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ABSTRACT  Elongation of a primed single-stranded DNA
template catalyzed by E. coli DNA polymerase III (DNA
nucleotidyltransferase, deoxynucleosidetriphosphate:DNA
deoxynucleotidyltransferase, EC 2.7.7.7) requires dnaZ protein
and two other protein factors, DNA elongation factors I and III.
The reaction occurs by the following mechanism: (i) dnaZ pro-
tein and DNA elongation factor III together catalyze the
transfer of DNA elongation factor I to a primed DNA template.
This transfer reaction requires ATP or dATP in addition to dnaZ
protein, DNA elongation factors I and III, and primed template;
it does not require DNA polymerase III. (ii) DNA polymerase
III binds to the complex of]o)NA elongation factor I with primed
template; it does not bind to primed template which is not
complexed with DNA elongation factor 1. This binding reaction
proceeds in the absence of ATP or dATP as cofactor, dnaZ pro-
tein, and DNA elongation factor III and without additional
DNA elongation factor L (iii) The complex of DNA polymerase
III, DNA elongation factor I, and primed template catalyzes
DNA synthesis upon the addition of dNTPs.

S. Wickner and Hurwitz have shown that in vitro DNA elon-
gation of primed single-stranded DNA templates requires three
Escherichia coli proteins in addition to DNA polymerase III
(DNA nucleotidyltransferase, deoxynucleosidetriphosphate:
DNA deoxynucleotidyltransferase, EC 2.7.7.7): dnaZ protein,
DNA EF I (elongation factor), and DNA EF III (1). The dnaZ
protein is involved in E. coli chromosome elongation (2) and
is required for growth of ¢X174 and fd bacteriophages (3, 4).
Consistent with in vivo results, it is required for in vitro con-
version of X174, fd, and ST-1 single-stranded phage DNAs
to duplex DNA (1) and for DNA synthesis dependent on ¢X174
RFI DNA (Sumida-Yasumoto and Hurwitz, personal com-
munication). DNA polymerase I1I, the dnaE protein (5) is also
essential for DNA replication in vivo. Since DNA EF I and
DNA EF III are as yet genetically undefined, their importance
in DNA replication can only be inferred from their involvement
in in vitro replication systems*. Different combinations of six
to twelve purified proteins catalyze $X174, fd, and ST-1
DNA-dependent DNA synthesis (6-8). The involvement of
dnaZ protein, DNA EF I, DNA EF III, and DNA polymerase
I in all three of these DNA synthesizing systems suggests that
the three systems share a common mechanism of DNA elon-
gation. . .

In this report, the mechanism of action of the DNA elonga-
tion components is examined.

MATERIALS AND METHODS

Materials, Reagents, and Methods. Unless otherwise indi-
cated these were as previously described (1, 9).

Abbreviation: EF 1, elongation factor.

* DNA EF II was defined as a protein required with DNA EF I and
DNA polymerase II or Il for DNA elongation (8). DNA EF II
preparations were found to consist of dnaZ protein plus a protein
referred to as DNA EF III (1).

Preparation of Proteins. DNA polymerase III and DNA
binding protein were purified from E. coli strain NY73 (5) and
dnaZ protein from strain NY73 or E4860 (5) by, procedures
modified from those in refs. 10, 11, and 1, respectively. Assay
conditions and definitions of units for DNA polymerase III are
in ref. 12; those for the other proteins are given in the above
references. DNA EF I and DNA EF III were purified from

strain NY73 by procedures to be published elsewhere using the

DNA elongation assay described below. Based on the native
molecular weights of DNA EF I (80,000), DNA EF III (63,000),
and dnaZ protein (125,000) and calculating purity from native
gel electrophoresis (13) 0.06 unit of DNA EF I (about 80%
pure), 0.05 unit of DNA EF III (about 50% pure), and 0.03 unit
of dnaZ protein (about 50% pure) equal 1 pmol of each, re-
spectively. ‘

Assays for DNA Elongation Factors I and III. Reaction
mixtures (30 ul) contained 20 mM Tris-HCI (pH 7.5), 7 mM
MgCl,, 2 mM dithiothreitol, 50 ug/ml of bovine serum albu-
min, 0.1 mM ATP, 50 uM each of dATP, dCTP, dGTP, and
[BH]dTTP (500-1000 cpm/pmol), 2 nmol of ¢$X174 DNA
primed with RNA [prepared using E. coli RNA polymerase (8)],
DNA polymerase III (0.3 unit, 0.7 ug), and dnaZ protein (0.3
unit, 30 ng). The assay for DNA EF I contained DNA EF III
(0.3 unit, 80 ng); that for DNA EF III contained DNA EF I (0.3
unit, 0.3 pg). After 20 min at 30°, acid insoluble radioactivity
was measured. One unit of DNA EF I or DNA EF III activity
stimulated incorporation of 1 nmol of dTMP under the above
conditions. The reactions were linear with increasing amounts
of protein over a 20- to 50-fold range with 0.2-1 pmol of dTMP
incorporated in the absence of added DNA EF I or DNA EF
IIL.

Assay for ATP Hydrolysis. Reaction mixtures (30 ul) con-
tained 20 mM Tris-HCI (pH 7.5), 1 mM MgCl,, 2 mM di-
thiothreitol, 50 ug/ml of bovine serum albumin, 0.1 mM [v-

_32P]ATP, 2 nmol of $X174 DNA primed with RNA, and pro-
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teins as indicated. After 20 min at 30°, 32P; was measured
(14). .

RESULTS

Requirements for DNA elongation of primed single-
stranded DNA

Elongation of primed single-stranded DNA catalyzed by DNA
polymerase III requires dnaZ protein, DNA EF I, and DNA EF
IIL; E. coli DNA binding protein and spermidine are not re-
quired (Table 1, ref. 1). ATP as well as dTTP is required when
the template is poly(dA)-oligo(dT). Since the ATP requirement
is satisfied by dATP, the cofactor requirement cannot be de-
tected with templates that require the incorporation of dAMP.
The K, for ATP and dATP is about 10 uM.
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Complex formation between DNA elongation factor I
and primed DNA template

The dnaZ protein and DNA EF III catalyze the transfer of
DNA EF I to primed DNA templates in an ATP- or dATP-
dependent reaction. This was shown by the following experi-

‘ment: DNA EF I, DNA EF III, dnaZ protein, ATP, and
poly(dA)-oligo(dT) were incubated and the products of the
reaction subjected to gel filtration (Fig. 1). The excluded volume
contained DNA and associated proteins, the partially included
volume contained free proteins, and the fully included volume
contained ATP. The isolated protein-DNA complex carried
out DNA synthesis upon the addition of dTTP and DNA
polymerase III; ATP was removed from the protein-DNA
complex by filtration and was not required for dTMP incor-
poration (Fig. 1A).

Column fractions were assayed for various proteins: (i) DNA
EF I activity (assayed as in Materials and Methods) was asso-
ciated with the primed template (Fig. 1B); it was in excess of
DNA synthetic activity by the isolated protein-DNA complex
supplemented with DNA polymerase III and dTTP. The pos-
sibility existed that DNA EF I was not in the complex, but that
the primed template had been altered such that DNA synthesis
no longer depended on DNA EF 1. To eliminate this possibility,
the protein-DNA complex was dissociated with salt, the salt
removed, and the material assayed. After this treatment, DNA
EF I activity could still be detected even though the material
could no longer carry out DNA synthesis upon the addition of
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Table 1. Requirements for DNA elongation
of oligo(dT)-poly(dA)
Additions dTMP incorporated
(pmol/20 min)
Complete 37.6
-DNA elongation factor I <0.2
—dnaZ protein 0.3
~DNA elongation factor 111 0.3
-DNA polymerase II1 <0.2
-oligo(dT) <0.2
-ATP <0.2
~ATP + dATP (0.1 mM) 28.0
-ATP + GTP, CTP, UTP, dGTP
or dCTP (0.1 mM) <0.2
~ATP + o,f-methylene ATP or
B,y-methylene ATP (0.1 mM) <0.2
+DNA binding protein (4 ug) 24.8

Reactions (30 ul) contained 20 mM Tris-HCl (pH 7.5), 7 mM
MgCl;, 2 mM dithiothreitol, 50 ug/ml of bovine serum albumin,
0.1 mM ATP, 50 M [BH]dTTP (500 cpm/pmol), 1 nmol each of
poly(dA) and oligo(dT), DNA EF I (0.1 unit), DNA EF II (0.1
unit), dnaZ protein (0.3 unit), and DNA polymerase III (0.3 unit).
After 20 min at 25°, acid-insoluble radioactivity was measured.
dATP was treated with sodium periodate prior to use.

sociated partially by the gel filtration procedure; DNA EF I was
found in fractions 15 to 30 as well as in fractions containing

DNA polymerase Il and dTTP (Fig. 1, legend). In addition to

DNA. (i) In contrast to DNA EF 1, dnaZ protein and DNA EF
being dissociated by salt, the protein-DNA complex was dis-
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FIG. 1. Isolation of complex of DNA elongation factor I with primed DNA by gel filtration. (A) The first reaction mixture (80 ul) contained
20 mM Tris-HCl (pH 7.5), 50 ug/ml of bovine serum albumin, 7 mM MgCl,, 2 mM dithiothreitol, 0.1 mM ATP, 25 nmol each of poly(dA) and
oligo(dT), DNA EF I (2 units), DNA EF III (0.4 unit), and dnaZ protein (2.4 units). After 20 min at 25°, the sample was applied at room temperature
to a 25 X 0.6 cm column of Bio-Gel A5m equilibrated with 30 mM Tris-HCI (pH 7.5), 2 mM dithiothreitol, 50 ug/ml of bovine serum albumin,
1 mM MgCly, 50 mM KClI, and 5% glycerol. The column was developed with the same buffer and 0.1 ml fractions were collected. Portions of
excluded volume fractions (40 ul) were incubated with 50 uM [3H]dT'TP (2000-4000 cpm/pmol) and 0.2 unit of DNA polymerase III (Pol III)
in the presence (®) or absence (O) of 0.1 mM ATP, and in the absence of DNA polymerase III + ATP (a). Incorporation of dTMP was measured
after 20 min at 25°. (B) Portions of fractions from the column described in Fig. I A were assayed for dnaZ protein (0), DNAEF I (a), and DNA
EF III (m) as described in Materials and Methods. The amount of DNA EF I, DNA EF III, and dnaZ protein in the protein-DNA complex
region was determined in two ways: First, DNA synthesis by the complex plus DNA polymerase III was subtracted from the amount of DNA
synthesis obtained using assays for individual proteins. Second, the complex was dissociated and then assayed for activities: protein-DNA complex
(isolated as in Fig. 1A) which supported 350 pmol of dTMP incorporation following addition of DNA polymerase III, was incubated on ice 1
hr with 1 M NaCl and applied to a 0.6 X 20 cm column of Sephadex G-25. The void volume contained 0.96 unit of DNA EF I, less than 0.03 unit
of dnaZ protein, and less than 0.03 unit of DNA EF III activity; it supported less than 2 pmol of dTMP incorporation upon addition of DNA
polymerase III. (C) The first reaction mixture was as described in Fig. 1A but minus ATP. The sample was subjected to column chromatography
and DNA synthesis after addition of DNA polymerase III, 0.1 mM ATP, and dTTP was measured as described in Fig. 1A. (D) Portions of fractions
from the column described in Fig. 1C were assayed for proteins. U refers to units.
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Table 2. Requirements for DNA elongation factor I-DNA complex formation

First reaction components

Isolated protein-DNA complex

Proteins
Template DNA synthesis with dnaZ
and ATP DNA EF1 : DNAEF Ill:dnaZ protein DNA polymerase III DNAEFI DNA EF III Protein
(pmol dTMP) V) v) (v)
Complete (1 1 1) 125 0.22 <0.01 <0.01
-ATP 1 1 1 <5 <0.01 <0.01 <0.01
—primer 1 1 1 <5 <0.01 <0.01 <0.01
Complete 0.1 1 1 32 0.06 <0.01 <0.01
Complete — 1 1 <5 <0.01 <0.01 <0.01
Complete 1 0.2 1 22 0.02 <0.01 <0.01
Complete 1 — 1 <5 <0.01 <0.01 <0.01
Complete 1 1 0.1 <5 <0.01 <0.01 <0.01
Complete 1 1 — <5 <0.01 <0.01 <0.01

First reactions were performed as in Fig. 1A but contained 20 nmol of ¢X174 DNA-RNA hybrid in place of poly(dA)-oligo(dT). Reactlons
contained 2 units of DNA EF I, 0.4 unit of DNA EF III, and 2.4 units of dnaZ protein; this ratio of these components was defined arbitrarily as
1:1:1. Protein-DNA complexes were isolated as in Fig. 1A. Incorporation of dTMP by 40 ul of DNA-protein complex was measured after the
addition of DNA polymerase III (0.2 unit) and dNTPs plus any component omitted from thejfirst reaction!(0.1!mM|ATP, 0.2 unit of DNA EF I,
0.2 unit of DNA EF III, or 0.1 unit of dnaZ protem) Incorporation of dTMP has been calculated for the entire volume of each isolated complex.
DNA EF I, DNA EF I, and dnaZ protein in the complex were measured as described in Materials and Methods. The values shown are the

total units of each protein in each isolated complex.

complex was assayed before or after dissociation (Fig. 1B).
Using conditions in which 12 pmol of DNA EF I were associ-
ated with the protein-DNA complex, less than 0.1 pmol of dnaZ
protein and less than 0.5 pmol of DNA EF III were associated
with the complex (calculated as in Materials and Methods from
the number of units recovered). The possibility remains that
dnaZ protein and DNA EF III were in the protein~DNA
complex in forms which could not be detected.

The requirements for the transfer of DNA EF I to primed
DNA have been examined. In the absence of ATP in the first
reaction mixture, there was no formation of a protein-DNA
complex capable of carrying out dTMP incorporation on ad-
dition of DNA polymerase III, dTTP and ATP (Fig. 1C). Fur-
thermore, neither DNA EF I, dnaZ protein, nor DNA EF III
were associated with the primed template (Fig. 1D). Other
requirements for protein-DNA complex formation included
primed template, dnaZ protein, DNA EF I, and DNA EF III
(Table 2). The primer requirement for DNA EF I-DNA
complex formation suggests the possibility that DNA EF I is
bound to 3’-OH ends of gaps in double-stranded nucleic acid.
The amount of complex formed was nearly proportional to the
amount of each protein added. With conditions where complex
formation was limited by DNA EF I, about 80% of the input
DNA EF I was recovered as a protein-DNA complex. With
conditions where DNA EF III or dnaZ protein was limiting, all
of the DNA EF III and dnaZ protein recovered after gel fil-
tration was found in the partially included volume; this rep-
resented 50-100% of the dnaZ protein and DNA EF III applied
to the column.

DNA EF I-DNA complex formation increased with time for
20 min at 25° and did not occur at 0°. DNA synthesis by isolated
complex was proportional to the volume of the complex added;
with 5, 10, 20, and 30 ul of complex prepared as in Fig. 1A, 4.8,
11.6, 20.8, and 30 pmol of dTMP, respectively, were incorpo-
rated after 20 min at 30° in the presence of dTTP and DNA
polymerase III (in 40 ul of reactions). DNA synthesis by the
isolated complex was rapid; after 2, 5, 10, and 20 min of incu-
bation at 30°, 9.3, 24.4, 26.8, and 30 pmol of dTMP were in-
corporated, respectively, by 30 ul of complex supplemented

with dTTP and DNA polymerase III. The isolated complex
decayed on ice with a half-life of about 6 hr.

Involvement of ATP or dATP in DNA elongation factor
I-DNA complex formation

The ATP or dATP-dependent reaction involves the transfer of
DNA EF I to a primed template; ATP is not required for DNA
synthesis by DNA polymerase III and the DNA EF I-DNA
complex (Fig. 1). The ATP-dependent reaction has not been
further resolved. An experiment performed in an effort to do
this was as follows: dnaZ protein, DNA EF I, DNA EF III, oli-
go(dT), and ATP were incubated [conditions as described in
Fig. 1A but minus poly(dA)] and the reaction was filtered
through Sephadex G-25 to remove ATP (as described in Fig,
1A for Bio-Gel A5m). Although all three proteins and oligo(dT)
were present in the excluded volume, DNA synthesis by that
fraction required further addition of ATP as well as DNA
polymerase III, dTTP, and poly(dA).

Specific ATP binding to the protein-DNA complex produced
by DNA EF I, DNA EF III, and dnaZ protein has not been
detected. A first reaction mixture as described in Fig. 1A, but
with 0.1 mM [y-32P]ATP (10 cpm/pmol) and with 20 nmol
of $X174 DNA-RNA hybrid in place of poly(dA)-oligo(dT), was
subjected to gel filtration as in Fig. 1A. The isolated complex
contained 3 pmol of DNA EF I (calculated as in Materials and
Methods from the number of units recovered) and less than 0.15
pmol of 32P; it catalyzed the incorporation of 120 pmol of ITMP
upon the addition of DNA polymerase III and dANTPs (using
conditions described in Fig. 1A). Similar results were obtained
when [a-32P]ATP was used in place of [y-32P]ATP.

The possibility that ATP hydrolysis accompanies DNA EF
I-DNA complex formation has not been eliminated. One unit
of DNA EF I, DNA EF 111, and dnaZ protein hydrolyzed 144,

-304, and 34 pmol of ATP in the absence of primed template and

140, 418, and 104 pmol in the presence of primed template,
respectively (assayed as in Materials and Methods). ATP hy-
drolysis by mixtures of these proteins in the presence or absence
of primed template was the sum of hydrolysis by the individual
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FiG. 2. Binding of DNA polymerase III (Pol III) to complex of DNA elongation factor I with primed DNA template. (A) The first reaction
mixture was as in Fig. 1A but also contained 7 units of DNA polymerase III. The sample was subjected to column chromatography as in Fig.
1A. DNA synthesis by the isolated protein-DNA complex was measured by incubating 40 ul of each fraction with 50 uM [3H]dTTP (a) for 20
min at 25°. (B) Portions of fractions described in Fig. 2A were assayed for dnaZ protein (1), DNA EF I (a), DNA EF III (m), and DNA polymerase
III (V) as described in Materials and Methods. (C) The first reaction was as in Fig. 2A but dnaZ protein was omitted. The sample was chroma-
tographed as in Fig. 1A. DNA synthesis was measured by incubating 40 ul fractions with 50 uM [BH]dTTP and 0.2 unit of dnaZ protein (A)
for 20 min at 25°. (D) Fractions from the column described in Fig. 2C were assayed for proteins.

components. In summary, ATP functions in the transfer of
DNA EF I to primed DNA but its precise role remains un-
clear.

Binding of DNA polymerase III to complex of DNA
elongation factor I and primed DNA template

DNA polymerase III binds to the complex of DNA EF I and
primed template. To show this, DNA polymerase III, DNA EF
I, DNA EF III, dnaZ protein, ATP, and poly(dA)-oligo(dT)
were incubated and subjected to gel filtration. The isolated
protein-DNA complex carried out dTMP incorporation fol-
lowing addition of dTTP (Fig. 2A). As in the experiments
presented in Fig. 1, ATP had no effect on dTMP incorporation
by the complex. Fig. 2B shows that DNA polymerase III as well
as DNA EF I was associated with the poly(dA)-oligo(dT); it
again shows that dnaZ protein and DNA EF III were not asso-
ciated with the DNA. When dnaZ protein was omitted from
the first reaction, a protein-DNA complex capable of carrying
out dTMP incorporation after addition of dTTP and dnaZ
protein was not formed (Fig. 2C). Neither DNA polymerase
III nor DNA EF I was associated with the DNA (Fig. 2D). These
results suggest that, with the conditions described, DNA poly-
merase III forms a stable complex with a primed DNA template
only when the template is complexed with DNA EF L. Fur-
thermore, the binding of DNA polymerase III to the DNA EF
I-DNA complex does not displace DNA EF I from the complex.
Whether or not DNA EF I is released as DNA polymerase III
catalyzes the incorporation of dTMP is not known.

"The requirements for DNA polymerase III binding were
identical to those for DNA EF I binding: ATP, primed tem-
plate, DNA EF I, DNA EF 11, and dnaZ protein. The complex
decayed on ice with a half-life of about 6 hr. DNA synthesis by
the complex was proportional to the amount of the fraction
added; it was complete within 5-10 min of incubation with
dTTP.

Fig. 2B and 2D suggest that dnaZ protein and DNA EF 1II
form a physical complex. DNA EF III [which has a native
molecular weight of about 63,000 (1)] eluted with an apparent
molecular weight of 200,000 in the presence of dnaZ protein

[which has a native molecular weight of about 125,000 (1)]. In
the absence of dnaZ protein, DNA EF III eluted as expected
for a protein of 63,000 (Fig. 2D). Unpublished results have
shown: (i) protein complex formation requires dnaZ protein
and DNA EF III; (i) ATP, primed template, DNA polymerase
III, and DNA EF I are not required; and (##i) the interaction
depends on the ratio of dnaZ protein and DNA EF III. The
existence of the dnaZ-DNA EF III protein complex in reaction
mixtures which catalyze DNA EF I-DNA complex formation,

dnaZ protein
+

DNA EF II
/3o -ATP

dnaZ protein-DNA EF Il
complex

poly(dA)-oligo(dT)

+DNA EFI

+ ATP or dATP dnaZ protein -

DNA EF III complex

FiG. 3. Mechanism of DNA elongation of a primed DNA tem-
plate. Pol III refers to DNA polymerase III.
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suggests it may have a functional role in the transfer reac-
tion.

DISCUSSION

The results presented above are summarized in Fig. 3 and
suggest the following mechanism of DNA elongation of a
primed DNA template: (i) the dnaZ protein and DNA EF III
form a protein complex in the absence of DNA EF I and ATP;
(#4) The dnaZ protein-DNA EF III complex catalyzes the
transfer of DNA EF I to a primed DNA template in a reaction
dependent on ATP or dATP; (i) DNA polymerase III binds
to the complex of DNA EF I and primed DNA template
without further participation of ATP, dnaZ protein, or DNA
EF III and without additional DNA EF I; and, (iv) DNA syn-
thesis occurs upon addition of ANTPs, also without additional
ATP as a cofactor.

The claim by others that this DNA elongation reaction could
be catalyzed by “DNA polymerase III holoenzyme” containing
two (15) or three (16) protein subunits is not supported by the
results presented here or by previous data which show that (i)
the four elongation proteins are separated from each other in
active form by methods which would not normally separate
protein subunits (1) and (#) dnaZ protein, DNA EF I, and DNA
EF 1II can function with other DNA polymerases, including
E. coli DNA polymerase II (1, 8) and B. subtilis DNA poly-
merase III (17), in addition to E. coli DNA polymerase III. Thus,
“DNA polymerase III holoenzyme” may be simply a mixture
of the four DNA elongation proteins.

The involvement of E. coli dnaZ and dnaE proteins in the
in vitro DNA elongation reaction studied here suggests the
possibility that this reaction mechanism may share similarities
with the in vivo mechanism.
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