11).
Aminoacyl-tRNA synthetases (12) charge tRNAs specifically

with cognate amino acids. The RNAs from the gp5.5/H-NS
complex accept leucine and arginine when assayed with a prep-
aration containing all of the aminoacyl-tRNA synthetases of
E. coli. The efficiency of charging is comparable to that observed
with a preparation containing the same amount of E. coli total
tRNAs (Fig. 2 D and E). These results suggest that the RNA in
the complex has a composition similar to that of E. coli tRNAs.
We also attempted to identify the RNAs by sequencing. The
efficiency of amplification of RNAs by retrotranscription is low,
probably owing to the structure of tRNAs. However, among the
clear sequencing results we obtained (Table S1), most of the
sequences match those of E. coli tRNAs. The one exception is
a 3′ fragment of an E. coli tmRNA.

tRNAs Can Be Alternative Primers for T7 DNA Replication. The molar
ratio of tRNA to the complex is 2:1. The concentration of tRNA
was determined by measuring the absorbance at 260 nm in
a spectrophotometer and the proteins by Bradford assay. H-NS is
one of the most abundant proteins in E. coli, with a cytoplasmic
concentration of more than 2 μM (13, 14). Gp5.5 is also one of
the most abundant proteins in T7-infected cells and is likely to be
more abundant than H-NS (5, 10). Total tRNA concentration in
E. coli has been estimated at approximately 6 μM (15). Thus,
maximally two-thirds of E. coli tRNAs could be sequestered in
the gp5.5/H-NS complex.
These observations, together with the fact that tRNAs are

used as primers by some retrovirus, prompted us to examine the
possibility that tRNA can serve as a primer when the T7 primase
is defective in primer synthesis. Interestingly, the 3′ termini of all
tRNAs have the sequence 5′-CCA-3′, mimicking one of the
major functional primers synthesized by T7 primase—5′-
pppACCA-3′. Furthermore, ∼60% of the 3′ termini of all E. coli
tRNAs have the sequence 5′-ACCA-3′.
We investigated the ability of tRNA to serve as primers by

measuring the extension of primers with a 25-mer ssDNA tem-
plate containing the primase recognition site 5′-TGGT-3′ (Fig.
3). The conventional primer, ACCA, synthesized by T7 primase,
can be delivered to T7 DNA polymerase by both the 56- and 63-
kDa gp4. On the template used in this assay the primer is ex-
tended to yield a 19-mer RNA-DNA product (Fig. 3, lanes 1–3).
Radioactive labeled dNMP was incorporated so that the ex-
tended RNA–DNA product can be identified on denaturing gels.
The full-length 63-kDa gp4 is more efficient in delivery of ACCA
than the 56-kDa gp4 because the ZBD enhances stabilization of
the primer. As we expected, the E. coli tRNA can also serve as
a primer, but only efficiently in the presence of the 56-kDa gp4
(Fig. 3, lanes 4–6). The two major product bands of ∼100 nt
correspond to the extension of two groups of tRNA with dif-
ferent lengths. Consequently, the extended tRNAs are approxi-
mately 90 nt (∼75-mer class I tRNA plus 15-mer DNA) and 105
nt (∼90-mer class II tRNA plus 15-mer DNA). Use of tRNA as
primer by the 63-kDa gp4 was significantly less than by the 56-
kDa gp4 (Fig. 3, lane 6), consistent with previous studies sug-
gesting that the ZBD acts as a steric hindrance to accommodate
longer primers (3).
Representatives of the two classes of tRNA, tRNAArg

ACG and
tRNALeu

CAG (Fig. S2A), were purified and their ability to serve
as primers examined. The size of the extended products of these
two tRNAs confirmed our conclusion that both classes of tRNA
can be used as primer (Fig. 3, lanes 7–9). When the RNA portion
of the product was removed by treatment with RNase I, both
products were converted into 15-mer ssDNA (Fig. 3, lanes 1–6 vs.
lanes 10–15). The bands around 25 nt in Fig. 3 arise from labeling
of the 25-mer ssDNA template by sequential exonuclease and
polymerase incorporation reactions of T7 DNA polymerase.
A reconstituted replisome of four proteins mediates co-

ordinated leading and lagging strand DNA synthesis (Fig. S2B).

When tRNAArg was used as primer with 56-kDa gp4, lagging-
strand synthesis occurred, but the rate of lagging-strand synthesis
is slower than that of the leading strand (Fig. S2B). Another
consequence of tRNA-primed DNA synthesis is that the tRNA
attached to the primer gives rise to strand-displacement DNA
synthesis. In the experiment shown in Fig. S2C, when the pre-
formed primer ACCA is present DNA synthesis is observed but
ceases after forming double-stranded M13 DNA. Gp5/trx and
gp4 cannot initiate strand-displacement synthesis unless there is
a 5′-ssDNA tail (16). However, when tRNA is used as primer,
the amount of incorporated dNMP exceeds the amount of M13
ssDNA template, indicating that strand-displacement DNA syn-
thesis has occurred.

Adaption of T7 Gene 3 Endonuclease to tRNA Priming. Two sup-
pressor phages (Sup 11 and 41) with mutations in gene 5.5 also
have acquired a mutation in gene 3 endonuclease (Fig. 1B) and
grow better than do those harboring mutation only in gene 5.5.
To investigate the contribution of these mutations to growth of
suppressors, the two altered gp3 were purified and compared
with wild-type gp3. T7 gp3 hydrolyzes ssDNA and will introduce
nicks in mismatched dsDNA and at Holliday junctions (17, 18).
Both altered gp3 have reduced endonuclease activity relative
to wild-type gp3 as measured in a plasmid-nicking assay that
measures conversion of supercoiled plasmid pUC(AT) to the
nicked and linear forms (Fig. S3A).
How can reducing the activity of an endonuclease enhance the

alternative priming mechanism? One possibility is that the endo-
nuclease adapts its substrate recognition to favor the processing of
the primer. Although gp3 does not hydrolyze tRNA, the flap
structure (Fig. S3B) resulting from strand-displacement DNA
synthesis in the tRNA-primed reaction may mimic a Holliday
junction.A dsDNAcontaining a 5′-single-stranded tail of 16 nt was
constructed with the 5′ terminus of the uninterrupted strand la-
beled with 32P. After incubation with wild-type gp3 a 19-nt

Fig. 3. tRNA primed DNA synthesis by T7 proteins. Lanes 1–3, extension of
ACCA by T7 DNA polymerase in the absence (lane 1) or presence of 56-kDa
gp4 (lane 2) or 63-kDa gp4 (lane 3). Lanes 4–6, extension of E. coli total tRNA
by T7 DNA polymerase in the absence (lane 4) or presence of 56-kDa gp4
(lane 5) or 63-kDa gp4 (lane 6). Lanes 7–9, extension of E. coli total tRNA
(lane 7), tRNAArg

ACG (lane 8), or tRNALeu
CAG (lane 9) by T7 DNA polymerase in

the presence of 56-kDa gp4. Lanes 10–15, samples from lanes 1–6 treated
with RNase I.
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radioactive fragment was identified; cleavage thus occurs opposite
the flap and within the duplex region adjacent to the flap. The two
gp3 variants have significantly reduced activity on this substrate.
This reaction would essentially introduce double-strand inter-
ruptions in the lagging strand at the start of each Okazaki frag-
ment, an event that would occur less frequently with the gp3
variants. Our recent studies show that a flap endonuclease activity
of T7 gp6 can remove the flap resulted from tRNA priming.

gp5.5 Uses tRNA as Bait for H-NS Binding. Sequestering tRNA in the
gp5/H-NS complex does not seem to benefit the phage metabo-
lism because T7 relies on the host translation system. More likely
the role of gp5.5 is directly related to E. coli H-NS. H-NS
interferes with phage transcription (10) and therefore is likely
deleterious to several aspects of T7 metabolism, including DNA
replication.
We find that the tRNA component is necessary for gp5.5/H-

NS complex formation. Because the gp5.5 used in these experi-
ments is His-tagged, the gp5.5/H-NS complex should also bind to
Ni-NTA agarose. In the experiment shown in Fig. 4A the com-
plex is fully bound to Ni-NTA agarose after mixing and

centrifugation. In the supernatant there is no significant amount
of protein, as shown by gel analysis of the fraction (Fig. 4A, lane
3). The complex is eluted from the resin by a high concentration
of imidazole (Fig. 4A, lane 5). However, if the tRNA component
is removed by RNase I treatment during the binding to Ni-NTA
resin, H-NS is released into the supernatant (Fig. 4A, lane 4),
whereas His-tagged gp5.5 remains bound to the Ni-NTA resin
and can be eluted from the resin by imidazole (Fig. 4A, lane 6).
In an attempt to reconstitute the gp5.5/H-NS/tRNA complex

from purified components, we first purified H-NS protein and two
individual tRNAs (Fig. S2A). However, when tRNA and H-NS
are removed from the complex by RNase or urea, gp5.5 irre-
versibly precipitates. Soluble refolded gp5.5 was obtained by
keeping the protein concentration under 10 μM. Interestingly, the
majority of gp5.5 in this preparation forms a stable dimer that is
not separated by an SDS-denaturing gel (Fig. 4B, lane 1). The
dimer is not likely a disulfide bond because it remains intact at
a high concentration of DTT. H-NS, His-tagged H-NS, and gp5.5/
H-NS with His-tag on gp5.5 or H-NS, all purified under non-
denaturing conditions, are shown in the gel in Fig. 4B. All sam-
ples in Fig. 4B are also analyzed on an agarose gel stained with
ethidium bromide (Fig. 4C). Only the protein complexes contain
tRNA, the His-tag can reside on either gp5.5 or H-NS. Because
the gp5.5 purified under denaturing/renaturing condition still
contains a small amount of soluble monomer (Fig. 4B, lane 1), we
used it to reconstitute a gp5.5/H-NS complex with tRNA. Com-
plexes were detected by a mobility shift assay. As shown in Fig.
4D, H-NS alone did not bind any tRNAArg, whereas the gp5.5
mixture of monomer and dimer bound tRNAArg weakly. How-
ever, the maximal binding of tRNA occurs with a mixture of gp5.5
and H-NS, and a larger complex formed, suggesting that H-NS is
incorporated into the complex.

Inhibition of T7 DNA Helicase and DNA Replication by H-NS. We
constructed a T7 phage in which gene 5.5 is deleted (T7Δ5.5).
We also used an E. coli strain in which H-NS is inactivated (Keio
collection) to examine the effect of H-NS on phage growth (Fig.
S4). Even in the presence of gp5.5, a higher amount of H-NS
expressed from a plasmid can reduce the efficiency of plating of
T7 by twofold. Although still in the presence of gp5.5, phage
infection increases twofold upon depletion of H-NS. These
results suggest that H-NS does have an inhibitory effect on phage
growth. When gp5.5 is depleted, the phage shows defects in both
efficiency of plating and plaque size. These defects become more
apparent when the amount of H-NS is increased, indicating that
gp5.5 plays an antagonistic role against H-NS.
We find that H-NS binds to a preformed Y-shaped dsDNA

(Fig. S5) with a higher affinity (Kd = 620 nM) than it does
to ssDNA (Kd >2 μM), dsDNA with a single overhang (Kd =
1.2 μM), or curved dsDNA (Kd = 1.1 μM) (19). In the experi-
ment presented in Fig. S6 we have examined the effect of H-NS
on the unwinding of dsDNA by the T7 gene 4 helicase. With
increasing concentrations of helicase a radioactively labeled
75mer is displaced from its complementary 95mer. The addition
of 200 nM H-NS to the reaction impedes the unwinding. H-NS in
complex with gp5.5 and tRNA does not exhibit such an inhibitory
effect (Fig. S6A). H-NS does not interfere with DNA synthesis
catalyzed by T7 DNA polymerase on circular ssDNA bearing
a primer (Fig. S6B). However, when the polymerase and helicase
together mediate leading-strand DNA synthesis on circular
dsDNA bearing a replication fork, H-NS reduces synthesis to
approximately fourfold (Fig. S6B). H-NS in complex with gp5.5
and tRNA does not exhibit such an inhibitory effect, even at the
higher concentration.

Discussion
Most organisms use oligoribonucleotides synthesized by DNA
primases as primers for DNA polymerase to initiate DNA syn-
thesis on the lagging strand. However, longer RNA transcripts
are also used as in the replication of mitochondria DNA and
RNA viruses. The reverse-transcriptase of HIV uses host

Fig. 4. tRNA is indispensible for formation of the gp5.5/H-NS complex. (A)
Disruption of gp5.5/H-NS/tRNA complex by removing tRNA. The same
amount of purified gp5.5/H-NS complex (30 μg in 200 μL) was mixed with 50
μL Ni-NTA resin in two tubes and incubated at room temperature for 30 min.
In one of the tubes RNase I (1 U/μL) was mixed together with the complex
and resin. After centrifugation the supernatants containing unbound pro-
tein were collected. The resin was then mixed with 150 μL 500 mM imidazole
and centrifuged. The eluted proteins in the supernatants were collected.
Collected fractions were then analyzed by SDS/PAGE gel electrophoresis.
Lanes 1 and 2, two batches of gp5.5/H-NS complex before mixing with Ni-
NTA resin; lane 3, supernatant containing unbound protein from the tube
without RNase I; lane 4, supernatant containing unbound protein from the
tube with RNase I; lane 5, supernatant containing eluted protein from the
tube without RNase I; lane 6, supernatant containing eluted protein from
the tube with RNase I. (B) SDS/PAGE analysis of purified proteins. (C) Agarose
gel analysis of RNA component from purified proteins. The samples in B
were analyzed on TBE-Urea gel followed by ethidium bromide staining. (D)
Complex formation of tRNA with purified proteins. Binding of His-tagged
gp5.5 (110 nM, 330 nM, 1 μM) or/and E. coli H-NS (110 nM, 330 nM, 1 μM) to
[5′-32P] tRNAArg

ACG (20 nM) was determined by mobility shift assay on a 10%
TBE gel.
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tRNALys as the specific primer for the initiation of cDNA syn-
thesis (20). Our current studies show that tRNA can also serve as
primers for T7 DNA polymerase. The extension of tRNA
priming to bacterial systems suggests an ancient common prim-
ing mechanism using tRNA. The observation that the C termini
of all tRNAs are 5′-CCA-3′, with 60% having the sequence 5′-
ACCA-3′, is particularly intriguing because this is precisely the
sequence of one of the tetraribonucleotides synthesized by
T7 primase.
tRNAs are one of the most abundant small RNAs in cells, and

they have unique sequences with stable structures, thus making
them good candidates as primers. In the case of HIV, annealing
of the tRNA primer to the RNA genome involves a large portion
of the tRNALys upstream of the CCA 3′ terminus (20). In T7 the
ACCA terminus of the tRNA that matches the primase recog-
nition site 5′-TGGT-3′ is sufficient for delivery to T7 DNA
polymerase by the primase. tRNAArg and tRNALeu with a dif-
ferent sequence both served as primer with comparable effi-
ciency. Although priming of DNA synthesis by tRNA would
seem to be an economic solution, it has disadvantages in the case
of T7 DNA replication. First, the synthesis of oligoribonucleo-
tides by the T7 primase is important in the coordination of
leading- and lagging-strand synthesis (21). Second, the tetranu-
cleotide synthesized by T7 DNA primase leaves only a nick be-
tween Okazaki fragments, at which point T7 DNA polymerase
dissociates from the DNA. The 5′-attached tRNA may require
strand-displacement synthesis, thus interfering with the co-
ordination mechanism (22). Despite those shortcomings, tRNA

may serve as a backup source of primers and might even be used
for priming at the chromosomal origin of replication.
We show that upon T7 infection of E. coli gp5.5 binds to tRNA,

and the gp5.5/tRNA then binds tightly to E. coli H-NS to form
a gp5.5/tRNA/H-NS complex. At least one of the purposes of such
a complex is to inhibit H-NS. H-NS functions as a transcription
inhibitor to down-regulate the expression of hundreds of genes. It is
also thought to be a sentinel against invadingDNA in bacterial cells
owing to its preference for A/T-rich dsDNA often found in phage
genomes (13, 14). The location of gp5.5 on the T7 genome is in-
teresting because the expression of T7 genes is a sequential event
(Fig. 5). Gene 5.5 precedes gene 6, whose product is an exo-
nuclease important in the degradation of host genome and in re-
moval of primers (23). Before the appearance of gp6most of theH-
NSmolecules are likely bound to the E. coli genome (Fig. 5). After
degradation of the host chromosome the T7 genome represents the
only target of H-NS; the ratio could be as high as one H-NS mol-
ecule for every two nucleotides in T7 DNA. Recent evidence
suggests that H-NS is a potential inhibitor for DNA replication and
recombination (24).We have shown that these high concentrations
of H-NS can indeed inhibit the unwinding of DNA by the T7
helicase and impede movement of the replication fork.
The strategy of T7 to counteract H-NS is interesting in that

gp5.5 uses tRNA, another abundant molecule in the cell, as bait
to bind H-NS (Fig. 5A). H-NS is known to bind RNA (19), but
the affinity is much lower than that to dsDNA. The affinity of H-
NS to various nucleic acids is in the order of dsDNA > ssDNA >
tRNA > rRNA (25). However, in the presence of gp5.5, the

Fig. 5. Schematic representation of the interplay of T7 gp5.5, gp3, E. coli H-NS, and tRNA in cells infected with phage T7. (A) After infection of E. coli by T7
the gene 3 endonuclease and gene 6 exonuclease degrade the E. coli genome to provide dNMPs for T7 DNA synthesis. T7 gp5 binds tightly to the abundant
host thioredoxin to acquire processivity. The gp5/trx complex along with the gp4 helicase-primase and the gene 2.5 ssDNA binding protein form a replisome
that mediates coordinated DNA synthesis. The degradation of the host genome releases the histone-like H-NS, which in turn can bind to the phage DNA,
inhibiting DNA replication. However, the abundant gp5.5 binds to another abundant component in E. coli, tRNA, and acquires a high affinity for H-NS,
resulting in a gp5.5/tRNA/H-NS complex. Thus, the excess H-NS is sequestered by gp5.5, eliminating its binding to T7 DNA. The short primers, synthesized by T7
primase, at the 5′ termini of Okazaki fragments are removed by gp6, and the Okazaki fragments are ligated. (B) In the absence of a functioning DNA primase
an alternative pathway for priming of the lagging strand DNA polymerase is required. Suppressor mutations arise within gene 5.5 that deplete the pool of
gp5.5. As a consequence, the pool of tRNA is not reduced. The similarity of the 3′ terminus of many tRNAs to the tetraribonucleotides synthesized by the T7
primase allows them to function as primers. The tRNA primed DNA structure, however, is a target for gp3 endonuclease. Some suppressors therefore also
contain mutations in gene 3 that reduce the activity of gp3.
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affinity of H-NS to tRNA is stimulated, presumably owing to
a relaxing of the compact tertiary structure of tRNA by gp5.5 to
expose the branching secondary structure. The formation of
gp5.5/H-NS/tRNA tertiary complex blocks the function of both
tRNA and H-NS; no aminoacylation or DNA-binding activity
can be detected. H-NS in the tertiary complex no longer inhibits
DNA unwinding by gp4 helicase or strand-displacement DNA
synthesis mediated by T7 helicase and polymerase. Nonetheless,
gp5.5 seems to have functions in addition to the silencing of H-
NS. In an hns− E. coli strain, lacking H-NS, T7 phage lacking
gp5.5 still have a growth defect (Fig. S4). Although tRNAs are
the dominant RNA species in the complex, smaller fragments of
RNA are also observed on gel. Our limited sequencing results
(Table S1) also revealed a 3′-fragment of a tmRNA (26). The
existence of tmRNA in the complex suggests that the proteins
recognize structural features of tRNA-like molecules.
Another unexpected finding has been the involvement of gene 3

endonuclease in the alternative priming pathway. The two altered
residues in gene 3 endonuclease, Tyr66 and His50, are involved in
the coordination of the metal ion at the active site and in substrate
recognition, respectively (18). Studies with the altered endonu-
cleases suggest that they are less destructive than wild-type pro-
tein to the tRNA-primed DNA structure, a structure resembling
a Holliday junction (Fig. 5B). Interestingly, similar genetically
altered gp3 were found to suppress the phenotype arising from an
altered T7 DNA polymerase (27). Thus, any abnormal replication
structures seem to be targets for gene 3 endonuclease, perhaps
providing a check-point for faithful replication.

Materials and Methods
Proteins and RNAs. DNA encoding genes from wild-type or suppressor T7
phages and E. coli H-NS were inserted into pET24a, pET17b, or pET28b plas-
mids. Ni-NTA affinity column (Qiagen) was used for the purification of His-
tagged gp5.5 (complexed with H-NS and tRNAs), the His-tagged H-NS, and
His-tagged H-NS/gp5.5/tRNAs complex. The proteins were further purified by
S-200 gel filtration and Mono Q ion-exchange column chromatography. Pu-
rification of His-tagged gp5.5 alone was according to a denaturing/refolding

procedure (Qiagen). The refolded protein was immediately diluted to 10 μM
to prevent protein precipitation. H-NS (24) and gp3 (27) were purified as
described. T7 gp4, gp5/trx were overproduced and purified as described
previously (28, 29). E. coli aminoacyl-tRNA synthetases were purchased from
Sigma-Aldrich. RNAs complexed with gp5.5 and H-NS were extracted from
the purified complex with phenol/chloroform. E. coli total tRNA was pur-
chased from Roche Applied Science. E. coli tRNALeu

CAG and tRNAArg
ACG were

prepared as previously described (30).

Assays. Phage growth complementation assay was performed as previously
described (27). tRNA aminoacylation assay was performed as previously de-
scribed (31), except that 20 μMRNA from the complex or E. coli total tRNA, 20
μM [3H] leucine or [3H] arginine (15 Ci/mmol), and 2 μM E. coli aminoacyl-tRNA
synthetases were used. RNA-primed DNA polymerase reactions were carried
out in a reaction mixture containing 40 mM Tris·HCl (pH 7.5), 10 mM DTT,
10 mM MgCl2, 50 mM potassium glutamate, 300 μM dNTP containing [α-32P]
dGTP, 30 μM 25-mer template ssDNA (5′-CGT AAT CTG CAG GCA TGGT GAA
TTT-3′), 20 μM RNA primer (ACCA, total tRNA, or single tRNA species), and
1 μM T7 DNA polymerase (exonuclease deficient) in the absence or presence
of 2 μM T7 56-kDa or 63-kDa gp4. Reactions were incubated at room tem-
perature for 30 min. RNase I (Ambion) 1 U/μL was then added into some
reactions, and an additional incubation at 37 °C for 20 min was performed.
Reaction products were separated on a 15% (wt/vol) Tris-borate-EDTA (TBE)
gel containing 7 M urea. For gel mobility shift assay, the reaction mixtures
contained 40 mM Tris·HCl (pH 7.5), 10 mM DTT, 10 mM MgCl2, 50 mM po-
tassium glutamate, 20 nM 5′-[32P] radiolabeled DNA or tRNA, and the in-
dicated concentration of E. coli H-NS and/or gp5.5. After incubation at room
temperature for 20 min, samples were electrophoresed on a 10% poly-
acrylamide gel in TBE buffer at 80 V and 4 °C for 3–5 h. The gel was dried and
radioactivity measured. For 5′-[32P] labeled tRNAArg

ACG, the tRNAArg
ACG was

first treated with Antarctic phosphatase (New England Biolabs) and then
radioactively labeled using T4 polynucleotide kinase. Materials and methods
for supporting data are listed in SI Materials and Methods.
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