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The hyperthermophilic bacterium Thermotoga species strain RQ7 harbors an 846-bp plasmid, pRQ?7, with a
single open reading frame. Previously published analyses of the DNA sequence of pRQ7 suggested that it may
replicate by a rolling-circle (RC) replication mechanism, and this report provides experimental evidence
supporting this hypothesis. Single-stranded pRQ7 DNA accumulates in strain RQ7, as evidenced by the facts
that this DNA bound to nitrocellulose membranes under nondenaturing conditions, was sensitive to S1
nuclease digestion, and hybridized to only one of two homologous DNA probes specific for each strand of the
plasmid. The DNA encoding the open reading frame was cloned and expressed in Escherichia coli and gave a
protein with a molecular mass of 26 kDa, similar to that deduced by sequence analysis. This protein bound to
a fragment of pRQ7 that contains a putative double-stranded replication region in a magnesium-dependent
reaction and made this fragment sensitive to S1 nuclease activity. It did not cause this same S1 nuclease
sensitivity in the remainder of pRQ7. This activity on pRQ7 DNA suggests that this protein plays a role in

plasmid replication.

Modern genetic analysis of prokaryotes relies on the use of
vectors to introduce DNA into the organisms under investiga-
tion. Plasmids and viruses serve as mobile carriers of genetic
information. The development of genetic tools for hyperther-
mophilic bacteria and archaea depends upon the discovery of
such potentially useful replicons (18). A number of plasmids
and viruses from some archaeal hyperthermophiles have been
isolated in recent years, and some of these are under develop-
ment as vectors (1, 26).

Two newly discovered plasmids from hyperthermophiles be-
long to the family of replicons that replicate by a rolling-circle
(RC) mechanism. The small cryptic plasmid pRQ7 was re-
cently discovered in Thermotoga sp. strain RQ7 (8). Its se-
quence was determined (Fig. 1), and it was shown to be the
smallest natural replicon so far described (846 bp). Sequence
analysis suggested that a single major open reading frame
(ORF) on the plasmid could encode a 25,460-Da protein. On
the basis of sequence comparisons, this putative protein was
postulated to be a replication initiation (Rep) protein and the
plasmid was postulated to be an RC plasmid. A similar cryptic
RC plasmid was subsequently discovered in the archaeon Py-
rococcus abysii. This plasmid, pGTS, is 3.4 kb and contains two
major ORFs (4). Evidence was presented that replication of
pGTS5 causes single-stranded DNA intermediates to accumu-
late in vivo. Its larger ORF encodes a putative 75-kDa protein
with similarities to RC Rep proteins.

Many plasmids from gram-positive bacteria and a few from
gram-negative bacteria replicate by the RC mechanism (5, 6,
11, 14, 24, 25). During the replication of an RC plasmid, a
single-stranded DNA intermediate accumulates inside the cell
(6). RC plasmids replicate by using a plasmid-encoded Rep
protein which binds to a double-stranded replication origin
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(dso) region and nicks one strand (the positive strand) of the
plasmid DNA (3). Replication commences from the exposed 3’
end using host-encoded replication enzymes. Unit length plas-
mids are presumably formed through the action of the Rep
protein, which in some cases remains covalently bound to the
positive DNA strand. Synthesis of the second strand of this
intermediate initiates at the single-stranded origin (sso). Al-
though initiation of DNA synthesis at the dso of an RC plasmid
can occur in a wide range of hosts, initiation at the sso is
typically host strain specific (21).

Novick classified RC plasmids on the bases of the organiza-
tion of their functional genes and sites and on the similarities
of their dso’s (19). This classification gives four groups of RC
plasmids, represented by plasmids pT181, pC194, pE194, and
pSN2. The Rep proteins from all but the pT181 group share
three sequence motifs, one of which appears to be involved in
catalyzing strand cleavage (9, 13). They are functionally related
to proteins involved in RC replication of single- and double-
stranded DNA bacteriophages and may also be related to
those used to mobilize conjugative plasmids (9). If these pro-
teins evolved from an ancestral Rep protein, examination of
Rep proteins that function in organisms closely related to the
common ancestor of bacteria and archaea may provide clues to
their evolutionary origin. The recently discovered plasmids
from hyperthermophilic organisms may provide this informa-
tion about the evolution of these plasmids and the RC mode of
DNA replication.

In this report, evidence is presented that demonstrates that
the Thermotoga plasmid pRQ?7 replicates by an RC mecha-
nism. It also demonstrates that its single ORF encodes an
enzyme with activity consistent with a role in plasmid replica-
tion.

Single-stranded pRQ7 DNA accumulates in vivo. During the
replication of RC plasmids, single-stranded DNA intermedi-
ates often accumulate inside the cell (6). We identified single-
stranded DNA extracted from cells based upon its nitrocellu-
lose-binding properties and its sensitivity to S1 nuclease (Fig.



7162 NOTES

DR T DR IT DR IIT DR IV DR V
> > > > > -35
1 GATAAGGGTTACGATAAGGATTATGATAAGGCTTAAGATGATAAGGATTAAGATAAGGTTATGGTGTCGACCTATAGGGAA
-10 » IR «

81 CACATGGTGCTTATAATATTTAGTAGGGCTCATAATAATGAAACAACCCCGGGTGTgbCCACAfACACCCGGGGAAAAAT

RBS dso
161 CCAAAAGAAAGGCGGTGIAACTACCCGATGTCAAAAGAGATTATAACACAAAATAGGGTCGAGCAAGGTTCACTTGATAG
M 8 K E I I T Q N R V E Q 66 S L D 8§
241 E—\AATGTCATAAGTCGCCGCTGGCGTCTACAAGGCGAAAAAAGAGATTCTACCAGAGGGCTGTAAGTGGTGTAACTGCTG

J. BACTERIOL.

K C H K S

P L A S T R R K KR PF Y Q R AV 8§ G V T A G

EcoRV

321 GTAAGCATAGGAACGAATTTATAGCCTTCCTGACGCTTACCTCTTCATTGGAATCTCCTGCCGATATCACACATAGCTCG

K H R N E F I A F

L T L T 8

s L E S P A D I T H S W

FIG. 1. Partial nucleotide sequence of pRQ7 (the full sequence can be found in reference 8). The five direct repeats (DR), promoter (—35 and —10), inverted repeat
(IR), ribosome binding site (RBS), and the putative double strand origin (dso) are indicated as well as restriction endonuclease sites mentioned in the text. A portion
of the sequence of gpORF1 is shown beneath the coding strand. The 5’ PCR primer region is indicated as an underlined nucleotide sequence. The 3" PCR primer was

identical to the final six codons of the ORF.

2). Plasmid pRQ7 was isolated from Thermotoga sp. strain
RQ7 by a modified alkaline lysis method (15). Purification of
cellular DNA without denaturation by lysis of cells using hexa-
decyltrimethyl ammonium bromide gave the same results, but
the resolution of the resulting plasmid DNA was not as distinct
as that shown in Fig. 2 (data not shown). Since double-
stranded DNA does not bind to nitrocellulose without prior
denaturation, the band visualized in lane 7 must be due to
single-stranded pRQ7 DNA extracted from cells. This is sup-
ported by the results shown in lane 8, in which the DNA giving
rise to these bands was digested by single-strand-specific S1
nuclease while double-stranded DNA was still visible following
the same treatment (lane 6). Two bands of single-stranded
DNA are apparent when the DNA is resolved in a Tris-borate
buffer but not in a Tris-acetate buffer (data not shown). The
identities of these two forms of single-stranded DNA are not
known. The single-stranded DNA migrates between form II
and form I species of the plasmid (the upper and lower bands,
respectively, in lane 5; analysis not shown).

To identify which strand of pRQ7 DNA accumulates during
replication, hybridization probes were synthesized that are spe-
cific for each strand of pRQ7. Digoxygenin-labelled hybridiza-
tion probes were synthesized from the T7 and T3 promoters of
plasmid pOH19 (which flank the cloning site into which pRQ7
was inserted) using Klenow polymerase and primers comple-

mentary to each promoter. Plasmid pOH19 contains pRQ7
cloned into the EcoRV site of plasmid pBluescript KS+ (Strat-
agene, La Jolla, Calif.) (Fig. 1 and reference 8). The primer
specific to the T7 promoter of pBluescript directed synthesis of
a probe complementary to the sequence shown in Fig. 1. A
primer specific to the T3 promoter directed synthesis of the
complementary sequence. Extracted plasmid DNA bound to
nitrocellulose hybridized only to the probe synthesized using
the T7 primer (compare lanes 3 and 7, Fig. 2). This DNA was
also sensitive to S1 nuclease (Fig. 2, lane 8). Since that strand
(the one shown in Fig. 1) accumulates during replication, it is
by definition the plus strand.

ORF1 encodes a 26-kDa polypeptide. Plasmid pRQ7 has
only one significant ORF (Fig. 1). This ORF could encode a
protein of 25,460 Da with a calculated pI of 9.9 (8). Since
plasmids must direct the host’s DNA replication apparatus to
the plasmid replication origin, this ORF would likely encode a
protein involved in replication. To test this hypothesis, the
OREF was subcloned into the Escherichia coli expression vec-
tors pET-11a and pET-15b by PCR using primers directed to
the sites illustrated in Fig. 1 and that introduced restriction
sites for cloning. After isopropyl-B-p-thiogalactopyranoside
(IPTG) induction of the T7 lac promoter of pET-11a, a heat-
stable polypeptide, gpORF1, accumulated, as shown in Fig. 3,
lane 4. This protein was not present in the strain carrying the
vector (Fig. 3, lanes 1 and 2), nor was it produced without
induction by IPTG (Fig. 3, lane 3). The protein has a mass of
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FIG. 2. Single-stranded pRQ7 DNA accumulates in vivo and identification of i & o ;
the plus strand. Plasmid pRQ7 DNA was treated (lanes 2, 4, 6, and 8) or not
treated (lanes 1, 3, 5, and 7) with S1 nuclease. S1 nuclease digestion of single- &
stranded DNA was carried out with 0.8 wg of DNA in 30 ul of S1 nuclease 18.4 kDa =" —

reaction mixture (30 mM sodium acetate [pH 4.6], 0.5 mM ZnCl,, 250 mM NaCl)
for 30 min at 37°C in the presence of 150 U of S1 nuclease per ml. The resulting
DNA was subjected to electrophoresis at 4.16 V/cm through gels of 1% agarose
in 40 mM Tris-acetate buffer. The DNA was transferred from the gel to a
nitrocellulose membrane with (lanes 1, 2, 5, and 6) or without (lanes 3, 4, 7, and
8) denaturation. The DNA was hybridized to digoxygenin-labeled T3-based
probes (lanes 1, 2, 3, and 4) or T7-based probes (lanes 5, 6, 7, and 8). The Genius
system (Boehringer Mannheim, Indianapolis, Ind.) was used to label and visu-
alize hybridization probes.

FIG. 3. Resolution of gpORF1 expressed in E. coli by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis. The migrations of the molecular mass
markers are shown. The arrowheads indicate gpORF1. Proteins resolved in lanes
1 and 2 were from cell extracts harboring the pET-11a vector alone. Proteins
resolved in lanes 3 and 4 were from subcloned PCR products in pET-11a.
Proteins resolved in lanes 1 and 3 were extracted prior to induction, while
proteins in lanes 2 and 4 were from 3 h after induction. Purified proteins,
gpORF1 expressed in the pET-15b vector, were resolved in lane 5.
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FIG. 4. gpORF1 activity measured by S1 nuclease sensitivity. The migration of molecular weight standards are shown (lane 1 in panels A and B). (A) Agarose gel
electrophoresis of substrate DNA fragments. pPRQ7 DNA was excised from pOH19 by EcoRV digestion and purified (lane 2). This EcoRV fragment was digested with
Smal, yielding two fragments (lane 3). The smaller DNA fragment contains the putative pRQ7 dso region (Fig. 1). (B) Activity of purified gpORF1 on the EcoRV/Smal
fragments of pRQ7. Incubation of DNA fragments was either with (lanes 3 to 7) or without (lane 2) highly purified gpORF1. The reaction was also carried out either
with (lanes 2 and 4 to 7) or without (lane 3) MgClL,. The concentration of highly purified gpORF1 used to treat each DNA sample was 0, 3, 0.5, 1, 2, and 3 pg in lanes

2 to 7, respectively.

approximately 26 kDa, similar to that predicted from the se-
quence data. gpORF1 expressed from plasmid pET-11a was
relatively heat labile since it was lost from extracts following
heating at 82°C for 2 h. It was also expressed in amounts
insufficient to allow substantial purification, so expression in
pET-15b was used to provide an N-terminal His-tagged fusion
protein for purification, using a chelated nickel resin (HisBind
resin; Novagen). Using this procedure, a highly purified pro-
tein was obtained (Fig. 3, lane 5).

gpORF1 binds to a specific fragment of pRQ7. This highly
purified gpORF1 was used to test for Rep protein activity. Rep
protein activity is typically measured by protein-DNA binding
assays (23) and site-specific nuclease activity assays (12). Al-
though protein-DNA binding has been measured using a
DNA-binding protein from a hyperthermophilic methanogen
(22), no such assays using hyperthermophilic enzymes have
been described. Repeated attempts to measure this activity
with gpORF1 were unsuccessful. We attempted to identify the
pRQ7 dso to provide a template for a detailed study of its
activity. When Rep proteins bind to their corresponding dso
region, they stabilize a secondary structure in that region and
introduce a nick in one strand of the DNA. For example, the
pT181 initiator protein enhances cruciform structure extrusion
at the origin (17). We reasoned, then, that treatment with
gpORF1 should make the template DNA susceptible to S1
nuclease activity if the nuclease was used at a concentration
low enough to digest nicked or single-stranded DNA but in-
sufficient to digest double-stranded DNA (20). This is less than
the amount used to digest single-stranded DNA in the exper-
iment described above (5 versus 1.35 U/ul).

As substrate, we purified the pRQ7 DNA from plasmid
pOH19, the E. coli plasmid clone of pRQ?7 (8). This linearized

pRQ7 DNA (Fig. 4A, lane 2) was digested with Smal to give
two fragments, one of which contains the putative dso (the
smaller fragment in Fig. 4A, lane 3). The other larger fragment
served as a control for nonspecific activity of gpORF1. The
substrate DNA was treated with gpORF1 in a reaction volume
of 60 pl with 1 pg of gpORF1 and 0.66 pg of substrate DNA
for 2 h at 65°C in a buffer containing 25 mM Tris-HCI, pH 7.5,
2 mM spermidine, 0.05 pg of bovine serum albumin per pl, 1
mM dithiothreitol, 50 mM KCl, 33 mM NaCl, 5% glycerol, 2
mM ATP, and 1 mM MgCl,. Following the reaction, treated
DNA was precipitated with ethanol and subjected to S1 nucle-
ase treatment. The DNA was added to 20 wl of S1 nuclease
reaction buffer, and 27 U of S1 nuclease was added. After 30
min at 37°C, EDTA was added to 1 mM along with 2 pl of
DNA gel loading buffer. After treatment, DNA fragments
were analyzed by nondenaturing polyacrylamide gel electro-
phoresis in 45 mM Tris-borate buffer, pH 7.5. When these two
substrate DNA fragments were incubated with gpORF1, the
resulting DNA containing the putative dso was sensitive to S1
nuclease (lower band, Fig. 4B, lanes 4 to 7). This conversion to
a labile form required magnesium (Fig. 4B, lane 3) and was not
a result of incubation in the reaction buffer at 65°C (Fig. 4B,
lane 2). The control DNA was not converted to an S1-nucle-
ase-susceptible form (upper band, Fig. 4B, lanes 4 to 7). This
demonstrates that the highly purified recombinant gpORF1 is
specific for the fragment of pRQ7 DNA containing the puta-
tive dso and is consistent with a role in plasmid replication.
gpORF1 may induce S1 nuclease sensitivity by either nicking
the DNA or stabilizing single-stranded regions of the DNA.
Repeated attempts to experimentally identify the precise loca-
tion of any nicking site on this pRQ?7 restriction fragment have
proven unsuccessful.

TABLE 1. Conserved amino acids motifs in gpORF1 of pRQ7 and Rep proteins of the pC194 plasmid family”

Replicon Motif 1 Motif 2 Motif 3 Organism
pRQ7 FLTLTSSL WVHMHILF MMKYLSKEME Thermotoga sp. strain RQ7
pKYM FLTLTVRN HPHFHCLL TLKYSVKPED Shigella sonnei
pUB110 FLTLTVKN NQHMHVLV MAKYSGKDSD Staphylococcus aureus
pC194 FLTLTTPN NPHFHVLI MAKYSGKDSD Staphylococcus aureus
pBAALl FLTLTVRN HPHFHVLI ISKYPVKDTD Bacillus subtilis
pLP1 FLTLTVKN NQHLHVLL TAKYEVKSAD Lactobacillus plantarum
pFTB14 FLTLTVRN HPHFHVLL ISKYPVKDTD Bacillus amyloliquefaciens
Consensus” FLTLTvrn XpHuUHvlu uxKYuvKdxd

“ The putative amino acid sequence from pRQ7 gpORF1 was aligned with those published in reference 9.
® The consensus line includes amino acid residues conserved in all RC replication initiation (Rep) proteins (uppercase) or in at least one-half of them (lowercase).
u, bulky hydrophobic residues (I, L, V, M, F, Y, or W); x, fewer than one-half the residues are conserved.
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Sequence features suggest similarity with RC plasmid rep-
lication proteins. RC plasmids have been classified into four
groups (represented by plasmids pSN2, pC194, pT181, and
pE194) based upon the organization of their functional com-
ponents (19). At the level of functional organization, pRQ7 is
most similar to the pSN2 family because of its small size and
single protein-encoding gene. The sequence of a putative dso
of pRQ7 (Fig. 1) most closely resembles those of the pC194
plasmid family. The location of this putative dso within the
OREF, however, is typical of members of the pT181 family (8).
Three motifs in gpORF1 are like those found in the replication
proteins of the pC194 plasmid family (Table 1). These motifs
are well conserved among the initiator proteins for all RC
plasmids except the pT181 family (9, 13). The motif 1 region
may recognize the dso region (3). The two His residues of
motif 2 are highly conserved in Rep proteins of RC plasmids.
These histidine residues may be ligands binding metals such as
magnesium or manganese (9). We have shown that gpORF1
activity requires magnesium ions. In motif 3, the putative Rep
protein of pRQ7 has sequence identity with the highly con-
served motif 3 of the pC194 plasmid family, which contains two
lysine and one tyrosine residue (Table 1). Motif 3 of some Rep
proteins (superfamily I of Ilyina and Koonin, which includes
phage $X174) contains two invariant tyrosine residues in-
volved in the nicking activity which are separated by partially
conserved amino acids (13). The amino acid sequence YM
MKYLSK in pRQ7 is very similar to this superfamily I motif 3
consensus. However, as noted previously, its sequence is also
similar to representatives of superfamily II (which includes
pC194), which has only one active tyrosine residue (13). It is
not known if the activity of gpORF1 requires one or two
tyrosine residues. Plasmid pGTS from the hyperthermophilic
archaeon P. abysii, like pRQ?7, has direct and inverted repeat
sequences and its dso is located within its ORF1 (4). The pGTS5
ORF1 encodes a putative polypeptide of 75 kDa, and it was
assigned to superfamily II (4).

The data reported here demonstrate that plasmid pRQ7
belongs to the class of plasmids that replicate by a single-
stranded DNA intermediate, the RC plasmids. Its only ORF
was cloned into and expressed in E. coli, producing a moder-
ately heat-stable polypeptide of 26 kDa, a size similar to that
deduced by sequence analysis. The initiator proteins of RC
plasmids may enhance formation of secondary structures in the
dso and also catalyze nicking activity. Either activity would
render the origin region sensitive to S1 nuclease. We found
that treatment of a DNA fragment containing the putative
pRQ7 dso with gpORF1 caused sensitivity to S1 nuclease di-
gestion and this activity depended upon magnesium, as found
for plasmid Rep proteins. We were not able to demonstrate
that this activity includes nicking the plasmid at the dso, so it
cannot be ruled out that gpORF1 may act in concert with
host-encoded factors to catalyze nicking of the replication or-
igin. gpORF1 is smaller than RC plasmid Rep proteins and so
could lack activities typically associated with Rep proteins. The
demonstration that this plasmid replicates by an RC mecha-
nism has important implications for developing it as a cloning
vector. RC plasmids have been successfully developed as vec-
tors for gram-positive organisms (2, 10, 16), although replica-
tion can be compromised when DNA is cloned into some of
these plasmids (7). Those vectors can serve as models for the
development of this plasmid as a vector.
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