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ABSTRACT The priA gene of Escherichia coli encodes the
protein that initiates assembly of the primosome, the entity
essential for the replication of phage ¢X174 and ColE1-like
plasmids in vitro. We have prepared a null priA mutant to assess
its role in vivo in replication of phages, plasmids, and the host
chromosome. Extracts of this mutant are inert in the initial
conversion of the X174 viral strand to the duplex form,
confirming the absence of the PriA activity. In vivo, the priA
mutant fails to produce ¢X174 phage and, remarkably, is
unable to maintain plasmids that depend on the E. coli chro-
mosome origin as well as those of ColE1. Deficiencies in cell
growth and cell division are also manifest.

The mechanism of initiation of DNA chains in the discon-
tinuous synthesis of the lagging strand was suggested by
studies of how the complementary strand was started on the
single-stranded circle of phage ¢X174 (1). These studies
revealed that protein n’ (renamed PriA) recognizes a 55-
nucleotide, hairpin-like sequence in the template, hydrolyzes
ATP, and initiates the assembly of a mobile primer-forming
entity, called a primosome, made of six additional proteins:
n (renamed PriB) (2), n” (renamed PriC) (3), i (renamed dnaT)
(4), dnaB, dnaC, and dnaG (renamed primase) (5).

PriA protein was later found to recognize, in certain
plasmids (6, 7), particular sequences that promote hydrolysis
of ATP (8) and function as primosome assembly sites (pas).
Recognition of pas appears to be based on a higher-order
DNA structure, inferred from mutations of the sequence in
pBR322 and comparisons of various plasmids (9, 10). Primo-
somal translocation on single-stranded DNA and its helicase
action (fueled by ATP) can be directed by PriA protein,
moving in the 3'—5’ direction (11) or by dnaB protein,
moving in the opposite (5'—3’) direction (12). When the
template strand functions in both the priming and elongation
stages of discontinuous synthesis, both helicases may be
engaged, operating in opposite directions.

Whereas the contribution of PriA protein to the replication
of $X174 and pBR322 DNA in vitro had been made clear (8,
13), evidence was lacking for its role in the replication of
other plasmids or of the host chromosome itself. Nor was
such evidence available for certain other primosomal pro-
teins (i.e., PriB, PriC, and dnaT), except that dnaT mutants
were known to be deficient in the stable DN A replication that
depends on RecA and the SOS response (14).

With the cloning of the priA gene (15, 16) it became possible
to disrupt the gene by mutation. The present report describes
replication defects in strains that lack the priA function and
strains with mutations in other replication genes, in addition
to priA.

MATERIALS AND METHODS

Reagents. Sources were as follows: unlabeled deoxynucle-
oside triphosphates and ribonucleoside triphosphates, Phar-
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macia LKB; [*HIdTTP (26 Ci/mmol; 1 Ci = 37 GBq) and
[a-32P}dTTP (800 Ci/mmol), Amersham; bovine serum albu-
min (Pentex fraction V), Sigma; 4',6-diamidino-2-phenylin-
dole (DAPI), Boehringer Mannheim. Buffer G is 20 mM
Tris'HCl, pH 7.5/180 mM potassium glutamate/9 mM
MgCl,/4% (wt/vol) sucrose/bovine serum albumin at 100
pg/ml.

Escherichia coli Strains and Plasmids. E. coli strains used
were DPB271 (recD::mini-tet) (17) and CR (thy~, C strain
harboring suppressor III). Plasmid pEL042 is pTZ18R-based
and carries the priA gene (15); pTB101 contains a 678-base-
pair (bp) HinclI-Pst 1 fragment spanning oriC (—189 to +489)
cloned in the pBluescript vector (Stratagene) (18); pCM700 is
a derivative of pCM959 DNA (19) containing the chloram-
phenicol-resistance gene in place of the Pvu II fragment in
pCM959 (D. S. Hwang and A.K., unpublished data);
pCMB800 is the same as pCM700 with the priA gene inserted
at the EcoRV site; pHM6050 is a derivative of R1 plasmid
(20); pBR322 is described by Bolivar et al. (21) (Table 1).

Enzymes and Proteins. T4 DNA ligase, and Bsm I, EcoRV,
HindIll, Pvu I1, Sma 1, and Xba I were purchased from New
England Biolabs. The enzymes required for conversion of
$X174 single-stranded DNA (ssDNA) to replicative form
(RF) DNA in vitro were prepared as described (5).

Preparation of Fraction II. Cells were grown in 2 liters of
L broth (23) to ODgy = 1.0, harvested by centrifugation, and
lysed as described (15). Cleared lysates were precipitated
with ammonium sulfate (0.28 g/ml). Centrifuged pellets were
dialyzed against buffer containing 50 mM Hepes-KOH at pH
7.6, 20% (vol/vol) glycerol, 20 mM NaCl, 2 mM dithiothrei-
tol, and 1 mM EDTA for 2 hr at 0°C (fraction II).

Complementation and Replication Assay for PriA Protein.
The in vitro complementation assay mixture (20 ul) contained
creatine kinase (100 ug), creatine phosphate (5 mM), ATP
(0.5 mM), CTP, GTP, and UTP (125 uM each), deoxyribo-
nucleoside triphosphates (50 uM each) with [a->*P]dTTP (137
cpm/pmol of ANTP), and 200 pmol of $X174 ssDNA (as
nucleotides) in buffer G. Protein fraction II (100-300 ug) of
the priA mutant strain was added and the mixture was
incubated at 30°C for 10 min. One unit of replication activity
is defined as 1 pmol of nucleotide incorporated in 1 min at
30°C. The reconstituted X174 ssDNA to RF replication
assay was used as described (5).

UV Survival Assay. Cultures were grown to midlogarithmic
phase (2-5 x 10® cells per ml) and centrifuged. Collected
pellets were resuspended in one-half the culture volume of
buffer containing 50 mM Tris°HCl at pH 7.5 and 10 mM MgCl,
and were irradiated at 254 nm with a germicidal lamp. To
determine survival at 37°C, appropriate dilutions were plated
on L plates and incubated overnight. All manipulations were
under red light.

Other Methods. Immunoblot assays (22) and Southern blot
hybridization (ref. 23, pp. 382-389) were performed as de-
scribed.

Abbreviations: ssDNA, single-stranded DNA; RF, replicative form.
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Table 1. Bacterial strains

Strain Host, genotype Plasmid
DPB271 priAt None
EL500 DPB271, priA~ None
ELS501 DPB271, priA* priA*
ELS502 DPB271, priA~ priAt
CR priA* None
EL600 CR, priA~ None
EL601 CR, priA* priA*
EL602 CR, priA~ priA*

DPB271 (17) was donated by S. Cohen. CR is a C strain with
suppressor III. EL600 was constructed by phage P1 transduction of
priA~ from ELS00.

RESULTS

Isolation of a Null priA Mutant. A priA mutant was con-
structed by insertion of a kanamycin marker (Fig. 1). Nine
kanamycin-resistant transformants were obtained from
transformation of strain DPB271 with an isolated linear DNA
(Xba I-EcoRYV fragment). This mutation was then transduced
by P1 into strain CR with high efficiency; =300 P1 transduc-
tants were obtained at a multiplicity of infection of 0.1. The
isolated mutant was examined by Southern hybridization
(Fig. 2). A nick-translated, 2.7-kb priA DNA probe hybrid-
ized only to a 2.9-kb Sma I fragment, precisely the size
expected from the nucleotide sequence of priA (15, 16) (Fig.
2A, lanes 1 and 3). On the other hand, no such band was
observed with a priA mutant; instead distinct DNA bands of
2.4 and 1.6 kb appeared, as expected (Fig. 24, lanes 2 and 4).
Analysis of HindIII restriction fragments revealed sizes from
the priA mutant distinctive from those obtained from wild-
type cells (data not shown). These results indicate that priA
has been disrupted by insertion of the kanamycin DNA
fragment.

As further confirmation, a nick-translated, 1.3-kb kanamy-
cin DNA probe was used. Hybridization occurred only with
the priA mutant; the 2.4- and 1.6-kb bands from the Sma I
digest were the same as those visualized with the 2.7-kb priA
probe. Thus, the priA mutants (EL500 and EL600) possess an
internal deletion of a priA sequence (residues 1216-1400) (15)
replaced by a kanamycin insertion of 1.3 kb.

In the event that a priA mutant might prove inviable, the
isolated linear DNA fragment (Xba I-EcoRV) was inserted
into strain EL700, which harbors a temperature-sensitive,
priA-containing plasmid (pSC101ts-priA); at 42°C this plas-
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FiG. 2. Genomic analysis of priA mutants by Southern-blot
hybridization. E. coli genomic DNA was prepared from the wild-type
(DPB271 and CR) and mutant (EL500 and EL600) strains. E. coli
DNAs were digested with Sma I restriction nuclease and subjected
to an 0.8% agarose gel electrophoresis, followed by Southern-blot
hybridization (23). (A) Nitrocellulose filters were probed with nick-
translated 2.7-kb DNA carrying the priA gene. (B) Filters from
experiment A were washed by boiling for 10 min in water and used
for hybridization with a nick-translated 1.3-kb kanamycin DNA
probe.

mid fails to replicate or produce PriA protein. Sixteen kan-
amycin-resistant colonies were obtained, only two of which
lacked plasmid DNA as judged by Southern blot analysis
(data not shown).

PriA Protein Activity Absent from Extracts of a priA Mutant.
As judged by the capacity to support ¢$X174 DNA replica-
tion, the crude extract (fraction II) prepared from a mutant
strain (EL500) showed no detectable PriA activity (Fig. 3A).
However, replication activity was fully restored when puri-
fied PriA protein complemented this mutant extract (Fig. 3B).
Similar complementation results were obtained with the
mutant strain EL600, a CR strain into which the priA muta-
tion had been transduced by P1 (data not shown).

The priA Mutant Fails to Support a Phage ¢»)X174 Infection.
In keeping with the absolute requirement for PriA protein for

wt E. coli chromosome

Fic. 1. Preparation of the null priA
mutant. Restriction endonuclease sites in
the priA and adjacent cyfR genes in the
wild-type E. coli chromosome are shown
(Top). The pEL042 plasmid was partially
digested with Bsm I restriction nuclease
and ligated with a 1.3-kilobase (kb) kan-
amycin-resistance gene fragment; the re-
sulting plasmid (pEL060) was digested
with EcoRV and Xba I restriction en-
zymes. The isolated 3.8-kb linear DNA
(Middle) was used to transform strain
DPB271 (recD::mini-tet) and kanamycin-
resistant colonies were isolated. The re-
sult of the expected recombination
events between intact priA DNA se-
mutant E. coli chromosome quences and linear disrupted priA DNA

fragments is shown in Bottom. B, Bsm 1;
C,Clal;H, HindIII; RV, EcoRV; S, Sma
I; X, Xba I; (B), former Bsm 1.

linear DNA fragment
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FiG. 3. Replication activity of ex-
tracts from priA mutant. The conversion
of $X174 ssDNA to RF with the recon-
stituted system lacking PriA protein was
assayed (5). (A) Crude extracts (fraction
II) were prepared from the wild-type
[(DPB271): priA*; 800 pg/ul] and mutant
L [(EL500): priA~; 700 ug/ul] strains. (B)
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$X174 replication in vitro (5, 8) was the failure of the phage
to form any plaques on a priA mutant strain (EL600). Plating
efficiencies were reduced by greater than 108. Strains that
harbor the multicopy priA plasmid (i.e., EL601 and EL602)
showed a 30% higher efficiency of plating than the corre-
sponding wild-type strains.

The priA Mutant Fails to Support the Replication of a
Variety of Plasmids. Among plasmids that depend on various
replication origins, transformation of the ColE1 type in the
priA mutant strains (EL500 or EL600) was very feeble or
undetectable (Table 2). PriA protein is known to be required
in the initiation of lagging-strand synthesis during pBR322
DNA replication ir vitro (13). In a mutant strain, the trans-
formation of a ColE1 type plasmid which also contains the
priA gene (pEL042) reached 10-20% of the wild-type value
(Table 2). Even though no need for the PriA protein in the
replication of oriC plasmids in vitro has been observed (24),
transformation of such plasmids was reduced as much as
10,000-fold (Table 2). Inclusion of the priA gene in the oriC
plasmid (pCM800) restores transformation efficiency (Table
2). In addition, R1 plasmids, whose replication in vitro does
not require PriA protein (25), transform with an efficiency
similar to the oriC plasmids (Table 2).

The priA Mutant Grows Slowly and Is Filamentous. As
judged by optical density, the priA mutant (EL500) grows
more slowly than the parent wild type (DPB271), with a
generation time of 70 min compared to 30 min. Although the
mutant grows at 30°C, 37°C, and 42°C, cells grown at the high
temperature tend to clump. Viability, measured by colony
formation, showed a 10- to 100-fold reduction in the mutant
strain (EL500) relative to optical density. However, the
decreased viability was nearly completely restored by a
complementing priA* plasmid (e.g., EL502) (data not
shown).

Microscopic examination of priA mutant cells revealed
their morphology to be highly filamentous. The cells were 2
to 50 times longer than the wild type, depending on the

PriA PROTEIN ()

1
0.6 0.8 1.0 Mutant extracts were complemented
with purified PriA protein (50 ng/ul).

incubation time (Fig. 4 C and D). Strains EL502 and EL602,
which contain the complementing priA* plasmid, appeared
nearly normal; only 5-10% of the cells were longer and none
reached 5 times normal length. The chromosomal DNA of
filamentous cells, visualized by fluorescence microscopy
(Fig. 4D), often appeared to be interrupted.

The priA mutant strain was more sensitive to mitomycin C
and UV irradiation (10 J/m?2 of UV at 254 nm) by more than
two orders of magnitude (data not shown).

Viability of Double Mutants. Although the polAI2ts and
priA~ strains can grow at 30°C, 37°C, and 42°C, the polA12ts
priA double mutant is not viable at 42°C. In addition, cells
with a combination of the normally reversible dnaA46ts
mutation (26) with priA are not viable when subjected to the
nonpermissive temperature of 37°C for 1.5 hr.

DISCUSSION

We have generated a null mutation in the priA gene, which
encodes the PriA protein (n’ protein) essential for conversion
in vitro of the viral $X174 ssDNA to the duplex RF (5, 8).
Such priA mutants permit the use of genetic and biochemical
approaches to understand how and at which stage in DNA
replication the PriA protein participates. The priA mutants,
as expected, fail to support $X174 phage DNA replication in
vivo as well as in vitro (Fig. 3) and fail to maintain the ColE1
plasmid in vivo (Table 2). Unexpectedly, the mutants are also
ineffective in maintaining oriC plasmids (Table 2).

The inability to sustain a ¢X174 phage infection and the
failure to obtain transformation with pBR322 plasmid DNA in
these mutant strains suggest that the mutants contain no
residual PriA activity. It is unlikely that the priA mutant
contains any suppressor mutation, since the priA mutation
can be transduced with P1 with high efficiency to another
strain.

The priA mutant strains grow more slowly and exhibit a 10-
to 100-fold reduction in viability as measured by colony

Table 2. Transformation efficiencies of various plasmids in the priA mutants

Transformation efficiency, % of priA* strain .

pBR322  pTZISR  pBluescript ~ pEL042*  pCM700  pCMB800* pTB101 pHM6050
Strain ColE1 ColE1 ColE1 ColE1 oriC oriC ColE1 + oriC Rl
ELS00 (priA™
DPB271) <0.001 <0.001 0.05 10 0.01 10 0.1 <0.001
EL600 (priA~ CR) <0.001 <0.001 0.01 20 0.01 2 0.2 0.01

Transformations of plasmid DNA into E. coli cells were performed as described (ref. 23, pp. 249-255). The first line of the column heading
gives the plasmid; the second, its replication origin. The transformation efficiency of these plasmids to priA* strains (DPB271 and CR) were
2-6 % 10° colony-forming units/ug of DNA. Each value (average of three independent assays) indicates the transformation relative to that of

the corresponding priA* strain.
*The plasmid contains the priA* gene.
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A (pria*)

B (pria*)

D (priA™)

FiG. 4. Filamentous morphology of priA mutant cells. Cells were
grown in L broth to ODgy of 0.5, centrifuged, resuspended in 10 mM
Tris'HCI at pH 7.5, and then fixed with 10 vol of 70% (vol/vol)
ethanol overnight at 4°C, centrifuged, resuspended in buffer con-
taining 10.mM Tris-HCl at pH 7.5 and 10 mM MgCl,, and stained with
4’ 6-diamidino-2-phenylindole (DAP; 1 ug/ml) for 2 hr at 4°C. (4 and
C) Phase-contrast photomicrographs showing the morphology of
wild-type (DPB271) and mutant (EL500) cells, respectively. (B and
D) Fluorescence micrographs corresponding to A and C, respec-
tively. The bar is 3 um.

formation. They produce tiny colonies and long filaments

- (Fig. 4) and are sensitive to UV irradiation. Introduction of
a priA plasmid into the mutant strains restores cell viability
and normal morphology, suggesting that the altered pheno-
type is due solely due to the lack of PriA protein. The UV
sensitivity of the priA mutant may be attributable to its
filamentous morphology rather than to a deficiency in DNA
repair (27) or an SOS response (28). Extracts prepared from
cells (W3110) irradiated at two different doses (120 or 240
J/m?) showed no induction of PriA activity as judged by in
vitro complementation, indicating that priA is not under SOS
control (data not shown).

Inasmuch as one of the phenotypes of a defective SOS
response in E. coli is filamentous cell growth (28), we
wondered whether the filamentous morphology of the priA
mutant may manifest a constitutive SOS response. When the
level of LexA protein was examined by immunoblot assay
with LexA antibody, both priA* and priA~ strains showed
the same level of intact LexA protein. Also, upon UV
irradiation, two distinct peptide fragments (N-terminal and

Proc. Natl. Acad. Sci. USA 88 (1991)

C-terminal) cleaved by SOS-induced RecA protein were
detected in both strains (data not shown). These results
demonstrate that the filamentous morphology of the priA
mutant is not due to a constitutive SOS response.

The reduced transformation of oriC plasmids (pTB101 and
pCM700) in priA mutants, and the lowered cell growth
suggest that priA contributes at some stage of cellular DNA
replication. Undisclosed alternative pathways permit the
priA mutant to remain viable. How the PriA protein partic-
ipates in chromosomal DNA replication remains to be deter-
mined.
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