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To analyze the RSF1010-specific priming mechanism, a library of randomly mutagenized ssid sequences was constructed by chemical synthesis

using mixed nucleotide phosphoramdites. Synthetic ss14 sequences with the single base-substitutions were assayed for the SSI activity in E. coli

JM109 expressing RepB’ primase. It was demonstrated that the activity of ssid was damaged markedly by single base-substitutions within the

possible stem-loop structure and 1ts 3’-flanking region. It is conceivable that these domains are critical in recognition and primer synthesis by RepB’
primase.
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1. INTRODUCTION

In the initiation process of DNA replication, priming
enzymes are introduced onto each start site of DNA
strand synthesis through various mechanisms depend-
ing on specific nucleotide sequences in the replication
origins. Functional and structural features of the prim-
ing events are well-defined in prokaryotic replicons. The
specific sequences on single strand DNA templates
which direct entry of the primase molecules are called
ssi (single strand DNA initiation) signals and play es-
sential roles in the complementary strand synthesis of
single strand phage DNA replication [1-3]. Many bacte-
rial plasmids also contain one or two ssi signals at or
near the replication origins [4-8]. These ssi signals are
essential to maintain the wild-type copy numbers and
should function as priming signals which lead to estab-
lishment of the replication forks during the initial proc-
ess of plasmid DNA replication [9-12].

RSF1010 is a small (8684 bp) IncQ plasmid and has
a remarkable property of replicating in a wide variety
of Gram-negative bacteria and even in some Gram-
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positive actinomycetes [13-16]. This prominent broad
host-range property of RSF1010 is dependent on the
specificity of its initiation mechanism of DNA replica-
tion. That is, it encodes all of the specific initiator pro-
tein, DNA helicase, and primase, namely RepC, RepA,
and RepB’ proteins, respectively. These plasmid-speci-
fied Rep proteins direct initiation of RSF1010 DNA
replication without host replication functions such as E.
coli DnaA, -B. -C, -G, and -T [17].

In RSF1010 DNA replication, the specific primase,
RepB’, is loaded on each template DNA strand depend-
ing on the specific nucleotide sequences, ssid and ssiB,
after the duplex unwinding step that is most probably
directed by RepA and RepC proteins [15,18.19]. ssid
and ssiB are located on each complementary strand of
the oriV region and have been cloned as 48-nt and 144-
nt Haelll fragments, respectively [20]. Although ssid
and ssiB can be substituted functionally by heterolo-
gous ssi signals such as the primosome assembly sites
or DnaG-dependent priming signals from other plas-
mids or phages. both of them are required for the nor-
mal plasmid replication in E. coli [19.21]. Deletion of
either of the ssi signals causes abnomal replication
products and RSF1010 cannot be maintained stably as
a monomeric form. Thus the specific priming reaction
dependent on RepB’ primase and its target sequences,
ssiA and ssiB, is essential for the plasmid DNA replica-
tion. Haring and Scherzinger [4] have reported that this
priming reaction occurred in vitro in the absence of the
ribonucleotide triphosphates. Such a unique priming
system renders RSF1010 DNA replication independent
of the vital priming functions of the host cells. However,
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Fig. 1. Phystcal and genetic map of M13TA101. This recombinant phage contains the mini-RSF1010 plasmud pYH101VS [19] i the ory -defective

filamentous phage M134E10] {26] (see section 2). Upon infection to £ coli cells expressing RepB’ primase, this phage makes plaques the size of

which 1s dependent on the activity of the ssi4 sequence 1t contamns. inc indicates e repeats; blu, the coding region of S-lactamase from pBR322.
The synthesized oligonucleotides contamning the conserved 40-nt sequence in sstA is shown in the upper part of the diagram.

it is not clear how RepB’ interacts with the ssi sequences
and synthesizes primer molecules.

The nucleotide sequences of ssid and ssiB involve
40-nt stretches homologous to each other [20]. This re-
gion contains a potential stem-loop structure and the
DNA initiation start sites proposed in plasmid R1162
which is almost identical to RSF1010 [22]. The stem-
loop structures have been found in all the ssi signals
isolated from a variety of plasmids and phages investi-
gated to date, and it is conceivable that such specific
secondary structures play crucial roles in the recogni-
tion by the priming proteins [6.23.24]. To discover the
importance of the conserved 40-nt sequence in ssid and
ssiB for the recognition and primer synthesis by the
RepB’ primase, mutational analysis of ssi4 was under-
taken.

2. MATERIALS AND METHODS

2.1, Bacterial strawns, plasmids, and phages

E. coli JM109 [25] and JM109 harboring pMMB2(repA”, repB™,
repCY), pMMB2423(repB™) and pMMB24SS(rep™) [18] were used as
host bacteria. A recombinant bacteriophage, M13TA101 (Fig 1), was
constructed by introducing the EcoRI-digested mini-RSF1010 plas-
mid, pYH101VS [19], into the unique EcoRI site of MI134E10] [26]
m the orientation such that ssi4 was located on the viral (+) strand.
This recombinant phage lacks most of the M13 or;, and contains the
pUCI9-derived lacZ’ gene. Thus. upon infection to JM109 cells,
MI13TAI01 forms small blue plaques in the presence of X-Gal and
IPTG. However, when RepB’ primase 1s expressed by a helper plasmud
such as pMMB2 or pMMB2423, this phage forms large plaques de-
pending on the activity of ssiA4.

2.2, Chemucal synthesis of mutagemized ssid sequences
Chemical synthesis was done with an Applied Biosystems model 394
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DNA/RNA synthesizer. Standard operating procedures were used
except for the preparation of the mutagenic nucleotide phosphoramid-
ite mixtures [27]. Before the synthesis, each of the four nucleotide
phosphoramdites was contaminated with the other three. Upon this
cross-contamination, they contamed 1 25% of each of the three mut-
agenic species. Although an average of 1.5 substitutions should be
incorporated per oligonucleotide, the mutations per clone in the li-
brary were expected to be about half of this, according to the results
of Huchison III et al {27].

3. RESULTS

3.1. Construction of the ssid mutant library

To construct a mutant library of ssid, two oligo nu-
cleotide strands which were complementary to each
other were synthesized (Fig. 1). One was 49 nt long with
5" Xbal and 3" Sucl cohesive ends. The other strand was
41 nt long and included the conserved 40-nt sequence
in ssi4. Both strands except for the nucleotides in each
of the cohesive ends were synthesized by using the same
doped mixtures of monomers (see section 2). The an-
nealed strands were inserted into M13TA101 in place
of the wild-type ss14 sequence, followed by transfection
into JM109 by the method of Chung et al. [28]. The
plates, containing about 750 plaques, were washed by
overlaying with 4 ml of LB medium for 5§ min. The
medium was removed and centrifuged to give the ssid
mutant library used in the subsequent analysis.

The library was diluted and infected to
JM109[pMMB2] which harbored the helper plasmid
pMMB2 encoding RepB’ primase. In this strain, the
activity of mutagenized ssid can be roughly estimated
based on the plagque morphology of each recombinant
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Fig. 2. Single base-substitution mutants and their SSI activities.

5s18 sequence

ATC AACAC A 7 TCOT ATC < S T T
GGTGGG GCGC TGTGCAGCC
D A A
C A A T

The wild-type sst4 sequence and each base-replacement found in the single

base-substitution mutants are indicated. Facing arrows indicate the inverted repeat sequences present in ssid, and difference of the nucleotide

sequences between ssi4 and sstB are also indicated as follows; —, replacement; /\, insertion: A, deletion. Each single base-substitution mutant phage

was infected to the E. coli cells expressing RepB’ primase at the titer of 10° pfu/ml. The phage titer 5 hour after infection was measured and

log(pfu/ml) are depicted in the histogram. Dashed lines indicate positive and negative control levels corresponding phage titer of M13TA 101 infected

to E coli IM109[pMMB2A23] and IM109[pMMB2ASS], respectively. Since the activity of ssi4 completely depends on RepB’ primase [4,18], phage
titer of each mutant in the absence of RepB” primase should be the same level of the indicated negative control level.

clone. Most of the small plaques and some of the large
ones were picked and the sequences of the inserted ol-
igonucleotides were analyzed with an Applied Biosys-
tems model 373A DNA sequencer. Of 114 mutant
clones obtained, 41 clones contained single base-substi-
tutions, 33 clones were double mutants, and the others
were more than double mutants or contained some un-
expected deletions or insertions in the ssidA sequence.
Only the recombinant phages with single base-substitu-
tions are shown in Fig. 2.

3.2. Estimation of the activity of the mutant ssiA with u
single base substitution

To analyze effects of the single base substitutions on
the activity of ssid, propagation of the mutant recombi-
nant phages was tested. Each mutant phage was used
to infect E. coli IM109[pMMB2423] (repB’™") followed
by measurement of the phage titer 5 hour after infec-
tion. As expected, propagation of each mutant phage
with a single base substitution was less efficient than
that of M13TA101 phage which contained the wild-type
ssid sequence. It is clear that the conserved 40-nt se-
quence in ssiA is critical in recognition and primer syn-
thesis by RepB’ protein. Furthermore, the propagation
of some of the single base-substitution mutants in
JIM109[pMMB2423] were even as poor as that of
MI13TA101 phage in JM109{pMMB24SS] in which
RepB’ primase is not expressed. indicating that the
RepB’-dependent activity of ssid was completely abol-
ished by the single base substitutions they contained.

Most of the base substitutions causing great pheno-
typic defectiveness of ssid are localized near or in the
inverted repeat sequence present in the conserved 40-nt
sequence in ssi4. Moreover, at a defined nucleotide

position in the inverted repeat sequence, a transversion
always causes more severe damage to the ssid activity
than a transition, with the exception of C at position 14
(Fig. 2). These results strongly suggested that changes
in the secondary structure of this region had critical
influence on the ssid activity.

4. DISCUSSION

It has been reported that specific stem-loop structures
exist in the primosome assembly sites isolated from
bacteriophage ¢X174 or plasmids such as ColEl,
ColE2, F, and R100 [6]. And mutational analysis of the
primosome assembly sites from pBR322 showed that
the stem-loop structures should be essential for the ini-
tial recognition by the PriA (n”) protein {23.24]. The
ABC-primosome dependent ssi signal from R6K also
contains one stem-loop structure, and E. coli DnaA
protein recognizes and binds in vitro to the dnaA box
located in the stem region [5]. In addition, the DnaG-
dependent ssi signals from phage G4 or the plasmids R1
and Collb contains the stem-loop structures, too [7,8].
Particularly, the ori. of phage G4 contains three stem-
loop structures and the primer start site is located at the
3-flanking region of one of the stem-loops [29,30]. 1t
seems that the specific stem-loop structure is one of the
essential requirements for the ssi signals to be recog-
nized by the priming proteins.

The nucleotides of which substitutions resulted in the
remarkable inactivation of ssi4 were summarized in
Fig. 3. All but one of them are located in a region
containing the specific stem-loop structure and its 3’-
flanking domain. These results indicated that nucleotide
residues in this region were strictly required for the ssid
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Fig. 3. Potential stem-loop structure and essential nucleotide residues
in ssiA. The nucleotide residues of which substitutions were demon-
strated to cause more than 1000-fold reduction of the ssi4 activity
from the wild-type level (Fig. 2) are indicated by shaded circles. The
DNA start sites proposed in plasmid R1162 are indicated by asterisks.

activity. In plasmid R1162, it was demonstrated that
DNA strand synthesis was initiated within the triple
nucleotide residues in the 3’-flanking domain (Fig. 3)
[22]. It is conceivable that the stem-loop structure and
its ¥’-flanking domain are crucial in the RSF1010-spe-
cific priming reaction depending on the ssi signals and
RepB’ primase. Probably, the stem-loop structure in
each of the ssi signals is needed for specific and produc-
tive recognition by the RepB’ primase, and the primer
synthesis takes place in its 3’-flanking region.

Acknowledgements This work was supported in part by grants from
the Ministry of Education, Science. and Culture, Japan; Fellowships
of the Japan Society for the Promotion of Science for Japanese Junior
Scientists (to Y.H.).

REFERENCES

[1] Ray, D.S., Cleary, J.M.. Hines, J.C., Kim, M.H., Strathearn, M.,
Kaguni, L S. and Roark, M. (1981) in: The Initiation of DNA
Replication (Ray, D.S. ed.) ICN-UCLA Symposia on Molecular
and Cellular Biology, pp. 169-193, Academic Press, New York.

[2] Ray, D.S., Hines, J.C., Kim, M.H , Imber, R. and Nomura, N.
(1982) Gene 18, 231-238.

[3] Sakai, H. and Godson, G.N. (1985) Biochim. Biophys. Acta 30,
30-37.

[4] Haring, V. and Scherzinger, E. (1989) in: Promiscuous Plasmids
of Gram-negative Bacteria (Thomas, C.M. ed.) pp. 95-124, Aca-
demic Press, New York.

70

FEBS LETTERS

June 1993

[5] Masai, H.. Nomura, N. and Arai, K. (1990) J. Biol. Chem. 265,
15134-15144.

[6] Masai, H., Nomura, N., Kubota, Y. and Arai, K. (1990) J. Biol.
Chem. 265, 15124-15133.

[7] Nomura, N., Masai, H., Inuzuka. M , Miyazaki, C., Ohtsubo, E.,
Itoh, T., Sasamoto, S., Matsui, M., Ishizaki, R. and Arai, K.
(1991) Gene 108, 15-22.

[8] Tanaka, K, Sakai, T., Honda, Y., Hiasa, H., Sakai, H. and
Komano, T. (1991) Plasmid 25, 125-130.

[91 Minden, J.S. and Marians, K.J. (1985) J. Biol. Chem. 260, 9316
9325.

[10} Masai, H. and Arai, K. (1988) J. Biol. Chem. 263, 15016-15023.

[11] Masai, H. and Arai, K. (1989) J. Biol. Chem. 264, 8082-8090.

[12] Tanaka, K., Sakai, H., Honda, Y., Nakamura, T., Higashi, A.
and Komano, T. (1992) Nucleic Acids Res. 20, 2705-2710.

[13] Guerry, P., Van Embden, J. and Falkow, S. (1974) J Bacteriol.
117, 619-630.

[14] Grinter, N.J. and Barth, P.T. (1976) J. Bacteriol. 128, 394-400.

[15} Scholz, P., Haring, V., Wittman-Liebold, B., Ashman, K.,
Bagdasarian, M and Scherzinger, E. (1989) Gene 75, 271-281.

[16] Gormley, E.P. and Davies, J. (1991) J. Bacteriol. 173, 6705-6708.

[17] Scholz, P., Haring, V.. Scherzinger, E., Lurz, R., Bagdasarian,
M.M., Schuster, H. and Bagdasarian, M. (1985) in: Plasmids in
Bacteria (Helinski, D.R., Cohen, S.N., Clewell, D.B., Jackson,
D.A. and Hollaender, A. eds.) pp. 243-259, Plenum, New York.

(18] Honda, Y., Sakai. H., Komano, T. and Bagdasarian, M. (1989)
Gene 80, 155-159.

[19] Honda, Y., Sakai, H.. Hiasa, H., Tanaka, K., Komano. T. and
Bagdasarian, M. (1991) Proc. Natl. Acad. Sci. USA 88, 179-183.

[20] Honda. Y.. Sakai. H. and Komano, T. (1988) Gene 68, 221-228.

[21] Honda. Y.. Nakamura, T.. Tanaka, K., Higashi, A.. Sakai, H.,
Komano, T. and Bagdasarian, M (1992) Nucleic Acids Res. 20,
1733-1737

[22] Lin. L. and Meyer. R.J. (1987) Nucleic Acids Res. 15, 8319-8331.
[23] Soeller, W., Abarzua, P and Manans, K.J. (1984) J. Biol. Chem.
259, 14293-14300.

[24] Greenbaum, J.H and Marians, K.J. (1985) J. Biol. Chem. 260,
12266-12272.

[25] Yanisch-Perron. C., Viera, J. and Messing, J. (1985) Gene 33,
103-119.

{26] Kim, M H.. Hines, J.C. and Ray, D S. (1981} Proc. Natl. Acad.
Sci. USA 78. 6784-6788.

[27] Hutchison III. C.A., Nordeen. S.K., Vogt, K. and Edgel, M.H.
(1986) Proc Natl. Acad. Sci. USA 83, 710-714.

[28] Chung, C.T., Niemela, S.L. and Miller, R.H. (1989) Proc. Natl.
Acad. Sci. USA 86, 2172-2175.

[29] Bouché, J., Rowen, L. and Kornberg, A. (1978) J Biol. Chem.
253, 765-769.

[30] Sakai, H., Komano, T and Godoson, G.N. (1987} Gene 53,
265-273.



