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ABSTRACT
The gene encoding the 0 subunit of DNA polymerase
Ill holoenzyme, designated holE, was isolated using a
strategy in which peptide sequence was used to derive
a DNA hybridization probe. Sequencing of the gene,
which maps to 41.43 centisomes of the chromosome,
revealed a 76-codon open reading frame predicted to
produce a protein of 8,846 Da. When placed in a tac
promoter expression vector, the open reading frame
directed expression of a protein, that comigrated with
authentic 0 subunit from purified holoenzyme, to 6%
of total soluble protein.

INTRODUCTION
DNA polymerase Ill holoenzyme (holoenzyme), the major
replicative enzyme of E.coli, is a complex of at least ten different
protein subunits. Holoenzyme is distinguished from other
polymerases in E. coli by its ability to rapidly and processively
synthesize products of 150 to 500 kb [1], to coordinate leading-
and lagging-strand replication through an asymmetric, dimeric
polymerase complex [2-5], and to interact with other proteins
of the replisome [6-8]. The major processivity subunit is (,
which forms a torus-shaped dimer on primed DNA [9] and
clamps the polymerase to the template. The (3 subunit is loaded
onto the primed template in an ATP-dependent reaction [ 10-12]
catalyzed by the 5-subunit e complex [10, 13-15] [-y, (dnaX;
16, 17), a (holA; 18, Z.Dong, R.Onrust and M.O'Donnell,
submitted), (' (holB; J.Carter, M.Franden, R.Aebersold and
C.McHenry, accepted for publication; Z.Dong, R.Onrust and
M.O'Donnell submitted), X (hoIC; J.Carter, M.Franden,
J.Lippincott and C.McHenry submitted; R.Crombie, H.Xiao,
Z.Dong, R.Onrust, and M.O'Donnell, submitted) and sb (hoID;
J.Carter, M.Franden, J.Lippincott and C.McHenry submitted,
R.Crombie, H.Xiao, Z.Dong, R.Onrust, and M.O'Donnell,
submitted)]. The catalytic polymerase subunit, a [ 19, 20] (&daE;
21), is isolable as part of pol HI core [22], which also contains

e (dnaQ; 23), the 3'-5' proofreading exonuclease [24], and 0,
which has no known role.

In this report, we focus on the 0 subunit. This subunit copurifies
with the other subunits of holoenzyme, of pol 11I* (holoenzyme
minus the (3 subunit), of pol HI' (holoenzyme minus the (3 subunit
and the y complex) and of pol m (reviewed in references 25
and 26), and is therefore assigned as a subunit of holoenzyme.
Although 0, as part of pol 111, is bound to either a, E, or both,
o is not required for ai to associate with e [17]. Reconstitution
of a minimal catalytic enzyme complex capable of highly
processive and rapid synthesis and of cycling to new preinitiation
complexes requires only e and a, not 0 [27].

Previous efforts to elucidate the function of 0 have been
hampered by the lack of 0, in a form free of other holoenzyme
subunits. We report here the isolation and sequencing of the
structural gene for 0, and expression of the protein to about 6%
of the soluble protein of the cell. This work is a critical step
toward the goal of obtaining large quantities of the 0 protein for
biochemical and functional analysis.

MATERIALS AND METHODS
Chemicals
SDS, acrylamide, N,N'-methylene-bis-acrylamide and Coomassie
brilliant blue R-250 were purchased from Bio-Rad. Tris -HCI,
polyvinylpyrrolidone, dextran sulfate, bovine serum albumin, and
Ficoll were purchased from Sigma. Urea was purchased from
Fisher. [Ca-32P]ATP (3000 Ci/mmol, 10 mCi/ml) was purchased
from ICN. Low-molecular-weight protein standard was purchased
from Phanrmcia, bacteriophage X DNA digested with HindlI was
purchased from Promega. SeaKem LE agarose was purchased
from FMC BioProducts. All other chemicals were reagent grade.
Oligonucleotides used in this study are in Table 1.
Bacterial strains, phages and plasmids and media
XL1Blue (Stratagene) was used for routine transformation
experiments. HB101 [supE44 hsdS20 (rB-mB-) recA13 ara-14
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Table 1. Oligonucleotides used in this study

PCRa
CTCGAATTCGAYCARACNGARATGGAYAARGT
CTGCATCTAGAARRTGYTCNGGYTG

Sequencing
CCGCCGCCAAATCGACATTC
GGCTCACTCTTAGTAAC
TTCGGTCAATCTGTCAC
AGGGAGCGTGCAGTTGA
GTAAACGTGACAGATTG
TGATGAGCTACCTGTTC

Reconstruction of 5' end of gene encoding 0.b
TTITCTGCAGCCATGGTTATTTAAGTTTGGGCTCGTA
CCCCTGCAGAATTCAGATCTAGGAGGTTTAAAATAATGCTGAA-

GAACCTGGCTAAA

a Bases in boldface were chosen based on peptide sequences of 0. Bases in
lightface include an EcoRI site (underlined) and an XbaI site (double underlined).
Nucleotide abbreviations are: R = A or G; Y = T or C; N = A, T, C, or G.
b The consensus ribosome-binding site is underlined and the initiation codon of
the gene is double underlined.

proA2 lacYl galK2 rpsL20 xyl-5 mtl-i; 28] was the host strain
for the overexpression experiment. Chromosomal DNA was
isolated from MAF102 [18], a lex43, uvrD [29] derivative of
MG1655 [30]. MGC100 [Alac(I-P-O-Z-Y-A-)U169 Alon
araDl39 strA supF; 18] was the source of holoenzyme.
Bacteriophage 19H3 of the Kohara mini-set collection was the
generous gift of D.Berg. pBlueScript II SK+ (Stratagene) was

the standard cloning vector. pHNl is a tac promoter-based dnaQ
expression plasmid (D.R.Kim and C.McHenry, unpublished data)
derived from the expression plasmid pBBMD1 1 [31, 32]. L broth
and agar [33] were used for routine cell growth. Agar medium
used for X plate lysates was L broth supplemented with glucose
and MgSO4 to final concentrations of 0.2% and 10 mM,
respectively. F broth (1.4% ^yeast extract, 0.8% peptone, 1.2%
potassium phosphate pH 7.5, and 1% glucose) was used in the
overexpression experiment. Ampicillin and tetracycline were used
at 50 and 10 /Ag/ml, respectively.

DNA purification
Large-scale plasmid purification was performed using the
alkaline-SDS lysis method [34] followed by two CsCl-ethidium
bromide equilibrium density gradient centrifuigations as described
[35]. High-molecular-weight genomic DNA was isolated by
lysing cells with lysozyme and SDS, phenol/chloroform
extracting the sample and purifying the DNA on a CsCl ethidium
bromide equilibrium density gradient as described [18].
Bacteriophage X particles and DNA were purified using standard
plate lysis and X DNA extraction procedures [35].

Enzymes
Restriction enzymes, T4 DNA ligase and T4 polynucleotide
kinase were purchased from Promega and used according to
manufacturer's instructions. Lysozyme was from Worthington.
Holoenzyme was prepared as described [18] to a specific activity
of 5.4-7.Ox105 units/mg

Agarose gel electrophoresis
Agarose gels containing 0.7-1.0% agarose dissolved in Tris
borate buffer (89 mM Tris base, 2.75 mM EDTA, 89 mM boric
acid) were run as described [35] for routine plasmid or phage

DNA analysis. Agarose gels to be used for Southern transfer were
run at 4°C. When required for restriction fragment purification,
gel slices were excised without UV irradiation as described [18].
DNA was eluted from the gel using an Elutrap apparatus
(Schleicher and Schuell) and then ethanol-precipitated.
Alternatively, restriction fragments separated on an agarose gel
made with 40 mM Tris-HCl pH 8.0, 20 mM acetic acid and
10 mM EDTA and were purified using the GeneClean II DNA
purification kit (Bio 101, Inc.).

Preparation of radiolabeled DNA
The 150-bp PCR fragment was purified by gel electrophoresis
and radiolabeled using the Random Primed DNA labeling kit
from Boehringer Mannheim Biochemicals, following the
manufacturer's instructions. Labeled DNA was separated from
unincorporated nucleotide by chromatography through a G-25
(Pharmacia) gel filtration spin column equilibrated and developed
with 20 mM Tris-HCI pH 8.0, 1 mM EDTA and 50mM NaCl.
Labeled DNA was heat-denatured before use in hybridization
experiments.

Southern hybridization
Transfer and crosslinking of chromosomal DNA restriction
fragments to a GeneScreen nylon membrane (New England
Nuclear) and hybridization of radiolabeled DNA to the transferred
DNA were performed as described [18]. The blot was exposed
on a Molecular Dynamics phosphorimager screen for 4-24 h,
and the screen was scanned on a Molecular Dynamics
phosphorimnager.
A blot of the Kohara [36] mini-set of X clones was obtained

from Takara Shuzo, Inc. and was used according to the supplier's
instructions.

Production of tryptic peptides of 0
Tryptic peptides were obtained from the 0 subunit essentially as
described [ 18, 37]. Briefly, two 500-,tg samples of holoenzyme
were concentrated 35-fold in a colloidion bag (Schleicher and
Schuell), and resolved on an SDS 7.5-17% polyacrylamide gel.
One sample was transferred to a ProBlott PVDF membrane. The
o subunit was excised from the membrane and subjected to amino-
terminal sequencing. The other sample was transferred to a
nitrocellulose membrane. The 0 subunit was removed from the
blot and digested on the membrane with trypsin. Tryptic
fragments were separated by reversed-phase HPLC on a C-18
narrow-bore Brownlee Aquapore Bu-300 column, and were
sequenced on an Applied Biosystems 477A Protein Sequencer
[37, 38].
PCR reactions
PCR reactions were performed using the Perkin Elmer GeneAmp
PCR reagent kit and were incubated in a Perkin Elmer Cetus
Model 480 PCR machine. Each reaction contained 1 ng ofE.coli
chromosomal DNA and 2 oligonucleotide primers each at 1 mM.
Tubes containing template DNA and primers were incubated at
94°C for 7 min to denature the tempplate, and taken to 850C to
allow addition of polymerase and dNTP's. The reactions were
cycled 35 times through a 1-min incubation at 94°C, a 5-min
ramp from 500C to 65°C and a rapid return to 940C. Reaction
products were precipitated with ethanol, dissolved in 10 mM
Tris-HCI (pH 8.0) and 1 mM EDTA, digested with EcoRI and
XhaI, and purified by agarose gel electrophoresis.
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Table 2. Peptide sequences of 0

1. MetLeuLysAsnLeuAlaLysLeuAspGlnThrGluMetAspLysValAsnVal-
AsnValAspLeuAlaAlaAlaa

2. XaaGlnProGluHisLeuArgb
3. (Leu/Ser)ProTyrGluProb

a The amino-terminal sequence of 0.
b Tryptic fragments of 0. Xaa is an unidentified residue. Residues in parentheses
indicate uncertainty as to the identity of the residue.

DNA sequencing

The DNA sequence was determined by Lark Sequencing
Technologies, Inc. (Houston) using the dideoxy chain termination
method of Sanger et al [39]. Templates were double-strand
plasmids purified by CsCl-ethidium bromide equilibrium density
gradient centrifugation as described above.

Sequence database searches
GenBank DNA sequences were translated in all 6 reading frames
using the TFASTA program and compared to the predicted
sequence of 0 using the comparison method of Pearson and
Lipman [40].

RESULTS

To clone the gene encoding the 0 subunit of holoenzyme required
an oligonucleotide probe specific to the gene. We therefore
designed oligonucleotide primers, based on partial amino acid
sequence, to amplify a portion of the gene using PCR.

Peptide sequences of 0

Ten itg of 0 were resolved from the other subunits of purified
holoenyzme by SDS-polyacrylamide gel electrophoresis and
transferred to a nitrocellulose or PVDF membrane as described
[18]. The portion containing 0 was cut out of each membrane.
The material on the PVDF membrane was subjected to amino-
terminal sequencing to yield peptide 1 (Table 2). The material on
the nitrocellulose membrane was digested directly on the filter with
trypsin. Tryptic fragments were resolved using a reversed-phase
HPLC C-18 column, and the amino termini of two well-resolved
peptides were sequenced to yield peptides 2 and 3 (Table 2).

Obtaining a probe for the gene encoding 0

Comparison of each peptide sequence to protein sequences in
the data base to determine if the gene encoding 0 had already
been isolated revealed no matches to previously reported
sequences. Therefore, we designed two oligonucleotide primers,
based on peptide sequences 1 and 2, to amplify a segment of
the gene. PCR using these two primers resulted in products of
75, 150 and 200 bp (data not shown). Each product was digested
with EcoRI and XbaI, cloned into pBlueScript II SK + and
sequenced. The 150-bp fragment was found to represent the gene
encoding 0. This conclusion was based on translation of the DNA
sequence (Fig. 1). Further confirmation came from the presence
of DNA immediately after primer 1 sequence that encoded the
carboxy-terminal 7 amino acid residues of peptide 1, and from
an arginine codon before primer 2, since trypsin cleaves to the
carboxy side of the basic residues arginine and lysine. Since DNA
encoding peptide 3 was not found in the 150-bp fragment, we

predicted that this peptide was to the carboxy side of peptide 2.

Mapping the gene encoding 0
E.coli chromosomal DNA was digested with BamHI, Bglll,
EcoRI, EcoRV, HindI, and PstI used singly and in all two-
enzyme combinations. The DNA was transferred to a nylon
membrane and hybridized with radiolabeled 150-bp fragment.
One restriction fragment from each digestion hybridized to the
150-bp fragment, indicating a single copy of the gene (data not
shown). The hybridization data were used to construct a
restriction map (Fig. 2) of the region of the chromosome
including the gene encoding 0. Comparison of this map to the
restriction map of the entire E.coli chromosome [36] revealed
a single region of correspondence at about 40.5 minutes of the
reported map. The lone discrepancy between the two restriction
maps was the location of one BamHI site. Hybridization of the
150-bp fragment to the Kohara mini-set collection identified only
one positive clone (19H3; data not shown), which maps to 40.5
minutes [36]. Using the most recent map of the E. coli
chromosome which correlates the physical and genetic maps [41,
42], we mapped the putative gene encoding 0 to 1936-37 kb,
or 41.43 centisomes.

Cloning the gene encoding 0
The 0 subunit is about 10 kDa, as determined by SDS-
polyacrylamide gel electrophoresis. A protein of this size would
require a gene of about 250 bp. The gene-specific 150-bp
fragment hybridized to a 2.3-kb EcoRV fragment located within
a 5-kb BamHI fragment (Fig. 2). Both BamHI sites were greater
than 250 bp from the EcoRV fragment, suggesting that the entire
gene encoding 0 was within the BamHI fragment. This BamHI
fragment was isolated from the X clone 19H3 and cloned into
pBlueScript II SK+ to create pMAF65.

DNA sequence analysis
The limited DNA sequence obtained during analysis of the PCR
fragments was used to design two primers, oriented in opposite
directions, to begin DNA sequencing. DNA sequence obtained
using these primers was used to design additional sequencing
primers, and this strategy was repeated to determine double-strand
DNA sequence for 641 bp that included the putative gene
encoding 0 (Genbank accession number L05381) The initiation
codon was identified by determining the DNA that encoded
peptide 1, the 23-residue amino terminus of 0. Three observations
confirmated this identification: 1) peptides 2 and 3 were encoded
by DNA in the same reading frame as peptide 1; 2) the distance
between the DNA encoding peptides 1 and 2 was consistent with
the 150-bp fragment obtained in the PCR experiments; 3) as
predicted from sequencing of the 150-bp fragment, peptide 3 was
encoded by DNA downstream ofDNA encoding peptide 2. The
termination codon was identified as the first in-frame stop codon
after the DNA encoding peptide 1. Translation of the putative
gene predicted that 0 contains 76 amino acid residues and is a
protein of 8,846 Da, consistent with the estimate of 10,000 Da
obtained by SDS-polyacrylamide gel electrophoresis.
The initiation codon of putative gene encoding 0 begins 5 bp

after a sequence (AGGAGAT) that differs from the consensus
Shine-Dalgarno ribosome-binding site [43] by only 1 base. We
identified sequences with similarities to consensus -35
(TTGCCA)and -10 (TAACTT) promoter sequences which, if
active, would produce a transcript with only 6 residues before
the ribosome-binding site. The existence of termination codons
in all three reading frames within the 160 bp preceding the
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A PCR Oligo PCR Oligo

AspGlnThrGluMetAspLysValAsnValAspLeuAlaAlaAla ..... ArgXaaGlnProGluHisLeuArg
Poptide 1 Peptide 2

B GATCAAACAGAAATGGATAAAGTGAATGTCGATTTGGCGGCGGCC.....CGTGAACAGCCTGAACATTTGCGC
AspGlnThrGluMetAspLysValAsnValAspLeuAlaAlaAla.....ArgGluGlnProGluHisLeuArg

Figure 1. DNA sequence of a PCR product that is part of the gene encoding 0. (A) Oligonucleotides for PCR were designed based on regions of peptide sequences
1 and 2. Xaa indicates an unidentified residue in peptide sequence 2. (B) Three PCR products were cloned and sequenced, and the sequence of each product was
translated. A parial DNA sequence and translation of the 150-bp product is shown. Amino acid residues expected in a fragment of the gene encoding 0 are underlined.

initiation codon indicated that translation of 0 probably is not
coupled with that of an upstream gene. The amino terminus of
a potential open reading frame of at least 101 bp begins 100 bp
downstream of the putative gene encoding 0.

Search of the GenBank version 67 to identify regions of
similarity between the protein sequence of the putative gene
encoding 0 and that of other proteins indicated that residues 27
to 55 of 0 are 34% identical and 48% similar to a region of the
primosomal replication factor Y (also called n'; 44, 45) (Fig. 3).
Replication factor Y is a subunit of the primosome that binds
specific sites on ssDNA templates [46, 47] to initiate primosome
assembly [46], and is a DNA-dependent ATPase and helicase
[48, 49].

Codon usage
If 0 is stoichiometric with other holoenzyme subunits, it would
be expected to exist at about 10-20 copies per cell. A proposed
mechanism for maintaining low cellular protein levels is the
frequent use of 8 codons (AUA, UCG, CCU, CCC, ACG, CAA,
AAU, AGG) whose cognate tRNA's are poorly represented in
the cell [50]. To address whether the use of rare codons might
modulate expression of 0, we compared the codon usage of the
previously sequenced gene to that of other holoenzyme genes and
of 25 highly expressed E.coli genes, 10 ofwhich (ribosomal protein
genes) are very highly expressed. The putative gene encoding 0
has 10.5% rare codons, i.e., 2.5- to 6-fold higher than the
percentage in highly expressed genes, and higher than the
percentage in several other holoenzyme-subunit genes (Table 3).

Overexpression of the gene encoding 0
To test the hypothesis that we had isolated the structural gene
for 0, we cloned the gene downstream of the strong tac promoter
and analyzed whether the gene expresses a protein and if the
protein comigrates with the 0 subunit from purified holoenzyme.
The gene was amplified by PCR from pMAF65 using two
primers. One primer included recognition sites for PstI, EcoRI
and Bgll, a consensus ribosome-binding site, the first 7 codons
of the gene (including a single-base deviation from the wild-type
gene sequence that converted the rare asparagine codon AAT
to the more common codon AAC). The second primer was
complementary to the last 7 codons of the gene, including the
putative termination codon, and contained an NcoI site. The PCR
product obtained using these primers was cloned into the SmaI
site of pBlueScript II SK+ to create pHN100 and sequenced to
ensure that no mistakes were introduced during amplification of
the gene. The PCR product was removed from pHN100 with
EcoRI and PstI and inserted into pHN1, a dnaQ-overexpressing
plasmid, in place of dnaQ to create pNH11, the tac promoter-
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Figure 2. Restriction map of the region of the chromosome including the gene
encoding 0. MAF102 chromosomal DNA was transferred onto a GeneScreen
nylon membrane and hybridized with the radiolabeled 150-bp PCR fragment.
A restriction map was constructed based on the sizes of chromosomal restriction
fiagments that hybridized to the probe. Kilobases are indicated above the restriction
map. Paired diagonal lines indicate discontinuities. Restriction site abbreviations
are: B, BamHI; G, Bgll; R, EcoRI; V, EcoRV; H, HindHI; P, PsM. The 5-kb
BamHI fragment (indicated by the filled rectangle) was isolated from X clone
19H3 and cloned into pBlueScript II SK+ to create pMAF65. The EcoRl and
HindJI restriction fragments were too large to precisely localize these restriction
sites.

27 PheLysGluArgTyrAsnMetProVal Ilo

265 PheArgGluArgPheAsnAlaProValGlu

37 AlaGluAlaValGluArgGluGlnProGlu
.

275 ValLeuHisSerGlyLeuAsnAspSerGlu

47 HisLouArgSor ... TrpPhoArgGluArg
* * 0 0 0

285 ArgLeu...SerAlaTrpLeuLysAlaLys

Figure 3. Comparison of regions of thee subunit and factor Y of the primosome.
Residues of 0 are in boldface and residues of factor Y are in lightface. Residues
are numbered relative to the first codon of the respective proteins. Identities and
similarities between residues of the two proteins are indicated by dots between
residues. Periods indicate breaks in amino acid sequences required to align the
sequences.

based 0-expression plasmid (Fig. 4). pHN101 was introduced into
HB101 to create HN101, which was tested for the ability to
produce 0 upon IPTG induction (Fig. 5). The negative control
strain HB101 and the positive control strain HN1 (HB101
containing pHNl) were included in this experiment. A protein
that comigrates with the 0 subunit of purified holoenzyme was
produced only by HN101 and only when the strain was induced
with IPTG (Fig. 5, compare lanes 5 and 6). HB101 treated with
IPTG failed to produce this protein (Fig. 5, lane 2), and tratment
of HN1 with IPTG induces production of only the e subunit
(Fig. 5, lane 4). These results strengthen the conclusion that we
have isolated the gene encoding 0. Densitometry of lanes 5 and
6 of Fig. 5 indicated that this protein was about 6% of the soluble
protein.

ft , ..l a
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Table 3. Percentage of rare codonsa in the three possible reading frames of E.coli
genes

Genesb Percent Rare Codons

gene
encoding 0 10.5
dnaN 4.1
dnaE 4.9
hoIB 6.3
dnaX 6.8
hoIC 6.8
dnaQ 7.0
hoL4 8.7
dnaG 11.3
25 genesd 4.2
10 genesd 1.7

a Rare codons include AUA (Ile), UCG (Ser), CCU and CCC (Pro), ACG (Thr),
CAA (Gln), AAU (Asn), and AGG (Arg) [50]
b Sequence data were derived from the following sources: daN [14], dnaE [55],
hoIB (Carter et al., accepted), daX [16], hoiC (Carter et al., submitted), dnaQ
[56], hoL4 [18], dnaG [18].
c coding frame.
d 25 nonregulatory genes and 10 ribosomal protein genes [50].

Figure 4. Construction of a plasmid to overexpress the 0 subunit. pMAF65 is
the original clone containing the 0 subunit. The gene encoding 0 was amplified
from pMAF65 by PCR using primers complementary to the 5' and 3' ends of
the gene. The PCR product was inserted into the SmiaI site ofpBlueScript SK+
to create pHN100. The gene was removed from pHN100 and inserted into the
tac expression plasmid pHNI in place of dnaQ to create pHN101, the 0

overexpression plasmid. Restriction enzyme recognition site abbreviations are:

G, Bgl; M, SmaI; N. NcoI; P, PstI; R, EcoRI. 'SD' indicates the Shine-
Dalgamo consensus site. The curved arrow indicates the gene encoding 0. Dashed
arrows indicate DNA that was amplified by PCR. The plasmids are not drawn
to scale.

DISCUSSION
Using a reverse genetic approach, we have isolated the gene
encoding the 0 subunit of holoenzyme. This conclusion is based

1 2 3 4 5 6
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F% S. Overexpresion of the 0 subunit. Cells were grown in L broth, induced
with IPTG and lysed as described in 'Materials and Methods'. Protein from equal
cell masses were separated by SDS-polyacrylamide gel electrophoresis and stained
with Coomassie Brilliant Blue. Lanes contain: 1, HB1IO non-induced; 2, HB101
induced; 3, NH1 (HB11 containing pHNl), non-induced; 4, HN1 (HB11
conining pHNI), induced; 5, HN1I1 non-induced; 6, HN1I1 induced. Molecular
mass markers (kDa) and holoenyzme subunits are indicated to the left and the
right, respectively.

on three criteria. (i) A 150-bp DNA fragment was amplified by
PCR using two primers designed from peptide sequences 1 and
2 of 0. This PCR product encoded 7 consecutive residues from
peptide 1 that were not used in design of the primers, and a basic
residue expected to be to the carboxy side of peptide 2. (ii) The
PCR fragment, used as a gene-specific probe, allowed isolation
of a 76-codon open reading frame that encoded peptides 1, 2,
and all of peptide 3, which was encoded by DNA outside of the
150-bp probe. (iii) The 76-codon open reading frame directed
expression of a protein with a predicted molecular mass of 8,846
Da that comigrates with 0 found in purified holoenzyme. This
open reading frame has also been isolated by the O'Donnell
laboratory (P.S.Studwell-Vaughan and M.O'Donnell, submitted).
Following the suggestion of Ken Marians (Sloan Kettering), we
and the O'Donnell laboratory call the gene encoding 0 holE. In
more recent studies (D.R.Kim and C.McHenry, preliminary
results) holE has been co-expressed with dnaE (ai subunit) and
dnaQ (e subunit) from a single plasmid. The holE product (0)
complexes with ca and e to reconstitute pol mII core (a@e), and
complexes with e to form an e0 complex which, unlike e alone,
is soluble.

Analysis of holE DNA sequence revealed a level of poorly
used codons higher than that seen in any other holoenzyme-
subunit gene. It has been suggested that a high level of poorly
used codons contributes to a low level of gene expression
(reviewed in 51). Since the percent of rare codons in holE is
very high, we suspected that the presumed naturally low level
of chromosomal holE expression could be due in part to the
relatively high number of poorly used codons. Although the holE
overexpression plasmid contained a single base change to
eliminate one rare codon, it is not likely that elimination of only
one rare codon allowed expression of 0 to 6% of total cell protein.
Indeed, even though the gene was expressed by the strong tac
promoter on a high copy number plasmid, expression of 0 to this
level is more consistent with the hypothesis that codon usage bias
does not influence the level of gene expression [52].

%.-- - - -1.

.4- - -
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The role of 0 in DNA replication is not understood. There is
no evidence that 0 is required for rapid and processive DNA
synthesis characteristic of holoenzyme [27], and the stimulation
of the 3'-5' proofreading activity is minor [53]. Instead of an
exclusive effect on an activity of holoenzyme, 0 might provide
allosteric communication between holoenzyme and an additional
component of the DNA replication apparatus, e.g, the
primosome, to ensure the coordinated functioning of components
of the replication apparatus. Use of purified holoenzyme subunits
in the coupled leading- and lagging-strand synthesis system
developed by Marians and coworkers [ 1, 54] might serve to test
this hypothesis directly.
The results presented in this paper provide a foundation upon

which to investigate the activity of 0. Availability of a strain that
overproduces 0 as 6% of the total soluble protein of E. coli will
allow purification of large quantities of the 0 subunit, and, in
turn, in vitro biochemical experiments aimed at elucidating the

role of 0.
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