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ABSTRACT The nucleotide sequence of a cloned section of
the Escherichia coli chromosome containing the dnaG primase
gene [Lupski, J., Smiley, B., Blattner, F. & Godson, G. N. (1982)
Mol Gem Genet 185, 120-128] has been determined. The region
coding for the dnaG primase has been identified by NH2-terminal
-andctryptivpeptide amino-acid analysis of the dnaG protein. The
coding region is 1,740 base pairs long (580 amino acids) and is pre-
ceded by an unusual ribosome-binding site sequence (G-G-G-G).
The dnaG gene is read in the same direction as the adjacent rpoD
gene, but no obvious promoter sequences can be found for either
gene within several hundred nucleotides upstream. Other unusual
features of the dnaG gene that may explain the maintenance of
its product at low copy number are the presence of a RNA poly-
merase terminator 31 nucleotides upstream from the ATG initi-
ator codon and greater use (3-10 times) of certain codons that oc-
cur infrequently in other E. coli genes. The nucleotide sequence
has also been correlated with data from transposon Tn5 insertional
inactivation mapping.

The Escherichia coli dnaG gene product has long been known
from genetic studies to be essential for E. coli chromosomal
DNA replication (1). This has been confirmed by studies in vitro
of the initiation of DNA replication. The dnaG gene product
has been shown to be a species of RNA polymerase called pri-
mase that interacts with DNA to synthesize a RNA oligonu-
cleotide that primes DNA synthesis (2-4). In the phage G4 in
vitro system of DNA synthesis the dnaG primase recognizes a
specific region of the single-stranded viral template and in the
presence of single-strand-binding protein (SSB) synthesizes a
14- to 29-nucleotide complementary RNA, primer RNA, which
is then elongated by DNA polymerase III holoenzyme to syn-
thesize the complete G4 complementary DNA strand (5). The
primase recognition site on the G4 chromosome is within a re-
gion of single-stranded DNA, the gene FIG intergenic region
(6), that can form stable secondary structure hairpin loops, and
the primer RNA always starts at the same nucleotide (7). In an
analogous system, phage a3, the primase protein was shown to
interact directly with these loops (8).

In the 4174 in vitro system, dnaG primase does not appear
to recognize a specific sequence in the DNA, but is involved
in a conglomerate of proteins (dnaB/dnaC/i/n/n',n") called
a primosome (4, 9) that moves around the single-stranded DNA
synthesizing a RNA primer at many different sites (10-12). Pri-
mase is believed to function similarly in priming synthesis of
Okazaki fragments on the lagging DNA strand during E. coli
chromosomal synthesis (1, 13). The dnaG protein is therefore
ofconsiderable interest as a member ofthe class ofproteins that

interact directly not only with the DNA double helix itself but
also with other proteins.

In the cell the dnaG gene product is kept in low copy number
(2) and appears to be under tight regulation. Excess amounts
of dnaG protein appear to kill the cell (14). The only successful
overproduction ofthe dnaG gene product so far observed is with
a temperature-sensitive copy number plasmid (Ql/pRLM61)
that bears the dnaG gene plus several thousand preceding nu-
cleotides (14). This preceding region is believed to contain the
controlling regions for dnaG gene expression (14, 15), and it is
being proposed as a regulatory region for a macromolecular syn-
thesis operon (unpublished) containing dnaG and the 3'-adja-
cent gene rpoD (14, 16). This paper reports the nucleotide se-
quence of the dnaG gene, together with peculiarities of its
codon usage, its corresponding amino acid composition, and the
regulatory region that immediately precedes the gene.

MATERIALS AND METHODS
Enzymes and Biochemicals. Restriction endonucleases were

purchased from New England BioLabs; deoxynucleoside and
dideoxynucleoside triphosphates, from P-L Biochemicals; DNA
polymerase I (Klenow fragment), from Boehringer Mannheim;
and phage T4 DNA ligase was a gift from Chris Schindler (New
York University Medical Center). The [32P]dATP was pur-
chased from New England Nuclear.

Bacterial Strains and Plasmids. The plasmid pGL444, which
contains the dnaG gene (15), was grown in E. coli HB101 (17),
and the plasmid DNA was prepared and isolated by standard
procedures (15). JM103 (18) was used to grow M13mp7 phage
and its recombinants. Ql/pRLM61, which contains the tem-
perature-sensitive copy number plasmid pRLM61 that bears
the dnaG gene, was used as a source of dnaG protein.
DNA Sequence Analysis. The nucleotide sequence was ob-

tained by using the Sanger dideoxynucleotide chain termination
method (19) and single-stranded DNA from clones of the fila-
mentous phage cloning vector M13mp7 (20) containing random
restriction enzyme fragments of the HindIII/Sac I fragment of
plasmid pGL444 (15). The HindIII/Sac I fragment was cleaved
out ofpGL444 and isolated by electrophoresis on a 0.35% low-
melting-point agarose (Bethesda Research Laboratories) gel.
The DNA was recovered from the gel by centrifuging the ex-
cised portion containing the fragment in an Oak Ridge tube at
40,000 rpm for 10 min in a Beckman Ti 50 rotor. The super-
natant was extracted twice with phenol, washed with diethyl
ether, and precipitated with ethanol. Methods for the ligation
of fragments of this HindIII/Sac I DNA into M13mp7 cloning
vector and the transfection and generation of single-stranded
DNA for sequencing are standard and described in ref. 18.
The final sequence was built up by determining the se-
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quences of the first 20 random clones from each of 7 clone
banks. Rsa I, Alu I, Hae III, HindII, Hha I (S1 nuclease treated),
and Xho I (filled-in) fragments were inserted into alkaline phos-
phatase-treated (21) HindII-cleaved M13mp7 replicative form
I DNA, so that all plaques contained a DNA insert. The Sau3A
digest was inserted into BamHI-cut M13mp7 vector. Strategies
for turning cloned fragments around and subcloning in situ will
be described elsewhere. The Staden computer programs (22)
and programs developed by B.L.S. were used to assemble and
analyze the DNA sequence.

Isolation of dnaG Protein and Peptide Analysis. Primase
(dnaG) protein was isolated from cells containing the temper-
ature-sensitive copy number plasmid Q1/pRLM61, which
overproduces dnaG protein by 100-fold at 420C (14). The dnaG
protein purification procedures were a modification of those
described in ref. 2. Peptide data were kindly provided by Wil-
liam Konigsberg in advance of publication.

RESULTS
Nucleotide Sequence. The dnaG gene has been shown by

transposon Tn5 mapping to be contained within a 1.9-kilobase
HindIII/Sac I DNA fragment on the dnaG-bearing recombi-
nant plasmid pGL444 (15). The sequence of this HindIII/Sac
I fragment has now been determined by using the dideoxynu-
cleotide chain termination method (19) after inserting pieces
into the filamentous phage vectorM13mp7 and subeloning (20).
The strategy of subcloning and sequencing is shown in Fig. 1.
Seventy percent of the sequence was determined in both
strands of the DNA.
The nucleotide sequence of the dnaG gene is shown in Fig.

2, with the numbering starting at the HindIII site. The start of
the coding sequence, nucleotide 182, was determined from the
NH2-terminal amino acid analysis of the dnaG protein (see be-
low). The coding sequence is preceded by no obvious Shine and
Dalgarno ribosome-binding site sequence (23), and it is pre-
sumed that this function is performed by the G-G-G-G se-
quence, three nucleotides before the ATG initiation codon (see

Fig. 4). An autoradiograph of the sequencing gel across this re-
gion is shown in Fig. 3.

In the 400 nucleotides preceding the dnaG gene (the se-
quence of the region to the left of the HindIII site is unpub-
lished), there are no sequences that can reasonably fit the can-
onical promoter sequence (T-A-T-R-A-T-R) (R, purine nucleoside)
(24) or the -35 sequences (T-T-G-A-C-A) (25, 26), and it is con-
sidered that the dnaG promoter must be far to the left of the
HindIII site (nucleotide 1), several hundred nucleotides up-
stream. Preceding the dnaG gene by 36 nucleotides, however,
is a strong 27-base pair hyphenated palindrome (nucleotides
119-145) followed by a T-T-A-T-T-T-T sequence (see Fig. 4).
This structure is a typical RNA polymerase transcription ter-
mination signal (28). The coding region of the dnaG gene is
1,740 nucleotides long and ends in an amber termination codon
TGA at nucleotide 1,922 on the sequence (see Fig. 2). The
COOH terminus is therefore 33 nucleotides beyond the Sac I
site.
NH2-Terminal and Tryptic Peptide Analysis of the dnaG

Pirtein The sequence-of the NH2 terminus-of the dnaG pro-
tein was determined by automated analysis to be NH2-Ala-Gly-
Arg-Ile-Pro-Arg-Val-Phe-Ile-Asn-Asp-Leu-. This corresponded
exactly with the amino acid sequence predicted from the nu-
cleotide sequence following the ATG codon beginning at nu-
cleotide 182. This result shows that the methionine residue
specified by the initiation codon is cleaved off in vivo. The
amino acid composition of 15 tryptic peptides of the dnaG pro-
tein that were isolated in pure form by HPLC are marked in
Fig. 2. These are in complete agreement with compositions
based on the nucleotide sequence. Approximately 40% of the
structural gene was confirmed in this manner.
Codon Usage. The codon use in the dnaG gene is somewhat

unusual for an E. coli protein in that in comparison with 18 other
E. coli proteins of known sequence (29-37) it uses the codons
AAT (Asn), ACA (Thr), TCG (Ser), CAA (Gln), and ATA (Ile)
at a much higher relative frequency than is normal. This is par-
ticularly noticeable in the case of AAT, which is used for 15 out
of 31 Asn codons (50%) compared with an average of 20% in
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FIG. 1. Restriction map and strategy for determining the sequence of the dnaG gene. At the top is a genetic map of the E. coli chromosome
(kb, kilobase). This is expanded (scale in base pairs) to give a restriction enzyme cleavage map of the chromosomal region surrounding dnaG (15).
Six different restriction enzyme digests of the Hindl/Sac I DNA fragment from pGL444 were inserted as mixtures into M13mp7 and then cloned.
The arrows show the direction of sequencing and the length of the sequence determined; vertical bars indicate the position where a restriction site
for the given enzyme is found. Thick stippled bars at the bottom demonstrate the region for which the sequences of both strands were determined.
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10 * 20 * 30 40 50 60 70 80 * 90
AAGCTTCTGCAGTGAAACGTCACGC-GAAGAAACTGGCTCGCGAAAACGCACGCCGCACTCGTCTGTACTAATTCCCCGAGAGCGTTGCTCTCCGATCAGA 100

CCGAGTTGTA TTGTAAGGCCGTGCTTCCGAAAGGAATGCGCGGCTTATTTTCGTTTATGAATTGCTAAAAATCGGGGCCTATGGCTGGACGAATCCCAC 200
MetAl aGl yArgIleProA

GCGTATTCATTAATGATCTGCTGGCACGCACTGACATCGTCGATCTGATCAATGCCCGTGTGAAGCTGAAAAAGCAGGGCAAGAATTTCCACGCGTGTTG 300
rgVa1PheI1eAsnAspLeuLe4AlaArgThrAspIleValAspLeuIleAsnAlaArgValLysLeuLysLysGlnGlyLysg&snPheHisAlaCySCy

TCCATTCCACAACGAGAAAACCCCGTCCTTCACCGTTAACGGTGAGAAACAGTTTTACCACTGCTTTGGATGTGGCGCGCACGGCAACGCGATCGACTTC 400
sProPheHisAsnG1uLy ThrProSerPheThrVal AsnGlyGluLysGlnPheTyrHi sCysPheGlyCysGlyAl aHi 3Gl yAsnAl aIleAspPhe

* 5CTGATGAACTACGACAAGCTCGAGTTCGTCGAAACGGTCGAAGAGCTGGCAGCAATGCACAATCTTGAAGTGCCATTTGAAGCAGGCAGCGGCCCCANGC 500
LeuMetAsnTyrAspLy3LeuGl uPheValGl uThrValGl uGl uLeuAlaAl aMetHi3sAsnLeuGluVal ProPheGl uAl aGl ySerGl yPro???P

0~~~~~~~~~~~~~~~0CAGATCGAGCGCCATCAGAGGCAAACGCTTTATCAGTTGATGGACGGTCTGAATACGTTTTACCAACAATCTTTACAACAACCTGTTGCCACGTCTGCGC 600
roAspArgAlaProSerGluAlaAsnAlaLeuSerValAspGlyArgSerGluTyrValLeuProThr IlePheThrThrThrCysCysHi sValCysAl

GCCAGTATCTGGAAAACGCGGATTAAGCCACGAGGTTATCGCTCGCTTTGGATTGGTTTTGCGCCCCCCGGCTGGACAACGTCTGAAGCGGTTTGGCGGC 700
aProValSerGlyLysArgplyLeuSerHisGluValIleAlaArg'heGlyLeuValLeuArgProProAlaGlyGlnArgLeuLysArgheGlyGly
AATCCAGAAAATCGCCAGTCATTGATTGATGCGGGGATGTTGGTCACTAACGATCAGGGACGCAGTTACGATCGTTTCCGCGAGCGGGTGATGTTCCCCA 800
Asn~GuAsgGlnS erLeuIleAspAlaGlyMetLeuValThrAsnAspGlnGlyArgSerTyrAspArgPheArgGluArgtValMetPheProI
TTCGCGATAAACGCGGTCGGGTGATTGGTTTTGGCGGGCGCGTGCTGGGCAACGATACCCCCAAATACCTGAACTCGCCGGAAACAGACATTTTCCATAA 900
leArgAspLysArgGl yArgVal IleGl yPheGl yGl yArgValLeuGlyAsnAspThrProLya;TyrLeuAsnSerProGl uThrAspIlePheHisLy

AGGCCGCCAGCTTTACGGTCTTTATGAAGCGCAGCAGGATAACGCTGAACCCAATCGTCTGCTTGTGGTCGAAGGCTATATGGACGTGGTGGCCGTGGCG 1000
Y1 yArgGlnLeuTyrGl yLeuTyrGluAlaGlnGlnAspAsnAlaGl uProAsnArgLeuLeuValValGluGl yTyrMetAspValVal AlaValAla

CAATACGGCATTAATTACGCCGTTGCGTCGTTAGGTACGTCAACCACCGCCGATCACATACAACTGTTGTTCCGCGCGACCAACAATGTCATTTGCTGTT 1 100
GinTyrGl yIleAsnTyrAlaValAlaSerLeuGl yThrSerThrThrAl aAspHisIleGlnLeuLeuPheArgAlaThrAsnAsnVal IleCysCysT

120ATGACGGCGACCGTGCAGGCCGCGATGCCGCCTGGCGAGCGCTGGAAACGGCGCTGCCTTACATGACAGACGGCCGTCAGCTACGCTTTATGTTTTTGCC 1 200
yrAspGl yAspArgAl aGl yArgA~spAl aAl aTrpArgAl aLeuGluThrAl aLeuProTyrMetThrAspGl yArgGlnLeuAr4PheMetPheLeuPr

TGATGGCGAAGACCCTGACACGCTAGTACGAAAAGAAGGTAAAGAAGCGTTTGAAGCGCGGATGGAGCAGGCGATGCCACTCTCCGCATTTCTGTTTAAC 1 300
oAspGl yGluAspProAspThrLeuVal ArgT ysG1uG1yLys3PuA1 aPheGluAl aArgMetGluGlnAlaMetProLeuSerAlaPheLeuPheAsn

AGTCPGATGCCGCAAGTTGATCTGAGTACCCCTGACGGGCGCGCACGTTTGAGTACGCTGGaCTACCATTGATATCGCAAGTGCCGGGCGAAACGCTGC 1400

SerLeuMetProGlnValAspLeuSerThrProAspGlyArsAlaArgEeuSerThrLeuAlaLeuProLeuIleSerGlnValProGlyGluThrLeuA
GAATATATCTTCGTCAGGAATTAGGCAACAAATTAGGCATACTTGATGACAGCCAGCTTGAACGATTAATGCCAAAAGCGGCAGAGAGCGGCGTTTCTCG 1500
: leTyrLeuArgGlnGluLeuGlyAsnLysLeuGlyIleLeuAspAspSerGlnLeuGluArgLeuMetProLysiAlaAlaGluSerGlyValSerAr0 0~~~~~~~~~~~~~~~10

CCCTGTTCCGCAGCTAAAACGCACGACCATGCGTATACTTATAGGGTTGCTGGTGCAAAATCCAGAATTAGCGACGTTGGTCCCGCCGCTTGAGAATCTG 1600
roValProGlnLeuLy rgmhrmrMetArgIleLeuIleGlyLeuLeuValGlnAsnProGluLeuAlaThrLeuValProProLeuGluAsnLeu

GATAAAATAAGCTCCCTGGACTTGGCTTATTCAGAGAACTGGTCAACACTTGTCTCTCCCAGCCAITCTGACCACCGGGCAACTTTTAGAGCACTATC 1700
AspGluAsnLysLeuProGlyLeuGlyLeuPheArgi1 uLeuValAsnThrCysLeuSerGlnProGlyLeuThrThrGlyGlnLeuLeuGluHisTyrA

0
GTGGTACAAATAATGCTGCCACCCTTGAAAAACTGTCGATGTGGGACGATATAGCAGATAAGAATATTGCTGAGCAAACCTTCACCGACTCACTCAACCA 1800
rGlyThrAsnAsnAlaAlaThrLeuGluLysLeuSerMetTrpAspAspIleAlaAspLyAfsnIleAlaGluGlnThrPheThrAspSerLeuAsnHi

0~~~~~~~~10TATGTTTGATTCGCTGCTTGAACTGCGCCAGGAAGAGTTAATCGCTCGTGAGCGCACGCATGGTTTAAGCAACGAAGAACGCCTGGAGCTCTGGACATTA 1900
sMetPheAspSerLeuLeuGluLeuArgGlnGluGluLeuIleAlaAr 1uArgpirHi3G1yLeuSerAsnG1uG1uAr euGluLeuTrpThrLeu

AACCAGGAGCTGGCGAAAAAGTGATTTAACGGCTTAAGT CCGAAGAGCGATCGGGAAGCCCCCGACAGCCGCACTGAGAGGCAGCGGCAAATATATAAG 2000
AsnGlnGluLeuAlaLysLys***

FIG. 2. Sequence of the dnaG gene. The nucleotides are numbered from the HindII (AtA-G-C-T-T) cleavage site. The ATG initiation codon
is at nucleotide 182. The sequence on the 3' side of the Sac I site (1,888-2,000) is taken from a Sac I/BamHI clone that contains part of the adjacent
rpoD gene (see Fig. 1). Lines drawn under the predicted amino acid sequence depict where the tryptic peptides were determined. The os above the
nucleotide sequence represent the approximate position of the transposon Tn5 inserts that inactivate the dnaG gene, and the *s represent the po-
sition of Tn5 inserts that do not inactivate the gene. The positions of these sites were calculated from the published restriction mapping data of
Tn5 insertions into dnaG (15).

other E. coli proteins, and ATA, which is used in 7 out of 22 Ile DISCUSSION
codons (33%) versus an average of5% in other E. coli proteins. Quality of the dnaG Gene Sequence. The complete nucleo-
Six ofthe 15 AAT codons were confirmed by amino acid analysis tide sequence of the dnaG gene has been determined. Over
of tryptic peptides. These codons are distributed at random 70% of the DNA sequence was confirmed in both strands. The
throughout the protein. start of dnaG was fixed by determining the first 12 amino acids
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FIG. 3. Autoradiograph of the sequence containing the start of the
dnaG gene. This is to illustrate clearly the evidence for the presump-
tive ribosome-binding site (RBS) sequence preceding the ATG initia-
tion codon of the dnaG gene. This sequence has also been confirmed
on the opposite DNA strand.

of the NH2 terminus of purified primase protein. Over 40% of
the nucleotide sequence has been confirmed by amino acid
analysis oftryptic peptides. These peptides are spread randomly
throughout the gene and corroborate the reading frame. The
reading frame was also monitored by comparing the codon use
in each of the three possible reading frames. An analysis of co-
don usage in 18 sequenced E. coli genes showed that the codons
AAT (Asn), ACA (Thr), TCG (Ser), CAA (Gln), ATA (Ile), and
AGG (Arg) occurred much less frequently ('A to l/Io) in the cod-
ing frame than in the two noncoding frames. This codon pref-

erence has been proposed as a method for identifying the cor-
rect reading frame when no corroborative amino acid sequence
data are available (38, 39). The dnaG gene sequence follows this
rule, despite the overall higher incidence of infrequently used
codons (see below). However, in order to preserve this pattern,
an N has been inserted at nucleotide number 497 and a choice
of A-A-A-A made at nucleotides 613-616 instead of a possible
A-C-A-A-A. The spacing of the A-A-A-A was irregular and the
presence of a C was ambiguous. In the chosen reading frame,
there are no infrequently used codons between nucleotides 496
and 621, but in the possible reading frame (without the N and
with the C) there are 10 such codons, one being AGG (Arg),
which has never been observed to occur in any E. coli gene so
far recorded.
The dnaG Protein. The dnaG protein has two strongly basic

regions: at the NH2 terminus there are 13 basic amino acids
(Arg, Lys, His) in the first 60 residues (i.e., 22%) and in the
region of amino acids 145-214 there are 17 basic residues out
of 70 (i.e., 24%). The rest of the polypeptide chain is composed
ofapproximately 13% basic amino acids. The acidic amino acids
(Asp, Glu) are distributed fairly-randomly except for a strongly
acidic COOH terminus, where 14 out ofthe last 60 amino acids
are acidic (23%), compared with an average of 12% throughout
the protein. The dnaG protein is also rather high in cysteine
residues (10 Cys) compared with most other known E. coli pro-
teins, and six ofthese are present as Cys-Cys doublets (residues
39-40, 135-136, and 305-306) which again is unusual.for an E.
coli protein, though not for a eukaryotic protein. Two of these
Cys-Cys doublets were confirmed in an amino acid analysis of
tryptic peptides (see Fig. 2).

Regulation of dnaG Gene Expression. The copy number of
the dnaG protein is kept low in the cell, as might be expected
for a DNA initiation protein, and several.features of the gene
might account for this. The gene is not preceded by a recog-
nizable Shine and Dalgarno (23) ribosome-binding site and it
is probable that the G-G-G-G sequence that precedes the ATG
initiation codon by three nucleotides serves this function. This,
however, may well be an inefficient ribosome-binding site and
could exert a translational control by lowering the frequency of
ribosome binding and initiation oftranslation. A second possible
translational control could come from the high incidence of in-
frequently used codons that occur in the gene. The AAT (Asn),

A-A

130-G. A

C=G
C=G
T=A
T=Ar
C=G~
G=C
T=G
G=C
C=G
C=-G

5 G TAAGG=CTTATTTTCGTTTATGAATTGCTAAAAATCG jCCTATGCTGGA 3'
114 150 170 RBS Start 190

Terminator of
dnaG
gene

FIG. 4. 5' sequence preceding the coding sequence of the dnaG gene. The hyphenated palindrome is drawn as a base-paired loop. The negative
free energy of formation of this structure is calculated to be -26.4 kcal/mol (110 kJ/mol), using the rules of Gralla and Crothers (27). The ATG
initiation codon was confirmed by NH2-terminal amino acid sequence analysis, but the designation of the G-G-G-G as a ribosome-binding site (RBS)
is speculative, as is the designation of the base-paired loop as a terminator.
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ACA (Thr), TCG (Ser), CAA (Gln), and ATA (Ile) codons are
used in E. coli relatively infrequently compared with their syn-
onyms. But this is not the case in the dnaG gene, in which the
coding sequence contains 44 such codons, which is 10 times
higher than the frequency observed in the average E. coli pro-
tein. Many of these infrequently used codons have been con-
firmed by amino acid composition analysis of the tryptic pep-
tides, and one peptide of 18 amino acids (amino acids 390-407)
confirmed five such codons, three of them (ATA, TCG, and
CAA) occurring consecutively. Codon use within an organism
is usually similar among its genes and is believed to reflect the
relative abundance of isoaccepting tRNA species (40). Trans-
lational modulation by using rare tRNAs has often been sug-
gested as a translational control mechanism, and it is possible
that the dnaG gene uses it. A combination of unusual codons
and a poor ribosome-binding site would reduce both the fre-
quency of initiation of translation and the rate of passage of the
ribosomes along the mRNA and account for the low amount of
dnaG protein made compared with the amount ofadjacent rpoD
gene product (16, 41).
Another feature of the dnaG gene region of the chromosome

that must be involved in the regulation of its expression is the
presence of a RNA polymerase transcription terminator 31 nu-
cleotides before the ATG initiation codon of the dnaG gene.
Between this terminator and start of the gene there is no pro-
moter-like sequence, and indeed, there is no sequence that can
fit the canonical promoter sequence (T-A-T-R-A-T-R) (24) or the
-35 sequence (T-T-G-A-C-A) (25, 26) for at least 400 nucleo-
tides upstream (data not shown). There is also no obvious pro-
moter sequence for the adjacent rpoD gene, either in the 197-
nucleotide intergenic sequence that separates the two genes
(29) or in the dnaG gene coding region, and the promoter for
both the genes must lie far to the 5' side of the dnaG gene and
on the 5' side of the terminator. This could explain the genetic
results of Nakamura (41, 42) that the N protein of A phage (an
antiterminator) increases expression of the rpoD gene in vivo.
Our findings coupled with those of both Nakamura and Wold
and McMacken (14) suggest that there must be an E. coli an-
titerminator protein and the dnaG system might be used to
identify it.
The dnaG gene product and the rpoD gene product (as part

of RNA polymerase) are both involved in initiation of DNA rep-
lication and both perform a similar function of synthesizing a
primer RNA (pRNA) for initiating DNA synthesis (5, 43). It is
reasonable that the control ofDNA replication can be exercised
through control of expression of these two gene products, and
perhaps it is no accident that the dnaG gene and the rpoD gene
are next to each other on the chromosome and that their expres-
sion is tightly regulated.
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