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ABSTRACT The Escherichia coli gene encoding protein n’
has been isolated and named priA for primosomal protein A.
Protein n’ is absolutely required for the conversion of single-
stranded ¢$X174 DNA to the duplex replicative form in an in
vitro-reconstituted system. The gene maps to 88.7 minutes on
the chromosome adjacent to the cyfR locus. Soluble protein
extracts from cells harboring the priA gene on a multicopy
plasmid contained 45-fold more n’' replication activity than
wild-type extracts. Enhanced overproduction of >1000-fold
was achieved by replacing the natural Shine-Dalgarno se-
quence with that of the phage T7 ¢10 gene and placing this priA
under the control of the T7 phage promoter and RNA poly-
merase. The priA sequence reveals a 732-amino acid open
reading frame and a nucleotide-binding consensus site consis-
tent with the size and ATPase activity of the purified protein.
The gene for protein n has been named priB and the putative
gene for protein n”, priC.

The conversion of the single-stranded (ss) genome of phage
$X174 to its duplex replicative form (RF) depends solely on
host proteins (1). This in vitro ¢X ss to RF system allowed the
purification and characterization of these Escherichia coli
replication proteins as well as providing models for the mech-
anism of discontinuous strand synthesis (1, 2). The majority of
the proteins required for reconstituted ¢X replication are
intimately involved in host replication including: DnaB, DnaC,
DnaG (primase), DnaT, ssDNA-binding protein, and DNA
polymerase III (1, 3-5). The role of the remaining proteins, n,
n’, and n”, in host replication is still unclear.

Protein n' is first to act in converting $X ssDNA to the
duplex RF. It binds to a specific hairpin on ssDNA-binding
protein-coated ¢X ssDNA triggering the assembly of a mobile
primosome by the concerted action of DnaB, DnaC, DnaT,
proteins n and n”, and primase (6). This primosome can
translocate bidirectionally on the template through the heli-
case action of DnaB and protein n’ fueled by ATP hydrolysis
(2, 7). Simultaneously, primase in the primosome can lay down
an RNA primer that DNA polymerase III can utilize.

We report the isolation and nucleotide sequence$ of the gene
encoding protein n’, priA, and the features of that sequence.
The construction of a plasmid that overproduces PriA activity
>1000-fold is also presented. Nurse et al. (8) have indepen-
dently isolated the priA gene and determined its sequence.

MATERIALS AND METHODS

Strains, Enzymes, and Other Reagents. E. coli strains used
were DHSa [F~, ¢80d, lacZAMI5, endAl, recAl, hsr—,
hsm+, supE44, thi-1, gyrA, A—, A(lacZYA-argF), U169],
K38 [HfrC(A)] (9), and W3110 (F~,A7). Restriction endonu-
cleases and modifying enzymes were purchased from either
New England Biolabs or Bethesda Research Laboratories
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and used according to the manufacturer’s instructions.
Highly purified DNA replication proteins were as described
(10). Plasmid pTZ18R was from Pharmacia LKB. The pGP1-2
and pT7-6 plasmids were kindly provided by S. Tabor (Har-
vard Medical School).

Reagents were: unlabeled deoxynucleotide triphosphates
and ribonucleoside triphosphates (Pharmacia LKB); [y-
32P]ATP, deoxyadenosine 5'-[a-[*’S]thio]triphosphate, and
[a-32P]dTTP (Amersham); bovine serum albumin (Pentax Fr
V; Sigma); prokaryotic DNA-directed translation kit (Amer-
sham); Sequenase DNA sequencing kit (United States Bio-
chemical); Erase-a-Base system kit (Promega). Buffer G is 20
mM Tris-HCI (pH 7.5), 150 mM potassium glutamate, 9 mM
MgCl,, 4% (wt/vol) sucrose, and bovine serum albumin (0.1
mg/ml).

Replication Assay for Protein n’'. The reconstituted ¢X ss to
RF replicative assay was essentially as described (10) with
modification to buffer G as noted above. One unit of repli-
cation activity promotes the incorporation of 1 pmol of
nucleotide (nt) in 1 min at 30°C.

Preparation of Fraction II. Cells were grown in 2 liters of
L broth to ODgy = 1.0, collected, and lysed as described (10).
The supernatant (fraction I) was precipitated with ammonium
sulfate (0.35 g/ml). The centrifuged pellets were resuspended
in buffer containing 50 mM Hepes'KOH (pH 7.6), 20%
(vol/vol) glycerol, 100 mM NaCl, 1 mM dithiothreitol, and 1
mM EDTA (fraction II).

Screening of an E. coli Genomic Library with Synthetic
Oligonucleotide Probes. Protein n’ was purified to near ho-
mogeneity as described (10). N-terminal amino acid sequence
of protein n’ performed by Allan Smith (Stanford University)
produced the amino acid sequence, NH,-XXXAXVALPV-
PLPRTFDYLLP, from which two oligonucleotide probes
were designed. Probe 1 was 5'-CCICG(C,T)AC(C,G,T)TT-
(C,T)GA(C,T)TA-3' (nt 100-116, amino acids 13-18) and
probe 2 was 5’-GTIGCICTGCCGGTICCGCTGCCGCGT-
ACITTCGACTACCTGCTGCC-3’ (nt 79-125, amino acids
6-21). Oligonucleotides were synthesized by Felix Vega
(DNAX Research Institute) on a DNA synthesizer (Applied
Biosystems). The E. coli genomic library was constructed by
inserting Sau3A1 partial digests of E. coli W3110 DNA at the
BamHI site of pTZ18R vector. The screening of the E. coli
DNA was by plasmid DNA grouping and Southern blot
hybridization. From 3000 individual clones, a single clone,
pEL042 that hybridizes to both probes was obtained. Addi-
tional screening of the E. coli library was performed by
colony lift, as described (11). Two positive clones were
obtained from 12,000 colonies: pEL050 hybridizing to both
probes and pEL052 hybridizing to probe 1 only.

Abbreviations: ss, single-stranded; RF, replicative form; ORF, open

reading frame; nt, nucleotide; SD, Shine-Dalgarno.

tPresent address: Department of Molecular Biology, Institute of
Medical Science, University of Tokyo, Shirokamedai Minatoku,
Tokyo 108, Japan.

§The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M33293).
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DNA Sequencing. DNA sequencing was by the dideoxy-
nucleotide sequencing method (11) using the Sequenase
system (United States Biochemical) according to the speci-
fications of the manufacturer. Briefly, the 2.7-kilobase (kb)
HindIII-EcoRlI insert of pEL042 was digested with Alu I and
the resulting fragments were subcloned into pTZ18R and
sequenced. Additionally, nested internal deletions were con-
structed using the Erase-A-Base system as described by the
manufacturer’s specifications and then sequenced. Analysis
of the nucleotide sequences was carried out using the pro-
grams of IntelliGenetics (12). All sequences presented here
have been determined on both strands.

Construction of Overexpression Vectors. A plasmid ex-
pressing the priA gene from the T7 ¢10 promoter, pRA13,
was made by cloning the HindIII-EcoRI fragment of pEL042
into HindIlI-EcoRI-cut pT7-6. A plasmid with the ¢10
Shine-Dalgarno (SD) region upstream of the priA coding
region was constructed by first subcloning the HindIII-
EcoRI fragment of pEL042 into HindIII-EcoRI-cut M13mp-
18. Site-directed mutagenesis by the method of Kunkel et al.
(13) using 5'-GTCAGGATGACATATGGCCCGTTGC-3' to
prime minus-strand synthesis generated an Nde I site at the
start codon. This mutation was confirmed by restriction
digest and DNA sequencing. This Nde I mutant of priA was
then introduced into pT7-6 as with the wild-type sequence.
The resulting plasmid was digested with Nde I and EcoRI and
ligated with EcoR1/Xba I-cut pT7-6 and the SD cassette with
Xba 1 and Nde 1 ends (cassette sequence shown in Fig. 14).
The resulting plasmid, pRA45, was introduced into K38-
(pGP1-2). Growth and induction were as described (9).

RESULTS

Isolation of the Gene Encoding Protein n’. The gene encoding
the n’ protein was isolated by standard methods. The N-
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terminal amino acid sequence suggested two synthetic oligo-
nucleotide probes that were used to screen a plasmid-based E.
coli genomic library. By Southern blot analysis and colony
hybridization, three potential clones were identified, pEL042,
pEL050, and pEL052. Restriction analysis showed that these
contained 2.7-, 4.0-, and 3.0-kb inserts, respectively.

All of these inserts are sufficiently long to encode protein n’
and so were further characterized. In a coupled in vitro
transcription/translation system, only pEL042 yielded a pro-
tein of 76 kDa consistent with the migration of purified n’
protein; the others produced polypeptides of less than 20 kDa
(data not shown). Deletion of 1.3 kb of the pEL042 insert
(between nt 1 and 1250) abolished synthesis of the 76-kDa
protein confirming that its synthesis is insert-derived. Fur-
thermore, a crude ammonium sulfate fraction prepared from
cells harboring pEL042 contained 45-fold more n’ activity than
cells harboring vector alone (Table 1). Cells bearing either
pEL050 and pEL052 overexpressed little n’ activity. The
pEL042 clone thus contains the gene for protein n’, named
priA. Accordingly, the genes for the primosomal proteins, n
and n" (14), have been named priB and priC, respectively.

Enhanced Overproduction of PriA Protein. The first strategy
employed for achieving overexpression of the PriA protein
was to improve transcription efficiency by placing it under the
control of the T7 promoter and RNA polymerase (9). Even
under these conditions in which transcription should not be
limiting, PriA activity was overexpressed only 32-fold relative
to vector alone (Table 1). This level of overproduction was
comparable to that of pEL042 (Table 1), indicating that trans-
lation was limiting. Therefore, the natural SD sequence was
exchanged for that of the efficiently translated ¢10 gene of T7
(Fig. 1A). The resulting construct, pRA45, overproduced PriA
protein as a visible band on SDS/PAGE of total cell protein
after induction (Fig. 1B) and 1000-fold or more in a reconsti-
tuted ¢X ss to RF assay (Table 1).

T7 610 SD T Ndel pyia

|
—~CCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAT ATG CCC GTT -

FiG. 1.

Met Pro Val

Overproduction of PriA protein. (A) pRA45 contains the priA gene downstream of the T7 phage promoter. The 5’ nontranslated region

of priA has been replaced by the SD and flanking sequences of the T7 gene /0; pGP1-2 contains the T7 RNA polymerase (RNAP) gene under
control of the A phage P; promoter and the cI857 temperature-sensitive repressor. (B) E. coli K38 cells harboring pGP1-2 and either pT7-6 or
pRAA45 were grown and induced as described (9). After induction equal numbers of cells were incubated in 125 mM Tris'HCI, pH 6.8/0.1%
SDS/20% glycerol/60 mM 2-mercaptoethanol for 3 min at 100°C and analyzed by SDS/PAGE on 12% gels. Proteins were visualized by
Coomassie brilliant blue staining. The mobility of PriA protein on SDS/PAGE is indicated. Molecular masses are indicated in kDa.
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Table 1. Overproduction of protein n’ activity
n’ activity
(x1073), Over-
units/g  production,
Group Plasmid Insert of cells fold
A pTZ18R — 8.5 1
pEL042 2.7 kb 381 45
pEL050 4.0 kb 12.9 1.5
pEL052 3.0 kb 12.1 1.4
B pT7-6 — 6.4 1
pRA13  priA with native SD 209 32
pRA45  priA with T7 ¢10 SD 6986 1083

Fraction Il was prepared from strains harboring the plasmid
indicated. Group A plasmids are either pTZ18R or its derivatives and
were propagated in DHSa. Group B plasmids are either pT7-6 or its
derivatives and were propagated in K38 also harboring pGP1-2 (Fig.
1A). Cells were grown at 30°C as described (9) and induced by adding
an equal volume of L broth preheated to 54°C and then were grown
again at 37°C for 2 hr.

Nucleotide Sequence of the priA Gene. The nucleotide se-
quence of priA (Fig. 2) reveals an open reading frame of 2196

) so.
GATCCGCACTCTTCTGCGACAATGTGTATACTAACCCACCGAATTTCAAGTCRGGATGAR 60

GCTATGCCCGTTGCCCACGTTGCCTTGCCCGTTCCGCTTCCTCGTACCTTTGACTATCTG 120
M P V A H V A L P V P L R T

PriAL . . . . . . .

CTGCCAGAAGGCATGACGGTTAAAGCTGGGTGTCGCGTGCGCGTGCCGTTTGGCARACAG 180

L P EGMTV KA G C V R V P F G K Q

CAGGAGCGCATCGGGATTGTGGTATCAGTTAGCGATGCCAGCGAACTGCCGCTCAATGAG 240
Q ER I G IV VSV SDA ASTETLTFPTLNE

CTAAAAGCGéTAGTCGAAG’i‘GCTGGATAG'i‘GAGCCGGTG'i‘TTACTCACTéCGTCTGGCGA 300
L K AV V E V L D V F T H S V W R

TTGCTGCTATGGGCGGCAGATTACTATCATCATCCGATTGGCGATGTGCTGTTTCATGCC 360
L L L WAU BTDTYYUHUHTPTIGT DUV LFHRA

TTGCCGATTTTACTACGCCAGGGGCGGCCTGCGGCGAACGCGCCGATGTGGTACTGGTTT 420
L P I LLRGOTGT RT PA AANATPMGUWYUWEF

GCCACTGAACAAGGCCAGGCGGTGGATCTGAACAGCCTGAARCGCTCCCCCAAGCAACAA 480
A TEOQGT QA AVDTULNSTULZ KT RSPZKOQQ

CAGGCGCTGGCGGCGTTACGGCAAGGCARAATCTGGCGCGACCAGGTCCGCACGCTCGAA 540
Q AL AATLTP RGOQTGT KTITWE RTDGOQJVU RTTLE

TTTAATGATGCCGCGTTGCAGGCGCTACGCARARAAGGTCTGTGTGATTTAGCAAGTGAA 600
F NDAATLTG QA ATLT RTEKT KT GTLTCTDTLAS E

ACACCAGAGTTTAGCGACTGGCGAACGAACTATGCCGTTTCTGGTGAGCGGTTGCGATTG 660
T P E D WRTNJZYA AV S GERL

AATACCGAACAGGCCACCGCCGTTGGCGCAATTCATAGCGCGGCAGATACTTTTICTGCE 720
N TEOQA ATA AVGA ATITUHTSAADTTF S A

TGGCTGCTGGCGEGCGTTACCGGTTCCGGTAARACGGAGGTTTATCTCAGCGTACTGGAA 780
W L LAIGV TGS G KTEV Y vV 1] E

AACGTGCTCGCTCAGGGCAAACAGGCGCTGGTGATGGTGCCGGAAATCGGCCTGACACCG 840
N VL AOTGT KT QA ATLUV M P EIGTLT P

CAAACTATCGCCCGTTTTCGTGAACGT TTTAATGCCCCCGTGGAAGTTCTGCATTCCGGE 900
QT I ARFURTETRTENATPVETU VTLIHSG

CTGAACGACAGCGAGCGTCTTTCGGCGTGGCTGAAAGCGARARATGGTGAGGCGGCGATT 960
L NDSETRTULSATWTLK KA ATZKTNTGTE A AT

GTGATCGGCACCCGCTCCGCGCTGTTTACGCCGTTTARAAATCTCGGCGTGATTGTCATT 1020
vIieGTT&RSATLTFTTPTFZ KNTLTGV VTIUVTI
GATGAAGAGCACGACAGCTCCTACAAGCAGCAGGAAGGCTGGCGCTATCATGCCCGCGAC 1080
D E E H S Y K Q Q E G W R Y
CTGGCGGTGTATCGTGCGCACAGCGAGCARATCCCGATTATTCTTGGCTCCGCAACGCCE 1140
L AV YRATHKSET QTIZPI G S A T P
GCGCTGGAAACGTTATGCAACGTCCAGCAGAAAAAATACCGCCTGCTGCGCCTGACCCGT 1200
AL ETTLTGCNTUVOGQOQZ KT K Y RTILTILRTILTR
CGGGCAGGGAATGCGCGTCCGGCAATTCAACATGTGCTGGATTTAAAAGGTCAGARGGTG 1260

R A G N A R P A I Q HV L DL K G Q K V
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base pairs (nt 64-2259) translating to a protein of 732 amino
acids and a calculated mass of 81.8 kDa. The size, though
somewhat larger than the mobility of protein n’ on gels (76 kDa),
and translated N-terminal amino acid sequence are consistent
with those of purified proteinn’. A putative promoter containing
a —35 and —10 consensus (nt 5-10 and nt 27-32, respectively)
and an SD sequence (nt 53—-59) were also identified upstream of
the priA coding region. The priA gene uses several rare codons
such as CCC (proline), ACA (threonine), and CGG (arginine),
2-4 times more frequently than average (data not shown). Rare
codon usage and inefficient translation initiation may contribute
to the low cellular abundance of protein n’ (70 molecules per
cell; ref. 10). Sequences at the end of the 2.7-kb insert of pEL042
match those flanking and overlapping the chromosomal cytR
locus (nt 2119-2460). The cytR gene encodes a protein that
regulates the expression of several proteins involved in nucle-
oside metabolism. Using the Kohara phage library of the E. coli
chromosome (17), the priA gene was mapped to 88.7 minutes
(data not shown) in agreement with the reported location of cytR
15).

Structural Features of the priA Gene. A consensus for
nucleotide binding composed of two motifs has been found in

CAGGCAGGTCTGGCTCCGGCGTTAATCACTCGTATGCGCCAGCATTTACAGGCTGATAAC 1320
Q AGLATPA ATLTI T R R Q HL QA ATD N
CAGGTCATTCTCTTTCTTAACCGCCGTGGCTTTGCGCCTGCACTGCTGIGCCACGACIGT 1380
Q vV I L L N R R F A P A L L H D ©
GGCTGGATTGCCGAATGCCCACGTTGCGATCACTACTACACGCTGCATCAGGCGCAGCAC 1440
G wI1IaAE@PURE@DTUHY T L H QA
CATCTGCGCIGCCACCACTGTGACAGTCAGCGTCCGGTGECGCGCCAGIGCCCTTCCIGE 1500
HLROHHEOD S QR PV P R Q P s ©
GGTTCCACGCACCTGGTCCCCGTGGGGCTGGGCACCGAACAGCTTGARCAGACGCTCGCG 1560
G S THILV PV GLGT Q L E QT L A
CCGTTGTTCECCGGCGTGCCCATTTCTCGTATCGACCGCGATACCACCAGCCGCARAGGG 1620
P LFPGUVZ®PTIS®RTIDTERTDTTSTURZKG
GCGCTGGAACAGCAACTGGCAGAAGTACATCGCGGCGGCGCGCGGATTTTGATTGGTACA 1680
A LEG QO QTLA ATETUVTHTERTGTGAR I
CAAATGCTGGCGAAAGGTCACCATTTCCCGGATGTGACGCTGGTTGCATTACTGGACGTG 1740
Q M L A K G H H F L VATLTLTDV
GACGGCGCGCTGTTTTCTGECGATTTTCGC TCGGCAGAGCGTTTCGCTCAGCTTTACACC 1800
D G A L F ADFRSAETRTEA ATOQTL Y T
CAGGTCGCCGGTCGTGCCGGGCGTGCGGGTAAACAGGGCGAAGTGGTGCTGCAAACGCAC 1860
QO VaAGRAGTRAGT KT QGTEUVV LQTH
CATCCGGAAGATCCTCTGTTGCARACGTTGCTCTATAAAGGCTACGACGCCTTTGCCGAR 1920
H P EHPTULTULGOQTTLTLZYZKG YDA ATF AE
CAGCGGCTGGCTGAGCGGCGAATGATGCAGCTACCGCCGTGGACCAGCCATGTGATTGTG 1980
Q R L AERTU RMMOQTLTZPZPWTSH VI
CGTGCGGAAGATCATAACAATCAGCACGCGCCATTGTTCCTGCAACAACTGCGTAATCTG 2040
R A EDHTNNG QTBHATPILTF L L R N L
ATCCTCTCCAGCCCACTGGCAGACGAGAAACTGTGGGTTCTCGGTCCGGTTCCGGCTCTG 2100
I L S ADEKTLTWV LGPV P A L
GCACCTAAACGTGGCGGTCGCTGGCGCTGGCAGATATTGTTGCAGCACCCTTCCCGCGTG 2160
AP KR GGURUWAPRTM®WOQTITLTLOQHTP S RV
CGCTTGCAACACATCATTAACGGTACGCTGGCGCTCATCAATACAATACCGGATTCCCGT 2220
R L Q HITINGTTLA ATLTINTTITPTD S R
AAGGTGAAATGGGTGCTGGATGTTGATCCGATTGAGGGTTAAACCGCTCACGATGCGAGG 2280
K V K WUV L D V D G * —
CGGATCGAAAAATTCAATATTCATCACACTTTTCATGAAAATTCTGTAACCGTTTTCACG 2340
-— —_— -
CGCTATCTGCTAARAATGTTGCCGATGTGAAGTAAACATGGATGTAGTACGCCTGACGTG 2400
CCAGGCGAGGAGTGAGTGTGAAAGCGAAGAAGCAGGARACTGCCGCGACCATGARAGACG 2460

A K K Q E T A ATMZK D V
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Fic. 2. Nucleotide sequence of the priA gene of E. coli. The nucleotide sequence of the insert of pEL042 containing the priA gene was
determined and the amino acid sequence was deduced. The —35 and —10 regions are underlined and the SD sequence for translation initiation
is boxed. Two possible stem—-loop structures involved in transcription termination are shown by two small arrows pointing toward each other.
A portion of the deduced amino acid sequence of the cytR gene (15), which overlaps the end of the pEL042 insert, is also shown. The GX4GKTX,l
nucleotide-binding motif (16) is indicated by a large box. The cysteine residues of the cysteine-rich region are circled. Further details are

discussed in the text.
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priA  198-246 EEATW';A 1 nsunrssgﬁ LAGV LSVUeN
ORF*  227:215 L LRTALDQGFSGLLLEGV FEAI|AE
HelD  196-238 NP. v NGEHSLLVLAGA-GSGKTISVLVA

uvrd 9-50 K V-—m—— AAPRSNULVLAGA-GSGK VHR{1AW.
Rep 243 NP@Qi! ----- EFVTGPCLVLAGA-GS 1 TNK(IJAH-L1

dnaB  222-244
dnaA  164-186

GK
PSDLI IV, P i TFAMN
AYNPLFL i‘ LLHA
IHHAYLF. -_;' S 1ARL

dnaX 37-59

RecA 58-80 MGRIVEI ES TLTLQ
UvrA-1 2345 RDKLIVV S SSLAFD
UvrA-2 632-654 VGLFTCI S STLIND
UvrB 31-53 GLAHQTL FT1AN

*Open reading frame, R. rubrum.

F1G. 3. Nucleotide-binding consensus sites from replicative and
repair proteins of E. coli. The larger consensus sequence emerging
from the comparison of these replicative and repair nucleotide-
binding proteins is shown in boxes with the consensus of Walker et
al. (16), the GX4GKTX4l motif, embedded within it. Amino acid
positions of the sequences are shown. References: priA, this work;
OREF, R. rubrum (18); HelD (19); UvrD (20); Rep (21); DnaB (22);
DnaA (23); DnaX (24); RecA (25); UvrA (26); and UvrB (27).

many ATP-binding proteins and ATPases (16), including the
replicative and repair helicases. The priA coding region
contains such a nucleotide binding consensus consistent with
the ATPase and helicase activities of PriA protein (Figs. 2, 3,
and 4). The PriA protein shows a strong match to the
GX4GKTX,I motif (Fig. 3). The homology between several of
the prokaryotic helicases including PriA protein extends to
flanking regions outside the nucleotide binding site implying
conservation of structure in these areas as well. The second
motif, R/KX3GX3-(hydrophobic),-D, is not matched as well
but the hydrophobic residues thought to interact with the
adenine ring and the aspartic acid thought to interact with a
Mg?* are present (Fig. 4). Also of note is a cysteine-rich
region (8 cysteines of 44 residues; amino acids 435-479; Fig.
2). As has been noted (28), these regions may be involved in
metal binding and play a role in either protein-protein or
protein—-DNA interactions.

A search of the Swiss Protein databank revealed an ho-
mologous priA gene in the distantly related, photosynthetic
bacterium Rhodospirillum rubrum (18). The priA gene and
the unidentified open reading frame (ORF) of R. rubrum
show a 37% conservation of sequence at the amino acid level
spread across the entire ORF including residues in both
nucleotide-binding motifs as well as the cysteine-rich region.

DISCUSSION

Protein n’ is an essential component of the E. coli primosome.
The protein recognizes a specific hairpin sequence on ¢X
ssDNA, directs primosome assembly at that site, then func-
tions as a helicase within the primosome. The genes for the
majority of the primosomal proteins have been identified,
aiding significantly in the genetic and biochemical character-
ization of their functions (1, 3, 5). As reported, we have
identified the gene for n’, the priA gene. This gene has
allowed the construction of strains that overproduce PriA
protein >1000-fold, thereby providing an abundant source for
the biochemical analysis of its function. Interruption of the
gene as well as its overexpression should be helpful in
assessing the physiologic role of priA. The priB gene, encod-
ing protein n, has been discovered in a ribosomal protein
operon (G.C.A., Jr. and A.K., unpublished results), but the
gene for protein n” has yet to be found.

The sequence of the priA gene revealed several features
consistent with its role in primosome function. The PriA
protein contains matches to two motifs of the nucleotide-
binding consensus found in most ATP-binding proteins and
ATPases (16). More striking is the level of conservation in
these regions among several helicases. Of the known E. coli

Proc. Natl. Acad. Sci. USA 87 (1990) 4623

priA 304-330 SALIFITPFKNLGIVIV IDEEHDSSYK
ORF* 333-359 SALLPVPDLGLIIVDEEH SAFK
Rep 210-224 NG-MQN--KIR[YLLVDE|YQDITNTS
UvrD 206-230 LQHRE-RFTNILV—DEFQ TNNI

HelD 426-446 -GR[F|I S-PWKH[ILV-DEFQD|I SP-

¥ < < m O

*Open reading frame, R. rubrum.

FiG. 4. Nucleotide-binding consensus sites from helicases of E.
coli. A consensus sequence derived from several helicases with a
partial match to the R/KX3GX;-(hydrophobic)s-D motif of the
nucleotide-binding consensus is shown in the boxes. Amino acid
positions of sequences are shown. References: PriA, this work;
ORF, R. rubrum (18); HelD (19); UvrD (20); and Rep (21).

helicases, UvrD, Rep, DNA helicase IV (HelD), and PriA are
similar in their helicase polarity (3' — 5’), nucleotide utili-
zation (ATP or dATP), and size (70-80 kDa) (7). As reported
(21), Rep and UvrD are highly homologous across the entire
polypeptide chain whereas HelD contains only localized
homology to Rep and UvrD. PriA has the least overall
homology to any of these three helicases. However, all of
these helicases have a high degree of homology within and
flanking the GX4,GKTX,I motif including the indeterminate
residues, X. These additional conserved residues are not
present in other replicative and repair ATP-binding proteins
(Fig. 3), suggestive of their importance for the function of
these helicases.

The bacterium, R. rubrum, contains an unidentified ORF
that is homologous to PriA. These two coding regions of
nearly identical size show a 37% identity spread over the
length of the polypeptide with higher degrees of homology
localized to the nucleotide binding motifs and the cysteine-
rich region. These localized homologies imply that these
structures are critical to PriA function. The conservation of
primary sequence between these two distantly related bac-
teria suggests that the ORF of R. rubrum is a functional
analogue of PriA and that the two may be evolutionarily
related.

Note. The priA genes isolated in our laboratory and that of Kenneth
Marians (8) are identical in sequence with the exception of nucleotide
2009, which we report as a thymidine and they as a cytidine
translating to an alanine at residue 648 of our protein sequence and
a valine in their sequence.
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