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Summary. We have surveyed the frequency of each of 
64 trinucleotide permutations at every nucleotide frame 
located from I to 15 nucleotides upstream of primer 
RNA-DNA transition sites mapped within a 1.5 kb re- 
gion of the bacteriophage lambda genome and a 1.4 kb 
region of the Escherichia coli genome. We have demon- 
strated that in both systems initiation of DNA synthesis 
strongly correlates with a CAG sequence located 11 nu- 
cleotides upstream of the DNA start sites. Based on 
the examination of various reports of the priming reac- 
tion catalyzed by E. coli primase in vivo and in vitro, 
we propose that (i) E. coli primase itself recognizes a 
3'GTC 5' sequence on the template strand, (ii) DnaB 
helicase releases the specificity of E. coli primase and, 
(iii) the consensus recognition sequence for E. coli pri- 
mase associated with DnaB helicase is 3'PuPyPy 5'. 

Key words: E. coli primase 3'GTC 5' - 3'PuPyPy 5' 
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Introduction 

DNA primase synthesizes RNA primers at multiple sites 
on a template DNA strand for discontinuous DNA rep- 
lication (Ogawa and Okazaki 1980; DePamphilis and 
Wassarman 1980). An important question to be resolved 
concerns the structure on the template strand which 
DNA primase recognizes in order to catalyze frequent 
initiation of primer RNA synthesis while a replication 
fork moves processively. Essential trinucleotide se- 
quences that are recognized by primases from bacterio- 
phage T7 or T4 have been elucidated by mapping of 
the initiation sites of Okazaki fragments in vivo and 
in vitro (Fujiyama et al. 1981; Sugimoto et al. 1988; Ta- 
bor and Richardson 1981 ; Cha and Alberts 1986). Bacte- 
riophage T7 primase (gene 4 protein, which also acts 
as a helicase) synthesizes predominantly tetranucleotide 
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primers, starting with pppAC, at the trinucleotide se- 
quence 3'CTG 5' of the template strand (Fujiyama et al. 
1981 ; Sugimoto et al. 1988; Tabor and Richardson 1981 ; 
Seki and Okazaki 1979; Ogawa and Okazaki 1979; 
Scherzinger et al. 1977; Romano and Richardson 1979). 
Bacteriophage T4 primase (gene 61 protein) synthesizes 
pentanucleotide primers, starting with pppAC or 
pppGC, at the trinucleotide sequences 3'TTG 5' or 
3'TCG 5', respectively, of the template strand in a reac- 
tion requiring simultaneous action of gene 41 helicase 
(Cha and Alberts 1986; Kurosawa and Okazaki 1979; 
Hinton and Nossal 1987; Nossal and Hinton 1987). 
Thus, essential nucleotide sequences recognized by both 
bacteriophage systems are trinucleotide stretches com- 
posed of one untranscribed nucleotide followed by the 
sequence complementary to the first dinucleotide se- 
quence of primer RNA molecules. 

Intensive studies have been performed on Escherichia 
coli primase (dnaG gene product) for the last two de- 
cades, and the fundamental mechanism of the priming 
reaction has been established using in vitro systems 
(Kornberg 1974, 1982). However consistent interpreta- 
tion of the sequence specificity of E. coli primase has 
not yet been obtained. In conversion of viral strand (v- 
strand) DNA of single-strand phage G4, st-l, q~K, or 
e3 to replicative form molecules (RF), DnaG protein 
synthesizes an RNA primer starting with pppAG at a 
unique site within the 135-base origin sequence in the 
presence of SSB (single-stranded DNA binding protein) 
(Bouche etal. 1987; Fiddes etal. 1978; Sims and 
Dressier 1978; Sims etal. 1979). With all these phage 
DNAs, primer synthesis starts at the T residue in a 
3'GTC5' sequence located at the foot of a hairpin struc- 
ture (v-strand). On the other hand in most other systems 
examined, such as the general priming reaction (Arai 
and Kornberg 1979, 1981 b), the primosome system for 
phage ~bX174 (Arai and Kornberg 1981c; Arai et al. 
1981) and priming systems for phage 2 (Dodson et al. 
1985, 1986) and E. coli oriC (Kaguni and Kornberg 
1984; Ogawa etal. 1985; van der Ende etal. 1985; 
Bramhill and Kornberg 1988), DnaG primase synthe- 
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sizes RNA primers at multiple sites on a template 
strand; in all these reactions primer synthesis by DnaG 
primase is aided by DnaB helicase. Although the struc- 
ture of the primer RNAs synthesized by these systems 
has been reported (Arai and Kornberg 1981b; Ogawa 
et al. 1983), it is clear that no simple recognition se- 
quence like that of T7 or T4 phage primase exists for 
DnaG primase action. However, the primer RNA mole- 
cules of  Okazaki D N A  fragments synthesized in E. coli 
in vivo systems have a chain length of  11 + 1 nucleotides 
and the 5' terminal dinucleotide sequence is composed 
of predominantly (80%) pppPuPu (Pu, purine), 50% of 
which is pppAG (Kitani et al. 1985). Thus, the 5' termi- 
nal dinucleotide structure made in vivo is not random, 
even if not unique. 

We have reported previously the distribution of  the 
initiation sites of  D N A  synthesis (RNA-DNA transition 
sites) in vivo on both strands in a 1.4 kb region of the 
E. coli genome (Kohara et al. 1985) and in a 1.5 kb re- 
gion of the 2 phage genome (Yoda et al. 1988). We have 
investigated the properties of the nucleotide sequences 
in the region upstream of the transition sites in terms 
of the structural information required for primer RNA 
synthesis for discontinuous D N A  replication in E. coli 
(Kitani et al. 1985). We found from the mapping data 
of  the 2 phage genome that a CPuPu (especially CAG) 
sequence frequently appears 12 to 10 nucleotides up- 
stream of the initiation sites of  D N A  synthesis. We sug- 
gested the possibility that E. coli primase recognizes the 
trinucleotide sequences 3'GPyPy 5' (especially 3'GTC 5') 
(Py, pyrimidine) located 12 to 10 nucleotides upstream 
of the initiation sites (Yoda et al. 1988). The results also 
suggest that the postulated sequence specificity of  E. 
coli primase is much looser compared with that of T7 
or T4 primase indicating that we might have overlooked 
the significance of the sequence specificity in the up- 
stream region of  the initiation sites of  the E. coli genome 
(Kohara et al. 1985). A statistical analysis was required 
in order to evaluate the available data and to elucidate 
the specificity of  the recognition sequence of E. coli pri- 
mase. 

In this report, we have extensively surveyed the fre- 
quency of  appearance of  each of 64 trinucleotide se- 
quences at every nucleotide position between positions 
- 1  and - 1 5  from R N A - D N A  transition sites located 
in the replication origin regions of  the genomes of  E. 
coli (Kohara etal. 1985) and bacteriophage lambda 
(Yoda et al. 1988) (triplet analysis). The results reveal 
that the distribution of  the trinucleotide CAG shows 

Fig. l A and B. Alignment of the initiation sites of DNA synthesis 
in vivo mapped within a 1.5 kb region containing ori2. The princi- 
ples of the arrangement shown in A are described in the text. 
The transition sites from primer RNA to DNA synthesis and the 
serial number affixed to each site are indicated according to Yoda 
et al. (1988). Nucleotides marked by an asterisk indicate sites locat- 
ed by both size of bands and nucleotide compositions of 5' ends; 
nucleotides marked by an apostrophe indicate sites located by size 
of bands only, but with high accuracy; underlined nucleotides indi- 
cate sites located by size of bands which may contain molecules 
of different chain lengths 
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Fig. 2. Triplet analysis of upstream region of the initiation sites 
of 2 phage D N A  synthesis in vivo. Trinucleotide sequences located 
within positions - 1  to - 1 5  of every initiation site shown in 
Fig. 1 A and B were counted as described in the Materials and 
methods. Each trinucleotide sequence is numbered from the 5' side 
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and distance measured is from each initiation site to the second 
letter of a triplet. A dotted line in each column indicates the fre- 
quency of appearance of the corresponding triplet if primer initia- 
tion occurred at random 



a sharp peak at position - 1 1  in both systems, strongly 
supporting the possibility that during the start of D N A  
replication of E. coli and bacteriophage 2 in vivo, E. 
coli primase most frequently recognizes a YGTC 5' se- 
quence on a teplate strand and synthesizes an 11 _+ 1 nu- 
cleotide primer RNA starting with an AG sequence. 

Materials and methods 

All the data on the initiation sites of D N A  synthesis 
in vivo were taken from Yoda et al. (1988) and Kohara 
et al. (1985). 

Triplet analysis. The frequency of each of the 64 possible 
trinucleotide sequences located within positions - l  to 
- 1 5  of every initiation site was counted by computer 
and plotted against distance from the initiation site 
(Figs. 2, 4). 

Results 

Arrangement of 2 DNA initiation sites 

Nucleotide sequences immediately upstream of initiation 
sites of  D N A  synthesis detected in vivo on both strands 
in a 1.5 kb region of the 2 phage genome containing 
the replication origin (ori2) (Yoda et al. 1988), are listed 
in Fig. 1. Arrangement of  the sequences in Fig. 1 A was 
performed on the basis of the following principles. (i) 
An initiation site consisting of more than three conse- 
cutive nucleotides is omitted and is listed in Fig. 1 B. 
(ii) When an initiation site consists of two or three con- 
secutive nucleotides, the 5' side or the middle, respective- 
ly, is allocated as the initiation point (position + 1). (iii) 
A leftward or rightward shift by one nucleotide is per- 
mitted in order to place the PyPu sequence at positions 
- 1 2  to - 1 1 .  As a result, PyPuPu sequences exist at 
positions - 1 2  to - 1 0  in 42 out of 48 sites (89%) or 
PyPu sequences at positions - 1 2  to - 1 1  in 44 out of 
48 sites (92%) (Fig. 1A). Moreover, 55% (6/11) and 
43% (16/37) of  the PyPuPu sites are occupied by CAGs 
in the r-strand and in the 1-strand sites, respectively, 
suggesting a positive correlation between the presence 
of  the triplet CAG and the start of RNA primers with 
a chain length of around 11 residues. 

Triplet analysis of 2 phage DNA initiation sites 

To identify features characteristic of  nucleotide se- 
quences upstream of every initiation site of D N A  synthe- 
sis more objectively, a statistical survey of  the frequency 
of the 64 trinucleotide permutations was carried out at 
every trinucleotide frame from positions - 1  to - 1 5  
of  the initiation sites listed in Fig. 1 A and B. The 
number  of  each triplet found at each nucleotide position 
was plotted as a function of  distance f rom the initiation 
site (Fig. 2). As shown in Fig. 2, the frequency of  the 
C A G  sequence shows a sharp peak at position - 11 (the 

number  indicates the position of the center nucleotide 
of  a triplet) with both 1- and r-strand initiation sites, 
Furthermore,  distinct peaks are found with A G A  at - 10 
and G C A  at - 1 2 .  As shown in Fig. 1, 11 out of  
12 AGAs come f rom C A G A  and 11 out of  13 GCAs 
from G C A G .  Therefore both of these trinucleotide se- 
quences appear together with a C A G  sequence at posi- 
tion - 1 1 .  A peak of  G G C  was found at - 1 3  for the 
r-strand but not for the 1-strand. Essentially the same 
results were obtained when the analysis was performed 
only with the sites listed in Fig. 1 A (data not shown). 
These results clearly show the parallelism between a 
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Fig. 3. Arrangement of the transition sites from primer RNA to 
Escherichia coli DNA synthesis in vivo near the oriC region. The 
transition sites are marked with open circles above the sequence 
and are assigned letters according to the data of Kohara et al. 
(1985) 
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Fig. 4. Application of the triplet analysis to the mapping data of E. coil DNA synthesis in vivo shown in Fig. 3. Further details are 
described in the Materials and methods and the legend to Fig. 2 



CAG sequence at an average position - I 1 and the initi- 
ation of DNA synthesis in the 2 phage origin region 
in vivo. 

Triplet analysis of  E. coli DNA initiation sites 

Initiation sites of DNA synthesis in vivo detected by 
Kohara et al. (1985) are listed in Fig. 3. By sliding the 
position of the deoxynucleotide at RNA to DNA transi- 
tion sites a few nucleotides in the plus or minus direc- 
tions, the presence in high frequency of the CAG se- 
quence around position - 11 became obvious; 42% (5/ 
12) and 44% (7/16) in 1-strand and r-strand, respectively. 
This was confirmed statistically by the triplet analysis 
(Fig. 4). A peak of CAG sequence is detected at position 
- 11 for both 1- and r-strands. Other triplet peaks found 
in the r-strand, AGG at - 1 0  and CCA at - 12 ,  are 
derived from the sequence CAGG (5 out of 5) and 
CCAG (4 out of 5), respectively. These results from both 
the 2 phage and E. coli data indicate that a CAG se- 
quence is present in high frequency at positions - 1 2  
to -10 ,  the starting sites of primer RNA with a chain 
length of around 11 nucleotides. A high GAT peak ob- 
served at position - 1  for the r-strand reflects the high 
frequency of GATC sites in the oriC region, proximal 
to which DNA synthesis initiates at high frequency, as 
previously pointed out by Kohara et al. (1985). How- 
ever, statistical analysis fails to show this tendency for 
the 1-strand. 

Discussion 

In this paper we have demonstrated that in the E. coli 
and 2 phage in vivo systems, initiation of DNA synthesis 
strongly correlates with a CAG sequence located 11 nu- 
cleotides upstream of the DNA start site. Based on com- 
parison of the present results with the structural proper- 
ties of primer RNA molecules isolated from E. coli Oka- 
zaki fragments (Kitani et al. 1985) and with the sequence 
specificity of DnaG primase in solo DnaG primase reac- 
tions as discussed in the following paragraph, we con- 
clude that in the E. coli and 2 phage in vivo systems 
E. coli primase preferentially recognizes a 3'GTC 5' se- 
quence in a template strand and synthesizes an 11 + 
1 nucleotide primer RNA. The areas mapped (1.5 kb for 
2 phage and 1.4 kb for E. coli) were considerably larger 
than the ori regions (163 bp for 2 phage and 245 bp 
for E. coli) and no conspicuous differences in nucleotide 
compositions of the upstream regions of the initiation 
sites were found between the ori regions and the rest. 
Thus, the results of the triplet analyses may be attributed 
to the function of E. eoli primase in the priming machin- 
ery for discontinuous DNA replication. E. coli primase 
may also recognize trinucleotide sequences on a template 
strand for primer synthesis, as does T7 or T4 primase, 
but in a far looser way so that we can only define the 
characteristics of the recognition sequence by statistical 
analysis. 

In Fig. 5A, DNA sequences are shown at which 
primer RNA synthesis by the DnaG primase solo reac- 
tion is known to start; this reaction requires SSB but 

A $ 
a TTTGCAGTAGGGACGGCGGC G4 

$ 

b TTAGCAGGAGGGAAGGCGGC st-l, cK, 

c CTGGCAGGGCTGGGGGATGG R100, R1 

d CTGGCAGGAGGCTGCGCAGT F. f6 

e CTGGCAGGGGGCGCAAGCGC R6K.ori~ 

a3 

B -1 
1: ~ O O O  

CTGGCAGGGCTGG~GATGGj R100(pYK5) R1 

Fig. 5A and B. DNA sequences from various phages and plasmids 
where E. coli primase primes DNA synthesis. The complementary 
sequence of each template strand is given for comparison with 
the mapping data shown in Figs. I and 3. The source of each 
sequence is indicated at the right. A The start site of RNA mole- 
cules (arrows) (Bouche et al. 1987; Fiddes et al. 1978; Sims and 
Dressler 1978) and the major start site of primer RNA of RNA- 
DNA molecules (filled arrowheads) (Masai et al. 1990) are indicat- 
ed. B The sequence containing the initiation sites of leading strand 
DNA synthesis in vitro of RI00 and RI plasmids, which is located 
about 400 bp downstream of the ori sequence. The nucleotide se- 
quence around the initiation site of the leading strand is exactly 
the same for both plasmids. The bases determined as 5' termini 
of the leading strand DNA are indicated by open circles and those 
detected as ribonucleotides are indicated by asterisks for R100 
(Miyazaki et al. 1988); the area defined as the 5' terminus of the 
leading strand DNA for RI (Masai and Arai 1989) is bracketed 

not DnaB protein. N. Nomura et al. (personal communi- 
cation) have recently isolated the DNA segments that 
support SS (single-stranded DNA) to RF synthesis in 
solo DnaG primase reactions, where primer RNA syn- 
thesis starts at the unique T residue in the 3'GTC 5' 
sequence as indicated in Fig. 5A (lines c to e) and the 
size of primer RNA of the RNA-DNA molecules is 12 
to 14 nucleotides (Masai et al. 1990). A 3'GTC 5' se- 
quence was also found 10 nucleotides upstream of the 
initiation site (RNA-DNA transition site) of leading 
strand DNA synthesis of the R100 plasmid in vitro 
(Fig. 5B) (Miyazaki et al. 1988). Masai and Arai (1989) 
have proposed that leading strand synthesis in R1 plas- 
mid, a plasmid related to R100, is primed by DnaG 
primase alone. A start site for leading strand DNA syn- 
thesis in the R1 plasmid has been located within a region 
of 6 nucleotides as shown in Fig. 5B and the size of 
the primer RNA of RNA-DNA molecules is approxi- 
mately 8 nucleotides (Masai and Arai 1989). Recently 
Hiasa et al. (1989, 1990) have demonstrated by muta- 
tional analysis of the G4 origin that a YGTC 5' sequence 
is critically important for the origin function, suggesting 
that the trinucleotide sequence is necessary for priming 
in vivo and in vitro. These results raise the possibility 
that in the primase solo reaction, DnaG primase recog- 
nizes a specific 3'GTC 5' sequence on a template strand 
as a priming site and synthesizes a primer RNA of ap- 
proximately 11 nucleotides. 

It has been reported that E. coli primase synthesizes 
a primer RNA which is 10 to 60 nucleotides long, with- 
out apparent sequence specificity, at multiple sites on 
a single-stranded DNA template, with the aid of DnaB 
protein in the absence of SSB (general priming system) 
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Table 1. Sequence specificity of primase from various sources 

Source Gene for Associated Recognition sequence Size of primer RNA 
primase protein (3'~ 5') 

T7 gene 4 P gene 4 (56 kDa) CTG (PyPuPu) 4~5  (mainly 4) 
T4 gene 61 P gene 41 Tc~G (PyPuPu) 4 ~ 5 (mainly 5) 
G4, st-l, qSK, c~3 dnaG GTC (PuPyPy) 
), E. col] dnaG DnaB GPyPy (PuPyPy) 11 _+ 1 
Mammal (SV40) PuPy (PuPy(Py)) ~ 8 

(Arai and Kornberg 1979, 1981b). Re-examination of 
their data in the light of the information that E. col] 
primase synthesizes 11_+ ] nucleotide RNA primers in 
vivo, we found that primers about 11 nucleotides in 
length were indeed preferentially synthesized, and syn- 
thesis of longer sized primers was selectively suppressed 
by the addition of SSB (Fig. 2 of Arai and Kornberg 
1979). In solo primase reaction, primers about 11 nucle- 
or]des in length were often synthesized as a major com- 
ponent among longer sized primers (Masai et al. 1990; 
see also footnote of Sims et al. 1979). These data suggest 
that the E. col] primase might preferentially synthesize 
RNA primers approximately ] ] nucleotides in length. 
When priming reactions by DnaG primase with DnaB 
protein were coupled with DNA synthesis in the ~bX174 
primosome system, which was proposed as a model for 
discontinuous DNA synthesis in E. col] chromosome 
replication (Arai and Kornberg 1981 c; Arai et al. 1981), 
the primer RNA became shorter and heterogeneous in 
length, ] to 9 nucleotides (Ogawa et al. 1983). 

The 5' terminal dinucleotide sequences of RNA-DNA 
molecules containing mono- and dinucleotide primers 
were exclusively pppAdG and pppAG (Ogawa et al. 
1983). Primers longer than dinucleotides were composed 
of 8]% pppAPu (25% pppAG and 56% pppAA) 
(Ogawa et al. 1983), while those of E. col] primers made 
in vivo were composed of 66% pppAPu (41% pppAG 
and 25% pppAA) (Kitani et al. 1985). Therefore the site 
selection preference of DnaG primase in the primosome 
system (3'TPy5' on a template strand) is in accordance 
with that in E. col] discontinuous DNA synthesis in vivo. 
A possible interpretation of these results is that DnaG 
primase associated with DnaB protein acquires a less 
stringent sequence specificity for priming at multiple 
sites on a template strand in the primosome system as 
well as in the general priming system. The transition 
sites from RNA to DNA in the primosome system ap- 
pear very frequently and the transition points can occur 
anywhere from 4 up to 14 nucleotides from the putative 
primer initiation site (Ogawa et al. 1983), which may 
reflect the heterogeneous size of primer RNAs made in 
the primosome system. 

Two conditions must be fulfilled in order to detect 
a peak of CAG distribution at position -11 ,  namely 
recognition of the 3'GTC 5' sequence by E. col] primase 
and synthesis of primer RNA of unique size (11 _+ 1 nu- 
cleotides). Initiation sites for 2 phage DNA synthesis 
in vitro were mapped around the 2 or] region by Tsuri- 
moto and Matsubara (1984). The initiation sites A, V, 
Y, and Z shown in Fig. 4 of Tsurimoto and Matsubara 
(1984) correspond to the in vivo sites 4, 26, 31, and 32 

shown in Fig. 4 of Yoda et al. (1988), respectively. CAG 
sequences are detected 9 to 12 nulceotides upstream of 
6 sites (A, B, G, I, Y, and Z) out of 10 major initiation 
sites. However when triplet analysis was performed on 
the initiation sites shown in Fig. 4 of Tsurimoto and 
Matsubara (1984) and those located by Tsurimoto using 
different templates containing 2 or] sequence (personal 
communication), no peak was found in the distribution 
of CAG (data not shown). The features of the initiation 
sites of 2 DNA synthesis in vitro were that they were 
mostly located at all positions from 3 to 8 nucleotides 
from the putative RNA primer start as in the ~bX]74 
primosome system. Therefore the failure to detect a 
CAG peak at position -11  may be mainly due to the 
heterogeneous size of primers. The 2 in vitro system 
(Tsurimoto and Matsubara 1984) and the ~bX174 primo- 
some system (Ogawa et al. 1983) seem to lack some factor 
required for synthesis of primer RNA of a unique size. 

It has been proposed that DnaB protein interacts with 
E. col] primase and facilitates priming at multiple sites 
on the template DNA by altering DNA secondary struc- 
tures for primase action (Arai and Kornberg 1981a). 
The present results suggest that DnaB protein may also 
release the specificity of the triplet recognition of E. col] 
primase. The consensus recognition sequence of E. col] 
primase can be summarized as 3'PuPyPy 5' (or 3'GPyPy 
5'). Hay et al. (Hay and DePamphilis 1982; Hay et al. 
1984) have shown that the initiation sites of primer RNA 
synthesis in vivo around SV40 or] sequence consist main- 
ly of 3'PuPy 5' sequence (about 80%) on the template 
strand and primer RNA starts with pppPu using the 
5' Py of the template strand. Furthermore 3'PuPyPy 5' 
sequence occupied 50% of the total initiation sites of 
primer RNA, so the third Py of the sequence might 
also be part of the recognition sequence for the primase 
(Hay et al. ]984). Therefore it is possible that the trinuc- 
leotide sequence may also be recognized by eukaryotic 
primase, although the sequence specificity seems to be 
less stringent than that of E. col] primase. Table 1 sum- 
marizes recognition sequences of primases from various 
sources. Interestingly, the recognition sequence of E. col] 
primase (3'PuPyPy 5') more closely resembles that of 
eukaryotic primase (3'PuPy(Py) 5') than that of T7 or 
T4 primase (3'PyPyPu 5'). 
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