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The dnaE gene of Salmonella typhimurium, like that of Escherichia coli, encodes the o subunit containing the
polymerase activity of the principal replicative enzyme, DNA polymerase III. This gene, or one nearby, has
been identified as the locus of suppressor mutations that promote growth by cells deleted for dna@Q, the gene for
the editing subunit of this enzyme complex. Using a combination of nucleotide sequencing and marker rescue
experiments, the alteration in one such suppressor was identified as a valine-to-glycine substitution at amino
acid 832 of the 1,160-amino-acid o polypeptide. The o polypeptides of E. coli and S. typhimurium are identical
in size and in 97% of their amino acid residues. Their identity includes the valine residue that was changed in
the suppressor allele of S. typhimurium. We also localized a temperature-sensitive dnakl mutation to the 3’ half

of dnaFE.

In Escherichia coli and Salmonella typhimurium, DNA
replication is carried out by the multisubunit DNA polymer-
ase III. The intrinsic polymerization activity of this enzyme
complex lies in the a subunit, encoded by dnraE (8, 20).
Other subunits, by associating with a, refine many of its
properties, including its rate, processivity, thermostability,
and tendency to dimerize (9, 12). In addition, the & subunit
encoded by dnaQ endows the polymerase complex with an
editing capacity (13, 14). These biochemical interactions
between o and other polymerase subunits may underlie
several genetic interactions that have been described be-
tween dnaFE and genes for other polymerase subunits (5, 6,
10).

In the accompanying paper (7), we have shown that
Salmonella null mutants of dnaQ, although viable, exhibit a
severe growth defect that can be remedied by suppressor
mutations mapping in or near dnaE. Here we present nucle-
otide sequence data for wild-type dnaE and for one of the
suppressor variants, spg-2. We also present evidence from
marker rescue experiments that the single sequence differ-
ence in dnaE between these two alleles accounts for the
suppressor phenotype of spg-2. These results provide fur-
ther evidence for the functional significance of an a-¢ inter-
action by showing that the growth-defective phenotype of
DnaQ™ can be remedied by an alteration of a.

MATERIALS AND METHODS

Strains. In addition to strains listed in reference 7, we used
strains RM1757 and RM1759, derivatives of strain RM10
carrying dnaE698(Ts) and dnaE693(Ts), respectively (11).

Clones and subclones. Wild-type dnaE was subcloned from
ARM310 (11) on a 7.0-kilobase (kb) Smal fragment in the
vector pUCS (19) to give plasmid pFF325. A Southern blot
confirmed that dnaE is found on a 7.0-kb Smal fragment in
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genomic DNA of both wild-type and spg-2 strains (data not
shown). A subclone of the spg-2 7.0-kb fragment was made
in several steps, beginning with preparation of a library in
the vector bacteriophage A1059 by using genomic DNA of
strain RM746 (7, 11). A dnaE-complementing clone,
ARM740, isolated from this library, was the source of the
7.0-kb fragment that was subcloned into pUCS8 to give
pFF221. Four additional pUC8 plasmid constructs contain-
ing incomplete dnaE genes were derived from pFF221 and
pFF325 by subcloning fragments having one end at a unique
Pstl site corresponding to codons 600 to 601 in dnaFE and the
other end at either a BamHI site or an EcoRlI site derived
from the pUC8 multiple-cloning site. The plasmids thus
formed were pFF377, carrying the 3’ portion of spg-2;
pFF378, carrying the 3’ portion of dnaE™; pFF381, carrying
the 5’ portion of spg-2; and pFF382, carrying the 5’ portion
of dnaE™.

Marker rescue experiments. dnaE(Ts) strains RM1757 and
RM1759, and derivatives carrying plasmids pFF377, -378,
-381, and -382, were grown to saturation at 32°C in LB plus
thymine. A 0.1-ml sample of the culture was plated on LB
plus thymine agar. After the plate was incubated at 42°C
overnight, colonies were counted. In cases where the pres-
ence of a plasmid yielded a marked excess of temperature-
resistant revertants compared with the number obtained in
the control (no plasmid) experiment, individual revertants
were purified by restreaking at 32°C. In most cases, these
purified revertants were found to have lost their respective
plasmids, but the precise point at which plasmid loss oc-
curred was not determined. These revertants were then
tested for suppressor phenotype by scoring colony morphol-
ogy after transduction to dnaQ::Tnl0 (7).

DNA sequence methodology. DNA sequence was deter-
mined by using double-stranded plasmid DNAs (pFF221 and
pFF325) as the template. Sequencing was by the dideoxy
method, using modified T7 DNA polymerase (Sequenase;
U.S. Biochemical Corp.). Initial sequence was obtained by
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FIG. 1. dnaE (wild-type) sequence. The strand with the same
sense as mRNA is shown. Sequence gaps needed to maintain the
alignment of the E. coli and S. typhimurium sequences are indicated
by hyphens. In spg-2 DNA, codon 832 (nucleotides 2494 to 2496;
boxed) is changed to GGC (see Fig. 3).

using a primer based on the published dnaE sequence of E.
coli (18). As the S. typhimurium sequence was revealed,
additional primers were designed to allow the sequence to be
extended and confirmed on both strands. In addition to the
sequence presented in Fig. 1, sequence to the 3’ side was
determined to the end of the 7.0-kb fragment for both wild
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FIG. 2. Expression of gene products under T7 RNA polymerase
control from spg-2 and wild-type DNA fragments and overproduc-
tion of DNA polymerase activity. The plasmids used in lanes 1 and
4 were identical except that the entire T7 transcription unit was in
the same orientation as the plasmid B-lactamase gene in lane 1 and
in the opposite orientation in lane 4. The plasmid for lane 2 differed
from that for lane 1 by a deletion of 2.3 kb from the 3’ end of the
transcription unit. The plasmid for lane 3 differed from that for lane
4 by a deletion of 1.2 kb from the 5’ end of the transcription unit. kd,
Kilodaltons.

Polymerase Sp. Act. (U/mg) (no insert=106)

type and spg-2. The nucleotide sequence data reported in
this paper, as well as flanking sequences not shown, will
appear in the EMBL, GenBank, and DDBJ nucleotide
sequence data bases under the accession number M26046.
Expression and labeling of proteins expressed under T7
RNA polymerase control. Suitable restriction fragments con-
taining wild-type dnaE or spq-2 were inserted into pT7
plasmids containing a T7 promoter (16). Proteins were
expressed under T7 control after thermal induction of a
strain in which the gene for T7 RNA polymerase was
controlled by a temperature-sensitive A repressor (16). After
the thermal induction, further host RNA synthesis was shut
off by the addition of rifampin, to which T7 RNA polymerase
is insensitive. The protocols were slightly different in detail
in isotopic labeling experiments and overproduction experi-
ments. For labeling, cells were grown at 30°C in LB, washed
three times, and suspended in minimal (M9) medium supple-
mented with thiamine and 18 amino acids (minus cysteine
and methionine). After additional growth at 30°C for 1 h,
cells were shifted to 42°C for 15 min. Next, rifampin was
added at 400 pg/ml, and incubation was continued at 42°C for
20 min. Cells were then shifted to 37°C for 20 min, and
labeling with [>*S]methionine took place for 5 min at 30°C.
For DNA polymerase overproduction, thermal induction
was in LB for 20 min at 42°C; rifampin was added to a final
concentration of 100 pg/ml, and incubation was continued at
42°C for 20 min; the culture was then shifted to 30°C for 1 h
before harvesting. DNA polymerase activity in fraction I
was determined as described in the accompanying report (7).

S. TYPHIMURIUM dnaE SEQUENCE 5583

wt dnaE spg-2 dnaE
G AT C G A 1T C

FIG. 3. Portion of a DNA sequence gel showing the difference
between wild type (wt) and spg-2 (arrow).

RESULTS

The S. typhimurium dnaE (wild type) open reading frame
(ORF) and some of its flanking sequence are shown in Fig. 1.
The 3,480-base ORF encodes an 1,160-residue protein of
calculated molecular weight 130,133. That this ORF is in fact
dnaE was supported by several pieces of evidence, including
(i) the striking similarity at the amino acid level between this
sequence and the E. coli o peptide sequence deduced from
the E. coli dnaE gene sequence (18); (ii) the ability of this
sequence, when present on a A phage or a plasmid, to
complement authentic dnaE(Ts) mutations of E. coli or S.
typhimurium (11; unpublished data); (iii) synthesis of a
protein of the predicted size when a fragment containing this
region in the appropriate orientation was transcribed from a
phage T7 promoter (Fig. 2, lanes 1, 3, and 4); (iv) over-
production of DNA polymerase activity dependent on T7
RNA polymerase in vivo from such constructs (Fig. 2); and
(v) loss of genetic complementation of mutants, overproduc-
tion of polymerase activity, and synthesis of the presumptive
a protein when the reading frame was truncated (Fig. 2,
lane 2).

The same region was sequenced by using spg-2 DNA as
the template. The only change observed in the entire dnaE
reading frame was found at codon 832. In the spq-2 gene, the
sequence encoded glycine in place of the wild-type valine
(Fig. 3). There were no differences found in any flanking
sequences.

Marker rescue of spg-2 and localization of drnaE(Ts) muta-
tions. Without sequencing much more flanking DNA on the
5' side of dnaE, we could not be sure that the valine
832-to-glycine change found in spg-2 dnaE was the only
difference between the spg-2 and wild-type clones. Instead,
we carried out a marker rescue experiment to show that the
identified change was sufficient to produce the suppressor
phenotype. We prepared four plasmids, which we shall refer
to as 5’ wild type, 5' spq, 3’ wild type, and 3’ spq. Each
plasmid contained approximately half of dnaE (the dividing
point being at a Pstl site corresponding to codons 600 to
601), as well as flanking sequences on the same side,
amounting to 506 bases on the 3’ side and about 3,000 bases
on the 5' side. These plasmids were introduced into two
different dnaE(Ts) mutants of S. typhimurium, where, as
expected, they did not complement the temperature sensi-
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TABLE 1. Marker rescue

No. of colonies at 42°C/0.1 ml

dnaE(Ts)

allele plz::fni d 3 spq-2 3 wildtype 5’ spg-2 5’ wild type
dnaE693 7 23 17 2 26
dnaE698 47 300 200 6 3

tivity. Plasmid-containing cells, propagated at 32°C, were
plated at 42°C to isolate temperature-resistant revertants, the
number of which would be expected to be increased if the
plasmid, by recombination with the host chromosome, could
replace (rescue) the mutation causing the temperature sen-
sitivity. Rescue occurring with the 3’ spqg plasmid might
result in placement of the valine 832-to-glycine mutation into
the chromosome, where, in the context of a complete dnaE
gene, its ability to confer the suppressor phenotype on the
cells could be assessed as described in the accompanying
report (7).

dnaE698 was efficiently rescued by the 3’ wild-type and by
the 3’ spq plasmids but not by the 5’ plasmids (Table 1).
Moreover, all of 16 temperature-resistant revertants recov-
ered from the experiment with the 3’ spq plasmid and none
of 16 recovered from the experiment with the 3’ wild type
exhibited the suppressor phenotype. It is important to note
that complete sequence of the 3’ plasmids was known,
including the flanking regions for both wild type and spg-2;
since these plasmids differed only by the valine-to-glycine
change, the recovery of suppressor cells must be attributed
to this difference. This experiment incidentally localized
dnaE698 to the 3’ portion of dnaE, and most probably to a
region close to the spg-2 mutation, since the sites of dnaE698
and spq-2 were not separated in any of 16 recombinants.
Another dnaE allele, dnaE693, was not efficiently rescued by
either 3’ or 5’ plasmids. This result may be explained if the
mutation in dnaE693 was located close to the Pstl site in
dnaE, as this positioning would tend to diminish the fre-
quency of recombination with the plasmid that ought to give
marker rescue in principle.

DISCUSSION

The main result presented here is the determination of the
S. typhimurium dnaE sequence for both the wild-type gene
and a mutant allele that promotes growth of DnaQ™ strains.
We argue elsewhere (7) that the spg-2 allele of dnaE encodes
an active a subunit of DNA polymerase III. This argument is
reinforced by the data presented here showing overproduc-
tion of DNA polymerase activity in vivo from an spg-2
expression plasmid (Fig. 2). We infer, therefore, that the
change of valine 832 to glycine alters some property or
properties of o in a way that mimics the effect of the normal
a-¢ interaction. Although valine 832 could be a residue that
normally interacts with &, our data do not require this to be
so. Studies of the wild-type and spg-2 a proteins, now in
progress, have so far failed to identify any property of a that
is altered in the mutant.

The sequence change in spq-2 dnaFE and its location within
dnakE offer little help in understanding the mode of action of
the spg-2 suppressor. In general, dnaE shows little similarity
to other proteins of related function (18), and codon 832 does
not lie within any regions that have previously been sug-
gested as significantly similar to other polymerases. A data
base search for protein sequences similar to the 201-amino-
acid dnaE subsequence surrounding codon 832 failed to

J. BACTERIOL.

reveal any instructive similarities. Moreover, codon 832 is
not the only site that can give rise to suppressor mutations.
The vicinity of codon 832 has been sequenced in seven
additional independently obtained spq mutants. Two of the
mutants were identical to spg-2, whereas the wild-type
sequence was found at codon 832 in the other five mutants
(data not shown). The actual mutational change has not been
identified for any of the other five spg mutants.

spq-2 not an intragenic suppressor of dnaE693(Ts). For any
dnaE(Ts) mutation that cannot be rescued by the 3’ wild-
type test plasmid, the result of attempted marker rescue by
the 3’ spq-2 plasmid, pFF377, reveals whether spg-2 can
suppress the temperature-sensitive mutation intragenically.
For example, from the dnaE693(Ts) strain carrying pFF377,
there should have developed a number of cells carrying the
doubly mutated dnaFE693(Ts) spg-2 gene in the chromosome.
However, the number of temperature-resistant revertants of
the dnaFE693 strain carrying pFF377 was not elevated in
comparison with its control. We infer that the doubly mu-
tated gene [dnaE693(Ts) spg-2] encodes a temperature-
sensitive product and that spg-2 is not an intragenic suppres-
sor of dnaE693. That spg-2 fails to stabilize this explicitly
temperature-sensitive a protein does not preclude the pos-
sibility that it could help to stabilize wild-type a. This is one
of several hypotheses for the mode of action of spg-2
discussed elsewhere (7) and is a particularly attractive one
because it would form a coherent picture with data showing
that € (whose function we suppose spg-2 mimics) stabilizes
wild-type « (8, 17).

General comparison of dnaE between E. coli and S. typhi-
murium. Like other DNA replication genes whose sequences
are known from both E. coli and S. typhimurium (dnaA,
dnaB, dnaG, and fragments of dnaN and dnaQ [4, 7, 15, 21)),
the dnaE genes and even more so their encoded protein
sequences are extensively similar in the two species. The
predicted proteins are identical in length, nearly identical in
charge, and identical in 97% of amino acid residues. Among
the 36 amino acid differences, many are conservative sub-
stitutions, including glutamate for aspartate, lysine for argi-
nine, isoleucine for valine or leucine, and threonine for
serine. The distribution of substitutions is not random, since
changes are concentrated toward the amino-terminal portion
of the protein and are correspondingly scarce in the middle
of the protein. For example, there are 23 substitutions within
the first 350 residues but only 3 substitutions within the next
350 residues. On average, given the total of 36 differences
between the two proteins, about 11 changes would be
expected over an interval of 350 residues. The uneven
distribution of substitutions may indicate the presence of
important functional domains in the most strongly conserved
regions, but the small total number of substitutions and their
predominantly conservative character make it difficult to put
much confidence in this interpretation.

Although the two DnaE proteins are identical in length,
they are not perfectly aligned. To maintain the alignment
shown in Fig. 1, it was necessary to place a single codon gap
in the E. coli sequence following codon 159 and to match this
with a single codon gap in the S. typhimurium sequence
following codon 180. Given this adjustment, the intervening
sequences encode identical amino acids in 18 of 20 positions.
Apparently, a can tolerate such variation in the precise
disposition of these amino acid residues, whose role in
polymerase activity is unknown.

In E. coli, dnaE is embedded in a proposed operon
containing at least seven genes, including /pxA and IpxB
(1-3, 18). The order of the genes and the sizes of their protein
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S.t. protein AlalLeu GlyLeuValSerTER
S.t. DNA
E.c. DNA
E.c.

S. TYPHIMURIUM dnaE SEQUENCE 5585

(dnaE) MetSerGlu

CTCT-GGGACTTGTGTCCTGATTCTTGTATCGAGA-~--—==—=—==== AATCTGAAGATGTCTGAA
CACTTGGGACTTGCGTCCTGATTCTTGTGTCGAGATTAAGTAAACCGGAATCTGAAGATGTCTGAA
protein AlaLeuGlyThrCysValLeulleLeuValSerArgLeuSerLysProGluSerGluAspValTER

(dnaE) MetSerGlu

FIG. 4. Nucleotide sequence and translation termination of the ORF upstream of dnaE in E. coli and S. typhimurium. The reading frame
for the S. typhimurium upstream sequence was chosen on the basis of strong homology at the protein level to ORF,; of E. coli. The portion
of the sequence shown in the figure (as well as the next 115 nucleotides on the 5’ side) was determined on both strands, and the two deletions

were visualized clearly on both strands.

products (subscripts, expressed in kilodaltons) are 5'-ORF,-
ORF,;-IpxA,4-lpxB ,,-ORF,;-dnaFE,,,-ORF,,. The 7.0-kb
fragment of Salmonella DNA used in our studies gave rise to
four labeled translation products (including the presumptive
dnaE product) when it was transcribed in vivo by T7 RNA
polymerase in one direction (Fig. 2, lane 4) and no products
when transcribed in the other direction (data not shown). By
similar analysis of smaller fragments related to the 7.0-kb
fragment by deletion at one end or the other (Fig. 2, lanes 2
and 3), it was possible to arrive at an unambiguous order for
the ORFs in S. typhimurium: 5'-ORF,s-ORF,, s-dnakE,;,-
ORF 5 s. We know from the sequence determination that the
18.5-kilodalton translation product resulted from truncation
of a longer ORF at the Smal site. We did not detect any
labeled product similar in size to the E. coli IpxB protein, but
even in the experiments of Crowell et al. (2), this protein was
poorly labeled and ran as a diffuse band. The 7.0-kb fragment
is sufficiently large to encode a protein of 42 kilodaltons in
addition to the proteins we detected. If such an ORF were to
be located between ORF,s and ORF,, , then the organiza-
tion of genes and the sizes of gene products would be similar
in E. coli and S. typhimurium. This is our working model for
this portion of the chromosome.

Another feature of dnaE in E. coli in an overlap of five
bases between the end of the upstream reading frame
(ORF,,) and the dnaE reading frame. In S. typhimurium, this
overlap is disrupted by two deletions. These deletions are
highlighted in Fig. 4, which shows the sequence through this
region and the translation products for E. coli and S.
typhimurium. The more important deletion is that of a single
nucleotide 40 bases upstream of the dnaF initiation codon.
This deletion brings a termination codon into frame after five
additional amino acid residues. The other deletion, of 13
nucleotides, does not affect the reading frame since it is in
the newly created intergenic region. The net result is that
dnakE is separated from the upstream ORF by 26 nucleotides
in S. typhimurium. This difference may be significant for the
expression of dnaE, since it has been hypothesized that the
overlapping reading frames of the genes of this operon in E.
coli lead to translational coupling of their expression (1, 3,
18). In S. typhimurium, such coupling could not occur.
Instead, the level of translational activity for dnaE message
would depend on the exposure and affinity of a ribosome-
binding site and might be greater or diminished compared
with that of the translationally coupled E. coli gene.
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