Biochemistry2000, 39, 1643-1654 1643

Characterization of a Novel DNA Primase from t8almonella typhimurium
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ABSTRACT. The gene for the DNA primase encoded $glmonella typhimuriunbacteriophage SP6 has

been cloned and expressedBscherichia coliand its 74-kDa protein product purified to homogeneity.

The SP6 primase is a DNA-dependent RNA polymerase that synthesizes short oligoribonucleotides
containing each of the four canonical ribonucleotides. GTP and CTP are both required for the initiation
of oligoribonucleotide synthesis. In reactions containing only GTP and CTP, SP6 primase incorporates
GTP at the 5end of oligoribonucleotides and CMP at the second position. On synthetic DNA templates,
pppGpC dinucleotides are synthesized most rapidly in the presence of the sequ&@A-3. This
trinucleotide sequence, containing a cryptic dA at therl, differs from other known bacterial and
phage primase recognition sites. SP6 primase shares some properties with the well-char&ttedlied
bacteriophage T7 primase. The T7 DNA polymerase can use oligoribonucleotides synthesized by SP6
primase as primers for DNA synthesis. However, oligoribonucleotide synthesis by SP6 primase is not
stimulated by either thé&. coli- or the T7-encoded ssDNA binding protein. An amino acid sequence
alignment of the SP6 and T7 primases, which share only 22.4% amino acid identity, indicates amino
acids likely critical for oligoribonucleotide synthesis as well as a putativeiigszinc finger motif that

may be involved in DNA binding.

DNA polymerases cannot initiate the de novo synthesis different trinucleotide sequences also containing cryptic
of both new strandslj. All known DNA polymerases require  nucleotides at the'3nds. For example, thescherichia coli
a priming mechanism, the most common being the use of DnaG primase recognizes the trinucleotideC3G-3 (8),
short oligoribonucleotides annealed to ssSDNBNA poly- and the T4 gp61 primase recognizésHT/C)T-3 (9). A
merases can efficiently add deoxyribonucleotides to the 3 third class of enzymes called DNA helicases is equally
ends of oligoribonucleotides that are themselves synthesizedessential for the replication of duplex DNA. Helicases
in a 5 to 3 template-dependent manner by a class of produce the ssDNA templates required by primases and
enzymes called DNA primaseg)( Whereas other types of  polymerases by unwinding the duplex DNA at the replication
polymerases will read any sequence as a template, primasefork. Generally, replicative DNA helicases are hexameric
are unique in that they synthesize oligoribonucleotides proteins that separate the double helix through unidirectional
primarily at DNA sequences designated as primase recogni-translocation along DNA using energy derived from the
tion sites. The well-characterized bacterial and phage pri- hydrolysis of NTPs. Thee. coli DnaB protein 10, 11 is
mases each recognize a unique trinucleotide DNA sequencethe prototype of this class of helicases.

For example, bacteriophage T7 primase synthesizes oligo- |n the cell, polymerase, primase, and helicase proteins must
ribonucleotides at primase recognition sites that begin with work together to rapidly synthesize both strands of DNA.
the sequence’'85TC-3 (3, 4). Oligonucleotide synthesis  The resulting complex macromolecular machine is often
begins opposite the dT in the recognition site, and all primers referred to as the replisome. The replisome is composed of
start with the dinucleotide pppApG(6). The 3-dC inthe  nycleic acids and multiple proteins. E coli, for example,
recognition site is thus designated as “cryptic” because the replisome is composed of over 20 different proteis (
although essential, its complement is not part of the primer To start DNA synthesis on either strand, the primase and
(3, 7). Other primases synthesize oligoribonucleotides at polymerase must function together. On the leading strand,
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DNA. efficient oligoribonucleotide synthesis occurs only when the

10.1021/bi992155t CCC: $19.00 © 2000 American Chemical Society
Published on Web 01/27/2000



1644 Biochemistry, Vol. 39, No. 7, 2000 Tseng et al.

helicase is added. This stimulation results from the physical like helicase amino acid signature sequences that are widely
interaction of the two proteins, and such an interaction has conserved among such protei@é), However E. coli strains
been demonstrated for the coli DnaG primase and the. carrying the SP6 gene do not permit the growth of T7 phage
coli DnaB helicasel2, 13. Likewise in phage T4, the gp41 lacking gene 4. These observations raise the intriguing
protein (helicase) combines in a 6:1 complex with the T4 possibility that SP6 gp74 may be both a helicase and a
gp61 protein (primase) when bound to DNA and AT+ primase protein, and yet, because it is distantly related to
16). The physical coupling of primase to helicase allows the the T7 gene 4 protein, it cannot functionally substitute for
primase to use the unidirectional translocation of the helicasethe T7 gene 4 protein. To examine the hiochemical similari-
to locate primase recognition sites in DNAT]. ties between these two proteins, we have cloned the SP6
The bacteriophages have long provided attractive modelsprimase gene, overexpressed SP6 gp74Eincoli, and
for studying DNA replication because of the relative ease characterized the purified SP6 protein. An analysis of
with which one can attain large amounts of phage enzymes.substrate and template requirements reveals the SP6 gp74 is
The replisome of phage T7, for example, can be recon- a unique DNA primase and not simply a homologue of the
structed in vitro from only four proteins: the T7 gene 5 DNA T7 gene 4 protein.
polymerase; its processivity facté. coli thioredoxin; the
T7 gene 2.5 ssDNA binding protein; and the T7 gene 4 EXPERIMENTAL PROCEDURES
primase/helicasel@). The T7 phage has made efficientuse ~ DNA, Nucleotides, Enzymes, and StraiBacteriophage
of its limited genome by combining the helicase and primase M13mp18 and®X174 ssDNA were obtained from New
functions into the product of a single gene. This one gene, England Biolabs. Synthetic oligonucleotides were purchased
T7 gene 4, encodes two collinear proteitas63-kDa form from Integrated DNA Technologies and the Biopolymers
possessing both primase and helicase activity, and a 56-kDéa_aboratory of Harvard Medical School. T7 gene 2.5 protein
form possessing only helicase functiethat differ only in was obtained from James M. Stattel (Harvard Medical
their translational start sited$—21). An in-frame transla-  School), ancE. coli ssDNA binding protein was purchased
tional start site downstream from the start site of the large from Amersham Pharmacia Biotech. Stanley Tabor (Harvard
form encodes the shorter forrhd). The N-terminal 63 amino  Medical School) provided purified T7 DNA polymerase and
acid residues not present in the 56-kDa protein contain athe 63-kDa T7 gene 4 protein. In the 63-kDa form of the T7
Cys, zinc finger essential for primer synthes{-24). Since gene 4 protein used in these experiments, glycine was
the 63-kDa gene 4 protein contains both helicase and primasesubstituted for methionine-64 to prevent the translation of
activities, the 56-kDa gene 4 protein is not necessary for the 56-kDa protein. The enzymatic activities of the purified
phage growthZ5). It has been proposed that the T7 gene 4 63-kDa M64G gene 4 protein are indistinguishable from
evolved following a fusion of two ancestral genes that were those of the wild-type 63-kDa protei@%). T4 DNA ligase,
the common ancestors of the current bacterial and bacte-T4 polynucleotide kinase, and?P]NTPs were purchased
riophage primase and helicase geri2g).( from Amersham Pharmacia BiotedB. coli NovaBlue and
Only two other proteins are known that combine primase HMS174(DE3) cells were obtained from Novagen.
and helicase activities into a single polypeptide; these are Cloning of the SP6 gp74 Gendwo oligonucleotide
encoded by bacteriophages T3 and P4. T3 is a very closeprimers, SP6NCO (8CGCGC GCCAT GGCTA TTATT
relative to T7, and expression of the T3 helicase/primase AACAA TATTC CGTGC CCTGC C-3) and BAMHI-2 (5-
from a plasmid vector irE. coli allows the growth of T7  GCGCG CGGAT CCTCA TCCAT TAAAC TCCTG TGT-
phage lacking gene 4Moreover, a chimeric T3/T7 gene 4 GT TCTCT T-3), were used to amplify the gene encoding
protein is a functional primase in vivo and synthesizes SP6 gp74 from phage SP6 DNA in reactions containing Deep
oligoribonucleotide at the same recognition sequence as theVent Polymerase (New England Biolabs) and to attdchl
T7 primase 23). This genetic and biochemical evidence andBanHlI restriction sites (underlined) to thé-zand 3-
indicates that the T3 gene 4 protein can substitute for its T7 ends of the PCR gene products. The 2010 bp product was
homologue, a result that is not surprising considering the purified from an agarose gel using the GeneClean kit (Bio
extremely high homology (80.8% identity) between the T7 101), digested witiNcd and BanHl, purified, and ligated
and T3 gene 4 proteins. The 84-kbagrotein of P4, which into the Ncd and BanHI sites of a similarly prepared
is 18.8% identical to T7 gene 4 protein, possesses primasepET24d vector plasmid (Novagen) to create plasmid pET-
and helicase functions and can also recognize the P4 origingp74. The ligation reactions were used to transform Nov-
of replication 7). aBlue competent cells (Novagen). Transformants selected on
Preliminary sequence analysis of the genome of the LB—kanamycin plates were grown in 50 mL of LB medium
Salmonella typhimuriurbacteriophage SP#as uncovered  containing 10«M kanamycin. Plasmid DNA was recovered
a fourth potential primase/helicase protein (GenBank acces-and used to transforti. coliHMS174(DES3) cells. Induction
sion no. AF159357)28). A 74-kDa SP6 gene product, which  of HMS174(DE3) cells carrying the plasmid pETgp74 with
we have designated gp74, possesses an amino acid sequen®propylS-bp-thiogalactopyranoside (IPTG) resulted in the
that is 22.4% identical to that of the T7 gene 4 protein. The expression of a 74-kDa protein. Plasmid pETgp74 was
SP6 phage, a morphologically similar, yet distant relative purified from cells after induction using the Rapid Pure
of the T7 phage, has been used extensively to study RNA Midiprep Automated Fluorescence Sequencing kit (Bio 101).
transcription 29—31). The putative 74-kDa SP6 primase/ To confirm that no mutations were present in the expressed
helicase contains the six DnaG-like primase and five DnaB- gene, both DNA strands of pETgp74 were sequenced using
the ThermoSequenase cycle sequencing kit (Amersham) with
2E. C. Korngold and C. C. Richardson, unpublished data. the following primers: 5CTACT CGGAC GTCAT AAA-
3J. Rush and C. C. Richardson, unpublished data. 3, 5-CTAGA TGTCC AAACT TGA-3, 5-GACTT GC-
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CGG GGAAC AGGC-3 5-TTCAC TACTT CGCGG
AGG-3, 5-CAATG ATGAT GTTAG AAATA CCC-3', 5-
TAATA CGACT CACTA TAGGG-3, 5-GCTAG TTATT
GCTCA GCGG-3 5-CGCTT CGAAG GTGGC AAACT
TG-3, 5-GTTCA AGAAG ATTAT GTGGG GC-3, 5-
CCGTA AGCAT CAGCT AATCA TCG-3, 5-CTATT
CTATG GAGAA GGTAG-3.

Purification of SP6 gp74A single colony ofE. coli strain
HMS174(DE3) containing plasmid pETgp74 was inoculated
into 50 mL of LB medium containing 100M kanamycin.
After overnight incubation at 37C, these cells were
transferred @ 4 L of fresh LB—kanamycin medium also
containing 10uM kanamycin. After growing at 37C to
an ODygs of 0.6, the cultures were induced by adding 1 mM
IPTG and grown for an additional 2 h. Cells were harvested
by centrifuging at 600§ for 20 min, washed with a saline
solution (170 mM NacCl), and stored at80 °C overnight.

mM potassium glutamate, 10 mM MgCLO mM DTT, 50
ug/mL bovine serum albumin, 0.3 mM each of GTP, ATP,
UTP, and CTP, 2%ug/mL M13 or 100 ug/mL ®X174
ssDNA, and varying concentrations of SP6 gp#31P]-
NTPs or |-32P]JGTP were added as indicated. After incuba-
tion at 37°C for 60 min, the reactions were stopped by the
addition of 5uL of stop solution (98% formamide, 10 mM
EDTA, pH 8.0, 0.1% xylene cyanol FF, and 0.1% bro-
mophenol blue). The products of the reactions were separated
by electrophoresis through a 25% polyacrylamide gel
containirg 3 M urea, and visualized by autoradiography. To
identify the first and second nucleotides of the reaction
products, standard oligoribonucleotide synthesis reactions
were heated in boiling water for 5 min prior to the addition
of stop solution and subjected to dephosphorylation by
bacterial alkaline phosphatase (Amersham). The dephospho-
rylation reaction contained 50 mM Tris-HCI, pH 9.0, and 1
The cell pellet (5.1 g) was resuspended in 50 mL of lysis mM MgCl,, and was initiated by the addition of 0.01 unit/
buffer (20 mM Tris-HCI, pH 7.0, 5 mM EDTA, 100 mM  uL bacterial alkaline phosphatase. The dephosphorylated
NaCl, 0.1 mM DTT), and lysozyme was added to a final oligoribonucleotides were separated on an 8% polyacryl-
concentration of 0.2 mg/mL. To inhibit protease activity, amide gel containig6 M urea. Products were visualized by
phenylmethylsulfonyl fluoride was also added to a final autoradiography and their amounts measured with a Fuji
concentration of 0.4 mM. The NaCl concentration was raised BAS-1000 phosphorimage analyzer. Assays on synthetic

to 500 mM, and the mixture was frozen and thawed twice
using a dry ice-ethanol bath. The resulting extract was
homogenized on ice and centrifuged at 149@8 30 min.
The resulting supernatant was Fraction | (56 mL).

A solution of 30% wi/v poly(ethylene glycol) 4000 was
added dropwise to Fraction | to a final concentration of 8.6%
wi/v. The precipitate was collected by centrifuging at 13900
for 15 min and dissolved in 25 mL of buffer A (50 mM
HEPES, pH 7.5, 1. mM EDTA, 0.5 mM DTT) (Fraction Il).

Fraction Il (25 mL) was loaded onto a 12 €m 8 cm

templates used oligonucleotides of the sequene@)as
GCX-(T)15-3 where X was one of the four deoxyribonucleo-
tides.

RNA-Primed DNA Synthesis Assaye ability of SP6
gp74 to prime DNA synthesis by the T7 DNA polymerase
was measured using M13 ssDNA templates as descréspd (
Reactions (2Q«L) contained 40 mM Tris-HCI, pH 7.5, 50
mM potassium glutamate, 10 mM MgCLO mM DTT, 50
ua/mL bovine serum albumin, 0.3 mM each of GTP, ATP,
UTP, CTP, dGTP, dATP, dTTP, and{$2P]dCTP (70 Ci/

DEAE-Sepharose Fast Flow column and washed with 100 mol), 12.5ug/mL M13 ssDNA, 100 nM T7 DNA poly-

mL of buffer A containing 50 mM NaCl. The column was
eluted stepwise with buffer A containing NaCl at concentra-
tions of 100 mM (220 mL), 200 mM (340 mL), 300 mM

merase, and varying concentrations of SP6 gp74. The
reactions were incubated at 3C for 20 min, stopped by
the addition of 200 mM EDTA, pH 8.0, to a final concentra-

(340 mL), and 500 mM (425 mL). The fractions containing tion of 25 mM, and spotted onto Whatman DES8L filters. The
SP6 gp74 were combined, and solid ammonium sulfate wasfilters were then washed 3 times with 0.3 M ammonium
added to 80% saturation (51.6 g/mL). The precipitate was formate and once with 95% ethanol to remove unpolymerized

collected by centrifuging at 100@@or 25 min, dissolved in
10 mL of buffer B (20 mM KPQ, pH 6.8, 1 mM EDTA, 1
mM DTT), and dialyzed against buffer B (Fraction IlI).
Fraction Il (14 mL) was loaded onto a 0.2 &m 10 cm
phosphocellulose column and washed with 5 mL of buffer
B containing 20 mM KCI. The column was then eluted with
a 30 mL gradient of buffer B from 20 mM KCI to 600 mM
KCI. The fractions containing the SP6 gp74 protein were

nucleotides. The amount oPP]DNA retained by the filters
was measured with a Beckman LS 6500 scintillation counter.
NTP Hydrolysis Assay8ITP hydrolysis by SP6 gp74 was
measured using both radioactia) and colorimetric assays
(35). Reactions (5@&L) contained 50 mM Tris-HCI, pH 7.5,
40 mM potassium glutamate, 10 mM MgCL0 mM DTT,
equal concentrations of selected ribo- or deoxyribo-NTPs
totaling 2.0 mM for all NTPs in solution, 135 nM SP6 gp74,

combined (19.5 mL), and ammonium sulfate was added with and one of the following types of DNA: M13 ssDNA (17

stirring to 80% saturation. The precipitate was collected by
centrifuging, dissolved in 2 mL of buffer A containing 50
mM NaCl, and dialyzed against the same buffer (Fraction
V).

A small amount of Fraction 1V (0.2 mL) was loaded onto
a Mono Q HR 5/5 FPLC column, and eluted with a gradient
from 100 mM NacCl to 500 mM NacCl. SP6 gp74 eluted at
approximately 300 mM NaCl (6.1 mL). The fractions

ug/mL), ®X174 ssDNA (67 ug/mL), a 30-base single-
stranded synthetic oligonucleotide '{BCGCG CATAT
GCGTG ACCCT AAAGT TATCC-3, 8.0 uM), salmon
sperm DNA (40ug/mL), or A phage DNA (2ug/mL)
digested with thédindlll restriction enzyme. In the radioac-
tive assay, ¢-*?P]NTPs (5000 Ci/mmol) were incubated at
30 °C for 5 min and stopped by the addition of 150 mM
EDTA to a final concentration of 15 mM, andil of each

containing gp74 were combined and dialyzed against buffer reaction was spotted on a Baker-flex (Cellulose PEI-F) thin-

A containing 50% (v/v) glycerol for storage (Fraction V).
Oligoribonucleotide Synthesis Ass&ligoribonucleotide
synthesis assays were performed essentially as descs®ed (
Reactions (1Q:L) contained 40 mM Tris-HCI, pH 7.5, 50

layer chromatography sheet. After drying, the sheet was pre-
run in water, developed in a solution contaigih M formic

acid and 0.8 M lithium chloride, dried, and subjected to
autoradiography. For the colorimetric assay, free orthophos-



1646 Biochemistry, Vol. 39, No. 7, 2000 Tseng et al.

phate (P released from NTP was determined using the
method of Ames and Dubir8b). Reactions were incubated
at 37°C for 15 min, stopped with 5@L of a mixture of
Norit (16%) and perchloric acid (1.4%), and centrifuged.
Water (25QuL) and 700uL of a mixture containing ascorbic
acid (1.4%) and ammonium molybdate (0.36%)1i N H,-
SO, were added to 5@L of each reaction. The resulting
solutions were incubated at 4Z for 20 min to develop a

blue color. In this assay, 50 nmol of orthophosphatg@ (P Ficure 1: Expression and purification of SP6 gp74. Panels A and
yielded anAzgo of 1.0. B show 10% SDS polyacrylamide Tris-HCI Ready Gels (BioRad)

. - . stained with Coomassie Brilliant Blue. (A) Expression of SP6 gp74
Helicase AssayThe ability of SP6 gp74 to unwind DNA | h4er the control of a T7 promoter. Lane 1 contains molecular

was measured using a substrate consisting of circular M13weight markers. Lane 2 shows a soluble lysate/gpof induced
ssDNA and an annealed oligonucleotide possessing an 11-cells containing the pETgp74 plasmid. Lane 3 shows a soluble lysate
nucleotide 3noncomplementary tail28, 3. To prepare  (20ug) from induced cells harboring the pETgR&kshinplasmid.

this substrate, a 37-nucleotide oligomer TEACG ACGTT I(F)L'Zf]re'f'gatl'%zgg?';?a%%ﬁ' ﬁal?:nle’ g@s?gcé?%%%%agee(gggfggg
GTAAA ACGAC GGCCA GTTTT TTTTT TT-3) was Fast Flow column pool (Fraction ”,)_’

radiolabeled at its '3end using T4 polynucleotide kinase.

The kinase reaction (14L) contained 4 pmol of the  eypressed protein, plasmid pETgp74 was isolated from

oligonucleotide in 41 mM Tris-HCI, pH 7.5, 10 MM Mg€l  H4MS174(DE3) cells and sequenced. The sequence of the
5 mM DTT, 143 mM NaCl, 0.36ug/uL bovine serum  yecombinant putative SP6 helicase/primase gene was identical
albumin, 0.5uM [y-*P]ATP (6000 Ci/mmol), and 1 unit/  to the genomic sequence (GenBank accession no. AF159357).

uL T4 polynucleotide kinase and was performed for 15 min Ex . e .
R . ; pression and Purification of SP6 gpA/hen induced
at 37°C. The reaction mixture was heated to @ for 15 with IPTG, E. coli HMS174(DE3) cells containing the

min to inactivate the kinase. S plasmid pETgp74 expressed high levels of a protein with
M13 ssDNA (51g) was added to the [§%PJoligonucleo- 5, annarent molecular weight of approximately 74 000

tide in 94 mM NaCl and 8 mM MgGl The annealing  (gjgure 1A, lane 2). To examine if the expressed protein
reaction was heated to 6& and cooled to room temperature originated from the first ATG codon in the open reading

over the course of 60 min. The annealed substrate Wastame or a downstream start codon, a second plasmid was
extracted with an equal volgme of phenoI/chIorofor.mllsoamyl constructed. The second plasmid, pETgRpZdns was
alcohol (24:24:1) and purified fromyf*?P]JATP using @ 1 jjentical to the pETgp74 plasmid except for a 4-nt (ATGG)
mL Sepharose CL-6B column with an eluant of 20 MM Tris- jnqert before the start site of the SP6 gene that placed the
HCI, pH 7.5, 2mM EDTA, and 100 mM NaCl. The annealed gpg gene out of frame with the T7 promoter. Indeed, cells
substrate eluted in the void volume. containing pETgp7mesnit did not express the 74-kDa
The helicase reactions (1) contained 40 mM Tris-  protein (Figure 1A, lane 3), suggesting that in cells containing

HCI, pH 7.5, 10 mM MgCJ, 10 mM DTT, 50ug/mL bovine  the pETgp74 plasmid, gp74 is synthesized from the trans-
serum albumin, equal concentrations of selected NTPs (GTP|ational start site identified by preliminary sequencing. In

ATP, UTP, CTP) or dNTPs (dGTP, dATP, dTTP, or dCTP) contrast to T7 gene 4, which encodes two proteins from

totaling 2 mM, 1ulL of the helicase substrate, and varying separate in-frame translational start sites, the SP6 gene
concentrations of the SP6 gp74. The reactions were incubatechpparently encodes a single polypeptide. The amount of SP6
at 30°C and stopped by the addition of 0.5 M EDTA to a gp74 expressed by this system was 10-fold greater than that
final concentration of 45 mM. The products were separated of similar pET24 constructs expressing the 63-kDa gene 4
on a 10% polyacrylamide Tris-HCI Ready Gel (Bio-Rad) primase! Most of the gp74 protein was soluble after lysis
with 0.5x TBE (44.5 mM Tris, 44.5 mM boric acid, 1 MM of the cells. Such a high level of expression relative to the
EDTA) and visualized by autoradiography or phosphorimage T7 gene 4 protein suggests that the SP6 protein is either less
analysis. toxic or more stable when expressedEncoli than is the
RESULTS T7 primase/helicase. The purification of SP6 gp74 was
followed by SDS-polyacrylamide gel electrophoresis prior
P . to the discovery of its activity. SP6 gp74 was the predominant
Preliminary analysis of the SP6 gencmevealed the protein in extracts of induced cultures of HMS174(DE3)

presence of an open reading frame similar to the T7 gene 4 i . .
helicase/primase protein. This putative helicase/primase geneContalnlng plasmid pETgp74 (Figure 1B, lane 1). SP6 gp74

encodes a 661 amino acid protein with a mass of 74 kDa precipitated with nqcleic acids in the presence of poly-
(gp74). The amino acid sequence of SP6 gp74 is 22.4%(ethylene glycol) (Figure 1B, lane 2), suggesting that the

Y > 0
identical to the T7 gene 4 primase/helicase protein (Gene-prOteIn binds DNA or RNA. The protein is more than 90%

Stream align at http://vega.igh.cnrs.fr/bin/align-guess.cgi). PYr€ after separation from nucl_eic acids using a DEAE-
The open greading F:‘ramg ofginterest was Eiqmpgljified ing; Sepharose Fast Flow column (Figure 1B, lane 3). Phospho-

polymerase chain reaction using oligonucleotide primers ceIIqu;e and quo Q columr_ns were uosed to remove
containing restriction sites for the enzynésa andBarHl. remaining contaminants. Approximately 20% of the amount

The PCR product was purified, digested with tied and OLrgFr):Aft prrgsehnt ":1 thﬁ cruhde (TIthraCt vyl_a;]s r(t;:covrtiat;ecéI aftﬁ[
BanHl restriction enzymes, and ligated into similarly treated chromatography on phosphocefiulose. The described pu

pPET24d vector to produce a plasmid (pETgp74) that
expressed a 74-kDa protein. To check for mutations in the 4D. N. Frick, S. Tabor, and C. C. Richardson, unpublished data.
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Ficure 2: Oligoribonucleotide synthesis by SP6 gp74. Oligoribo-
nucleotide synthesis reactions containing GTP, ATP, UaPP]-
CTP, and M13 ssDNA were performed with no protein (lane 1),
16 ug/mL crude extract from HMS174(DE3) cells containing
pET24d (lane 2), 16:g/mL SP6 gp74 Fraction Il (lane 3), 354
ug/mL Fraction | (lane 4), 215 nM SP6 gp74 Fraction V (lane 5),

and 500 nM 63-kDa T7 primase/helicase (lane 6). The products of
the reactions were separated on a 25% polyacrylamide gel in 3 M

Biochemistry, Vol. 39, No. 7, 200QL.647

protein (lane 1), a crude extract from HMS174(DE3) cells
not expressing gp74 (lane 2), SP6 gp74 Fraction Il (lane 3),
SP6 gp74 Fraction | (lane 4), SP6 gp74 Fraction V (lane 5),
and T7 primase (lane 6). All reactions contained M13
ssDNA, GTP, ATP, UTP,d-*P]CTP, and magnesium. In
the presence of M13 ssDNA, purified gp74 (lane 5), as well
as the crude extract of cells expressing SP6 gp74 (lane 4),
catalyzed the synthesis of short oligoribonucleotides similar
in size to those produced by the purified T7 gene 4 primase
(lane 6). Extracts of cells containing the pET24d vector alone
did not (lane 2). The amount of oligoribonucleotide synthesis
catalyzed by purified SP6 gp74 (Fraction V) was proportional
to both reaction time and enzyme concentration and was
dependent upon the addition of ssSDNA. The synthesis of a
variety of oligoribonucleotides was detected at 20 min, with
the amount of oligoribonucleotide synthesis increasing up
to 120 min, indicating that gp74 acts catalytically. Other
ssDNA templates also support oligoribonucleotide synthesis.
With ®X174 ssDNA, oligoribonucleotide synthesis could
be observed with as little as 3 nM SP6 gp74, and synthesis
was proportional to enzyme concentration.

As with other known RNA polymerases, the oligoribo-
nucleotide synthesis catalyzed by SP6 gp74 requires mag-
nesium, and the optimal pH is approximately 7.5. The
addition of 560-100 mM potassium glutamate, which en-
hances the primase activity of the T7 gene 4 protéB),(
increased the rate of oligoribonucleotide synthesis by SP6
gp74 approximately 10%. The presence or absence of the

urea and detected by autoradiography. The bands at the top of thgeducing agent DTT did not affect the activity of the SP6
gel are likely mRNA. Primase-synthesized oligoribonucleotides enzyme.

migrate near the bottom of the gel. The distance from the wells at

the top of the gel to theo[-32P]CTP at the bottom of the gel is 27
cm.

fication yields 1.2 mg of pure gp74 protein per liter of cell
culture.

Because gp74 was purified froB coli bacteria using a
T7 expression system, there was the potential for contamina-
tion with both theE. coliand T7 RNA polymerases. T7 RNA
polymerase was likely separated from gp74 during purifica-
tion. In contrast to gp74, which elutes from DEAE-Sepharose

SP6 gp74 Catalyzes DNA-Dependent Oligoribonucleotide at a relatively high salt concentration of 300 mM NacCl, T7
SynthesisPrimases provide primers to DNA polymerases RNA polymerase does not bind to DEAE resins at this ionic
to initiate DNA synthesis. Generally these primers are short strength 89). None of the subunits of th&. coli RNA

oligoribonucleotides X). In the presence of NTPs and a

polymerase holoenzyme (36.5 kDa, 151 kDa, and 156 kDa)

ssDNA template, a DNA primase synthesizes these oligo- were observed in the final fractions of the purification. To
ribonucleotides. Whereas other polymerases will use anyensure that a small amount Bf coli RNA polymerase was
sequence as a template, bacterial and phage DNA primasesiot responsible for the oligoribonucleotide synthesis observed
ordinarily synthesize oligoribonucleotides only at certain in the SP6 gp74 preparation, RNA-primed DNA synthesis

DNA sequences. For example, wilhX174 (3) or M13 (37)

assays (see below) were performed with rifampicin, an

ssDNA as a template, the T7 primase synthesizes primers agntibiotic known to selectively inhibiE. coli RNA poly-

primase recognition sites containing the sequencé€&h
T)GGTC-3 or 5-GTGTC-3. All of these primase recogni-
tion sites begin with the trinucleotide’-&TC-3. This

merase, with 50% inhibition at a concentration of Qu@y
mL rifampicin (40). RNA-primed DNA synthesis reactions
with SP6 gp74 or the 63-kDa T7 gene 4 protein were

trinucleotide is necessary and sufficient to support dinucleo- performed in the presence of 1@/mL and 100ug/mL

tide synthesis by the T7 primasé)( Oligoribonucleotide

rifampicin. Neither gp74 nor T7 gene 4 protein was inhibited.

synthesis begins opposite the dT in the recognition site, andThe analysis of the reaction products (Figure 2) also provides

all primers retain the triphosphate moiety of ATP at the 5
terminus B, 6). The essential’dC in the recognition site

strong support that the purified gp74 was not contaminated
with other DNA-dependent RNA polymerases. Crude ex-

is not copied into the primer and is designated as “cryptic” tracts of cells containing either pETgp74 or pET24d cata-
(3, 7). Because of the potential for the SP6 primase to exhibit lyzed the synthesis of long RNA products that did not enter
similar template requirements, oligoribonucleotide synthesis the gel matrix, while purified gp74 did not. Such products
by gp74 was first examined using long heterogeneous ssDNAare likely RNAs synthesized by the T7 @&. coli RNA
templates. polymerases. The synthesis of such long RNA products is
Oligoribonucleotide synthesis activity was observed in not catalyzed by purified gp74, indicating that gp74 was
crude extract of cells expressing SP6 gp74, and this activity separated from contaminating RNA polymerases.
remained throughout the purification. Figure 2 shows oli- SP6 gp74 Primes DNA Synthesis vivo, primases
goribonucleotide synthesis reactions performed with no catalyze the synthesis of the oligoribonucleotides used by
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Ficure 3: RNA-primed DNA synthesis supported by SP6 gp74.
RNA-primed DNA synthesis was measured in the presence of 12.5
ug/mL M13 ssDNA template, GTP, ATP, UTP, CTP, dGTP, dATP,
dTTP, and §-32P]dCTP. (A) Reactions were performed with 100
nM T7 DNA polymerase and 34 nM&(), 68 nM (O), 135 nM (x),

and 270 nM M) SP6 gp74. As a positive control, a reaction was
performed with 13 nM 63-kDa T7 gene 4 primase/helicasg (
Reactions were incubated at 3Z, and samples were withdrawn
at 0, 5, 10, 20, 30, 40, and 60 min and spotted on DE81 filters.
[32P]DNA was measured by counting the radioactivity remaining
on the filters after washing. (B) RNA-primed DNA synthesis
reactions containing 100 nM T7 DNA polymerase, 12g8mL M13
ssDNA template, GTP, ATP, UTP, CTP, dGTP, dATP, dTTP,
[a-32P]dCTP, and either 135 nM SP6 gp74 or 13 nM 63-kDa T7
gene 4 protein were titrated witB. coli and T7 phage ssDNA
binding protein as follows: T7 gene 4 with coli ssDNA binding
protein @), T7 gene 4 with T7 gp2.5%), SP6 gp74 witlE. coli
ssDNA binding protein x), and SP6 gp74 with T7 gp2.MJ.

DNA polymerases to prime DNA replication. To test for such
an activity with purified SP6 gp74, RNA-primed DNA
synthesis reactions were performed in which the amount of
radiolabeled nucleotides incorporated into DNA by a DNA

Tseng et al.
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Ficure 4: Ribonucleoside triphosphate requirements for priming
of DNA synthesis by the SP6 primase. RNA-primed DNA synthesis
was measured using 135 nM SP6 gp74, 100 nM T7 DNA
polymerase, and 12.zg/mL M13 ssDNA template. Standard
reactions contained 0.3 mM each of GTP, ATP, UTP, CTP, dGTP,
dATP, dTTP, andd-32P]dCTP. Individual NTPs were omitted from
the reaction as indicated. Also shown is a reaction with all NTPs
but lacking M13 ssDNA template.

primase switches4(l) between essential contacts with the
polymerase and thé. coli ssSDNA binding protein to
efficiently prime DNA synthesis4?2). Likewise in the T7
replisome, bothE. coli and T7 gene 2.5 ssDNA binding
proteins increase the rate of initiation of lagging strand DNA
synthesis by the T7 primase up to 100-fod@)and stimulate
primer synthesis by at least 5-foldf)( To determine if
ssDNA binding proteins enhance the activity of the SP6
primase in a similar fashion, RNA-primed DNA synthesis
assays were carried out with varying concentration& of
coliand T7 gp2.5 ssDNA binding proteins (Figure 3B). Both
ssDNA binding proteins stimulated DNA synthesis with the
T7 primase severalfold. The opposite effect was observed
with the SP6 primase. Less than 25% of the original activity
with SP6 gp74 remained after the addition of 28 of
eitherE. colior T7 gp2.5 ssDNA binding proteins, indicating

a possible inhibitory effect of these two proteins. These data
support the notion that the T7 primase and ssDNA binding
proteins work together4@) at the replication fork and
highlight another important difference between the T7 and

SP6 primases. Perhaps the SP6 primase requires the presence

of S. typhimuriumssDNA binding protein or other SP6
replication proteins for optimal primer synthesis.

The SP6 Primase Initiates Oligoribonucleotides with
pppGpC RNA-primed DNA synthesis reactions were per-
formed with various combinations of NTPs in order to

polymerase was measured in the presence and absence of getermine the nucleotide composition of the primers (Figure
DNA primase. Because SP6 DNA polymerase was _unavall- 4). When GTP was omitted, RNA-primed DNA synthesis
able for this study, T7 DNA polymerase was used instéad. \yas reduced to background levels. GTP is thus essential for
The experiment in Figure 3A shows the amount of DNA the priming of DNA synthesis by SP6 primase. The SP6
synthesis in reactions containing-3270 nM SP6 gp74. T7  primase shows a less stringent requirement for ATP and CTP,
DNA polymerase was present in all reactions at a concentra-yith DNA synthesis reduced by 40% in the absence of either
tion of 100 nM. The initial rate of DNA synthesis increased NTp. Sp6 primase does not require UTP. When no ribo-
with increasing concentrations of the SP6 protein. Despite cleoside triphosphates are included in the reaction, no
the use of 20-fold higher protein concentrations, the SP6 pNA synthesis is observed above background levels, sug-
primase stimulated DNA synthesis by the T7 polymerase gesting that dNTPs cannot be efficiently used for primer
less efficiently than the T7 primase. Perhaps this is attribut- synthesis. These data suggest that gp74 synthesizes oligo-
able to a proteifrprotein interaction between the T7 primase  (ihonucleotides containing GMP, AMP, or CMP.
and T7 polymerase that is not satisfied by the SP6 primase. The composition of the oligoribonucleotide products of
Nonetheless, the oligoribonucleotides synthesized by SP6the SP6 primase was directly determined by performing four
primase were fully functional as primers for DNA poly-  sets of oligoribonucleotide synthesis assays using M13
merase. ssDNA and different combinations of the four NTPs (Figure
DNA polymerase is likely but one of several proteins at 5, A—D). With each set of reactions, various combinations
the replication fork with which the primase must interact of unlabeled NTPs were included with a singte PPINTP
during DNA replication. For example, thE. coli DnaG to generate unique sets of radioactive oligoribonucleotide
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A B C D of migration of these four dinucleotides is as follows: GC
[a-32P|GTP [a-32PJATP [a-32PJUTP [a-32PICTP

GTP ++4++++++ 4o - P P > GU > GA > GG. By further examining the oligoribo-
UTP s+t oves  aaedtit NS o nucleotide species generated by the inclusion of various NTP
Crp yod-wr--  bdode-- dddbodess dbdddbde combinations, the compositions of the other dinucleotides
ey . and several trinucleotides may be deduced (Figure 5, panels
- ©s . ’ A—D). The dinucleotide composed of guanosine and cytidine
& Oulp #8 = was the major product observed with-f2P]JGTP (Figure
i - 5A) when all four NTPs or GTP and CTP were present in
ooq 5; s the reactions. Likewise, in reactions containing®fP]CTP,
Getlle the major radioactive product was also GC (Figure 5D). In
& e e all reactions containing both GTP and CTP, the primary
il et ac radioactive dinucleotide product was also GC. In reactions
[ o6 containing f-32P]JATP (Figure 5B), the major radioactive
F G dinucleotides produced in the presence of all four NTPs were
::f’:lfz R—i’fﬁt". [r-32PIGTP of the compositions AC and GA. The GC dinucleotides
MO DN - - - would not be visible in reactions usingf?P]JATP. However,
Mirre il drteeerr  + v 3 in reactions containing->?P]CTP or p-32P]GTP, more GC
gg is synthesized than AC or GA, respectively. In reactions

containing p-32P]GTP, it is clear that more of the dinucleo-
tide GC is synthesized than GA (Figure 5A). Likewise, in
reactions containingof-*?P]CTP, more of the dinucleotide
GC is synthesized than AC (Figure 5D). Reactions with
[a-*2P]UTP (Figure 5C) produced fewer radioactive products
in lower quantities, confirming that UMP is incorporated
infrequently into oligoribonucleotide products. After adjust-
ing for the specific activity of eacluf*?P]NTP, we conclude
123 that the major dinucleotide product synthesized by the SP6
FIGURE 5: Analysis of oligoribonucleotide products of the SP6 Primase is either '8SGC-3 or 5-CG-3. However, the
primase. Oligoribonucleotide synthesis reactions in panet$ A  experiments shown in Figure 5, panels-B, could not

contained 135 nM SP6 gp74 and 28/mL M13 ssDNA template. distinguish between these two sequences.

(A—D) Oligoribonucleotide synthesis reactions were performed in : :
the presence of the NTPs and-{?P]NTPs indicated above each To determine whether the nucleotide at tfefd of the

panel. Products were separated on a 25% polyacrylamide gel in 30ligoribonucleotide products is CTP or GTP, the oligonucle-
M urea. An autoradiogram of the gel is shown. (E and F) The otides shown in Figure 5, panels A and D, were dephos-
reactions in panels A and D were dephosphorylated with bacterial phorylated with bacterial alkaline phosphatase and reanalyzed
alkaline phosphatase and separated using an 8% polyacrylamlde(lzigure 5, panels E and)FBacterial alkaline phosphatase

gel in 6 M urea. An autoradiogram of the gel is shown. Note that - . S
shorter €6 nt) dephosphorylated oligoribonucleotides migrate more Ydrolyzes terminal phosphates while leaving internal phos-

slowly than longer products. (G) Oligoribonucleotide synthesis Phodiester bonds intact. After removal of tHephosphates,
reactions using 68 nM SP6 gp74 were performed in the presencethe relative mobility of short oligoribonucleotides is altered

of [y-*P]GTP and CTP. Lane 1 shows the products of a reaction (44). After dephosphorylation, the dinucleotides migrate at
containing no DNA template. The reaction in lane 2 contained no {na sjowest rate, appearing near the top of the gel. In reactions

enzyme. In lane 3, a 2/M sample of theBarHI-2 oligonucleotide .. P . b .
(see Experimental Procedures for sequence) was used as a DNAONtINING p->*P]CTP, the dinucleotide products remain

template. The reaction products were analyzed as in pane.A  labeled after dephosphorylation with bacterial alkaline phos-
[y-3?P]GTP exhibits a high radioactive background present in all phatase, indicating that the labeled phosphate of CTP must

three lanes. be an internal phosphate group. Therefore, the CTP is not
incorporated at the'&end of the oligoribonucleotides and
products. No oligoribonucleotide synthesis was detected in myst be incorporated as the second nucleotide. Dephosphor-
control reactions lacking SP6 primase or DNA template, or ylated products ofd-32P]GTP reactions show that guanosine
if [a-*PINTP’s were substituted with eithee*P[dGTP, s incorporated at the'&nd of the dinucleotide product, as
[0-*?P]dATP, [o-*P]dTTP, or p-**P]dCTP (data not shown).  the GC product disappears with phosphatase treatment.
Using M13 ssDNA as a template, the SP6 primase generatesurthermore, the products of oligoribonucleotide synthesis
a myriad of oligoribonucleotides. The rates of migration of reactions performed withy[32P]GTP (in the absence of
these products compare closely to the well-characterizedbacterial alkaline phosphatase) include a pppGpC product
2—5-nucleotide-long oligoribonucleotides synthesized by the (Figure 5, panel G), confirming the retention of the 5
T7 primase (Figure 2, lanes 1 and 2). When GTP was omittedtriphosphate moiety of GTP at the-&nd of the gp74-
from any reaction in Figure 5, the synthesis of longer synthesized oligoribonucleotide product. We conclude that
oligoribonucleotidesX 3 nt) was eliminated, confirming that  the sequence of the-&nd of the majority of the oligoribo-
the SP6 primase has a stringent requirement for GTP.nucleotides synthesized by the SP6 primase is pppGpC.
Reactions containing onlyf*?P]GTP (Figure 5A) produced The SP6 Primase Recognition Site Contains a Cryptic dA
a ladder of products that correspond to guanine homopoly- at the 3-End. The DNA primases fronk. coli and phages
mers ranging in length from two to six nucleotides. By T7 and T4 each begin template-directed oligoribonucleotide
including ATP, UTP, or CTP separately, all four dinucleo- synthesis at unique trinucleotide recognition si®s9, 15,
tides containing guanine can be identified. The relative rate 45, 49. For example, the T7 primase initiates oligoribo-

”:
.
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A 1234567 at the slower rates of 0.18 and 0.14 pmol/min, respectively.
These data indicate that the preferred cryptic nucleotide is
dA and that the strongest SP6 gp74 recognition sequence is
5'-GCA-3. The requirement for a cryptic dA is less stringent

* than the requirement of the T7 primase for its recognition
sequence47). However, the possibility remains that the SP6
primase requires more than a simple trinucleotide recognition
sequence for maximum activity.

GCA {oame -

GC | e
The rates of oligoribonucleotide synthesis (Figure 6) also
.f;;_Tt‘fégﬁ provide direct evidence that gp74 acts catalytically. When
Nuclcotide 5 2 the template 5(T)15GCA-(T)15-3 was used (Figure 6A, lane
':M 2), 1.35 pmol of enzyme catalyzed the incorporation of 41.6
§ pmol of ribonucleotides during the 60 min reaction period,
i” indicating an enzyme turnover rate.4) of 0.009 s®. This
§04 rate of oligoribonucleotide synthesis is 10-fold faster than
ém that measured for thE. coli dnaGprimase (0.0008973)
£ on short synthetic DNA templates in the absence of any
I Al auxiliary proteins 46).
mﬁﬁg Lack of Apparent Helicase Actty in SP6 gp74The fact
Nucleotide 22 that the amino acid sequence of SP6 gp74 contains the five

FIGURE 6: SP6 primase catalyzes oligoribonucleotide synthesis on regions conserved among DnaB-like helicases suggests that
short synthetic DNA templates. Oligoribonucleotide synthesis it could function—like the T7 63-kDa gene 4 proteiras a
reactions using 135 nM SP6 gp74 were performed withhe helicase as well as a primase. DNA helicases use the energy

synthetic oligonucleotide DNA templates of the sequerie@ hs . . -
GyCX-(T)ls-sgwhere the 3cryptic nﬁcleotide, X, Wgs Oneé (%Sthe of nucleotide hydrolysis to unwind duplex DNA molecules

four deoxyribonucleotides. The reactions contained @@Deach and were originally discovered as DNA-dependent ATPases
of ATP, UTP, GTP, andd-32P]CTP. Lanes %7 in (A) correspond (2). Helicase activity may be monitored by measuring DNA-
to bars -7 in (B). (A) Oligoribonucleotide products were separated dependent NTP hydrolysis. Assays performed wjtiZP]-

on a 25% polyacrylamide gehi3 M urea and visualized by GTP and J-3PJATP using SP6 gp74 and M13 ssDNA did

autoradiography. In lanes—4, assays were performed on oligo- . -
nucleotidegte?nglates containing th'e)éByptic nScIeotides G, A, 'Ig not show evidence of DNA-dependent NTPase activity (data
and C, respectively. Lane 5 shows the products of oligonucleotide Not shown). To test for DNA-dependent NTP hydrolysis with
synthesis_ onan M13 ssDNA template. Lanes 6 and 7_Were negativeother DNAs and NTPs, a colorimetric assay for orthophos-
;:_onltrolfBl)n _‘F‘;]h'Ch DNAtterf“p'atf] arl‘.d gp7e welretpdmltped(, Ar)espec- phate release from NTPs was also used (Figure 7A). The
ively. e amount of each oligoribonucleotide in was : ; : :
mea)gured using phosphorimage anglysis and the rate of ribonucle-lo_W rate of NTP hydroly_5|s observed in some reactions in
otide incorporation calculated. Figure 7A was not consistently above background and was

not proportional to the amount of SP6 gp74 present in the

nucleotide synthesis at the sequene&5C-3 by synthesiz-  reactions. DNA unwinding was also measured directly by
ing the dinucleotide pppApC3@). The 3-nuclectide is  €xamining the ability of SP6 gp74 to displace &%]-
designated as “cryptic” because, while it is required for oligonucleotide from circular M13 ssDNA (Figure 7B) in
recognition, its complement is not incorporated into the the presence of all eight canonical NTPs. Under these
oligoribonucleotide products. If the SP6 primase begins eachconditions, no significant helicase activity was observed even
primer with the dinucleotide pppGpC, then the complemen- ata gp74 concentratlon far exceeding the level of T7 helicase
tary DNA template recognized by the protein must include équired to unwind all of the DNA.

the sequence'85C-3. If gp74 also requires a cryptic-3

nucleotide as the aforementioned primases do, then it wouldDISCUSSION

synthesize primers at the trinucleotide sequenig8GX-3 DNA primases play an integral role in the initiation of
where X is the cryptic nucleotide. To determine if the poth leading and lagging strand DNA synthesis. Because of
nucleotide flanking the'2end of the DNA sequence encoding  the complexities of the DNA replication systems in eukary-
the initial pppGpC product influences the rate of primer otic organisms, and even single-celled bacteria, much atten-
synthesis by SP6 gp74, oligoribonucleotide synthesis reac-tion has been focused on bacteriophages as models for the
tions containing GTP andxf**P]CTP were carried out on  ynderstanding of DNA synthesis. Bacteriophage DNA rep-
defined oligonucleotide templates of the sequerie@ hs- lication complexes offer a number of advantages over the
GCX-(Ths-3', where only the 3nt, X, was varied among  complexes found in other organisms. In the phage T7, for
the four deoxynucleotides (Figure 6). Oligoribonucleotides example, the number of proteins involved in DNA replication
were synthesized at the highest rate (0.69 pmol of NMP is dramatically lower than the number of proteins present in
incorporated/min) by gp74 in the presence of oligonucleotide the DNA replication complexes d&. coli or humans. The
templates containing the sequence(Bi1sGCA-(T)is-3 only four proteins required for in vitro T7 DNA synthesis
(Figure 6, lane 2). Oligoribonucleotides were synthesized lessare the T7 gene 5 DNA polymerase, its accessory préein
rapidly (0.43 pmol/min) in the presence of oligonucleotide coli thioredoxin, the T7 gene 2.5 ssDNA hinding protein,
templates possessing a guanine at the cryptic position [5 and the T7 gene 4 proteia). The last protein, like proteins
(T)15GCG-(Trs-3] (lane 1). Templates with dT or dC at from E. coli phages T3 and P4, combines primase and
the cryptic position supported ribonucleotide incorporation helicase activities into a single polypeptide.
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pppGpC. For the synthesis of this dinucleotide, SP6 gp74
recognizes a trinucleotide template containing a cryptic
purine at the 3end. The two 5nucleotides of this 5GCA-

3 recognition sequence serve as the start of the DNA
template from which SP6 primase synthesizes oligoribo-
nucleotides. All of the other well-characterized prokaryotic
and phage primases recognize different trinucleotide se-
guences. Th&. coliDnaG primase recognizes the trinucleo-
tide 3-CTG-3 (8). Bacteriophage T7 primase synthesizes
oligoribonucleotides at the sequence@®@IC-3 (3, 4), and

the phage T4 gp61 primase recognizes the sequérBérd
C)T-3 (9). In each case, the trinucleotide sequence contains
a cryptic nucleotide at the'&nd that is not copied into
primers B, 7). The B-GCA-3 recognition sequence is
another distinguishing characteristic of the SP6 enzyme.

A BLAST search 1) using the SP6 primase amino acid
sequence reveals that the protein is most similar to the T3
and T7 gene 4 dual-function primase/helicase proteins.
Within the dnaGlike class of primases, there exists six
widely conserved signature sequences, designated by llyina
et al. as primase boxes 1 throughZBy, Within the dnaB
like class of helicases, there are five widely conserved
sequences designated as helicase boxes 1, 1a, and 2 through
4. In SP6 gp74 and the T7 gene 4 protein, the conserved
primase boxes occur entirely within the N-terminal halves
of the proteins while the helicase boxes exist within the
C-terminal regions. Hence, the N-terminal portion of such
proteins is called the primase domain, and the C-terminal

" portion is called the helicase domain. Figure 8 shows an

(B) Helicase assays were performed with the indicated concentra-alignment of the amino acid sequences of the SP6 and T7
tions of 63-kDa T7 gene 4 protein and SP6 gp74 using a substrateprimases that was done using the program Clustab@y. (

consisting of a [5%2P]oligonucleotide partially annealed to an M13
ssDNA circle. All reactions contained 0.25 mM each of GTP, ATP,

UTP, CTP, dGTP, dATP, dTTP, and dCTP. The products of these

Boxes indicate the widely conserved primase and helicase
motifs, and a sequence of basic amino acids shared among

reactions were separated on a 10% polyacrylamide gel, and theRNA polymerases§3). The recently described TOPRIN
percentage of free oligonucleotide was determined by phospho-domain conserved among primases, topoisomerases, OLD

rimager analysis.

Sequence data indicate that thetyphimuriunphage SP6,
a distant relative of T729—31), possesses a gene that

encodes a protein homologous to the primase/helicase protei
of the T7 and T3 bacteriophages. We have designated th
74-kDa protein product of this gene as gp74 and shown that
it is a primase. Like other DNA primases, the SP6 primase

exhibits DNA-dependent RNA polymerase activity and
synthesizes oligoribonucleotides up to 6 nucleotides in lengt

that can serve as primers for T7 DNA polymerase. The
oligoribonucleotides synthesized by SP6 primase are similar

in length (2-6 nucleotides) to the products synthesized by
the T4 (L5) and the T7 48) primases. The oligoribonucleo-
tides synthesized by the. coli dnaGprimase 49) and the
eukaryotic primase from calf thymuS@) are approximately

family nucleases, and RecR proteir4) spans primase
boxes 4 through 6. On Figure 8, identical and similar amino
acids are marked. Asterisks (*) denote residues that are
Anvariant in SP6 gp74, the 63-kDa T7 gene 4 protein, and
eother bacterial and bacteriophage primases and helicases.
Residues that are invariant among DnaG-like primases and
DnaB-like helicases, but are not conserved in the SP6

primase, are indicated by crosseg.(Double asterisks mark

h the cysteine and histidine residues believed to coordinate the

zinc ion of the zinc finger motif in the primase domain. The
identical (red) and similar (blue) residues in this alignment
point out amino acids that may be essential for primase-
catalyzed oligoribonucleotide synthesis.

Most of the invariant residues of the primase and helicase
boxes are present in the SP6 protein. Notable exceptions

twice as long as the products of SP6 primase. The SP6 gp74within the primase domain are glycine-85 of box 2, aspartate-
primase is also similar to other primases in that it requires 110 of box 3, and glutamate-157 of box 4, which we assume
divalent metal cations and exhibits optimal activity at pH are not necessary for oligoribonucleotide synthesis. The
7.5. functions of these primase boxes are not fully understood,
SP6 gp74 is a DNA primase with several novel charac- but it has been speculated that boxes 4 and 5 of the primase
teristics. One distinctive property is its substrate specificity. domain may be involved in the binding of template DNA
SP6 primase efficiently synthesizes oligonucleotides using (26). In the T7 gene 4 protein, primase box 1 has been shown
only GTP and CTP. The T7 primase, its closest known to form a zinc binding motif thought to interact with primase
relative, uses ATP and CTP for primer synthe&is Qur recognition sites in template DNA&4). We propose a similar
data also suggest that most of the oligoribonucleotides function for primase box 1 in the SP6 primase. The T7 and
synthesized by the SP6 primase begin with the dinucleotide T3 primases possess a Cys&ys-X,-CysX,-Cys zinc
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- * Primase 1

SP6_GP74 1:RFGMEEGKTGAKRNKPTRDRVSKRAVWEYZVMAIINNI PCPACQOKNGHDKSGNHLMIFDD

T?_GP4A 1=. * 8 8 " " 88w .MDNSHDSD. - = .stLYQ - & 8 8 .HIPCDNCGSS. .D. .G“. CSLFSD

SP6_GP74 60:GAGYCNRGHFHDSGKPYYHKPEGGIEITELPITGNIKYTPSQFKEMEKEGKISDPKLRAI

T7_GP4A 32:GHTFCY.VCEKWTAGN. .« ¢ ¢ e« s+ EDTKERAS. . .KRKPSGGKPMT . .. . c v et s0sss

" + x Primase 2
SP6_GP74 120:ALGGMRMKDRWEVMNAEERAEQESEWQLDVEWFLELKRKNLVSRHIRGDICALYDVRVGH
T7_GP4A 65:.......YNVWNFG..ESNG.. .22 cess22:+0..R.YSALTARGISKETCOKAGYWIAK
Primase 3 x + RNAP Basic
SP6_GP74 180:DGEGKVNRHYYPRFEGGKLVGAKCRTLPKDFKFGHLGKLFGNQDMFGMNTMSNVLDKGRR
T7_GP4A 100:.VDGVMYQVADYRDONGNIVSQKVRDKDKENFKTTGSHKSDA...LFGKHLWN..... GGK
Primase 4 x = B TOPRIN Domain
SP6_GP74 240:KDTLLIVGGELDALAAQOMLLDSAKGTKWEGQPYHVWSINKGE .ACLEEIVQNREHISOF
T7_GP4A 152:K..IVVTEGEIDMLTVMELQDC..........KYPVVSLGHGASAAKKTCAANYEYFDOF
PrimaseS , < - . Primase6
SP6_GP74 299 :KKIMWGFDGDEIGQKLNQQAARLFP.GKSYIIEYPAGCKDANKALMAGKSKEFVDAWFNA
T7_GP4A 200:EQIILMFDMDEAGRKAVEEAAQVLPAGKVRVAVLP..CKDANECHLNGHDREIMEQVWNA
Helicase 1
SP6_GP74 358:KSSDEVFGSQIKSIASQRDEKLEKAARP.EP..GLSWPWPR.LNKITLGIRKHQLIIVGAGS
T7_GP4A 258:G...PWIPDGVVSALSLRERIREHLSSEESVGLLFSGCTGINDKTLGARGGEVIMVTSGS
Helicase 1a
SP6_GP74 414:GVGKTEFLREVVKHLIEEHGESVGIISTEDPMVKVSRAFIGKWIDKRIELPPTNDPREDG
T7_GP4A 315:GMGKSTFVRQQALOWGTAMGKKVGLAMLEESVEETAEDLIG..LHNRVRLRQS.D...SL
Helicase 2

SP6_GP74 474:YREVFDYTEEEANAAIDYVADTGKLFVADLEGDYSMEKVEQTCLEFEAMGISNIIIDNLT

T7_GP4A 369:KREIIENGKFDQWFDELFGNDTFHLYDSFAEAET.DRLLAKLAYMRSGLGCDVIILDHIS
x s X Helicase 3 .

SP6_GP74 534:GIKLDERNFGGKVGALDECVKRIGTIKDRHPVTIFLVSHLTRPSGQRTSHEEGGEVILSD

T7_GP4A 427:.IVVSASGESDERKMIDNLMTKLEKGFAKSTGVVLVVICHLKNPD.KGKAHEEGRPVSITD

Helicase 4
X & & & X X

SP6_GP74 594:FRGSGAIGFWASYALGIERNTRAETLDERTTTYISCVKDRDQGIYTGTKVMLKGDVSTGR

T7_GP4A 486:LRGSGALRQLSDTIIALERNQQGDMPNLVLVRILKCRFTGDTGIAG....YMEYNKETGW

SP6_GP74 654:LMEPQSRTKSFDTGAPKEQAVPDELGDTIEENTQEFNG

T7_GP4A 542:LE.PSS......YSGEEE....SHSESTDWSNDTDF..

Ficure 8: Amino acid sequence alignment between SP6 primase and the T7 primase/helicase. The amino acid sequences of the SP6
primase and 63-kDa T7 gene 4 protein were aligned using the program Clusta2)\\Bpxes indicate the widely conserved primase,

helicase 26), and RNA polymerase sequenc&S)( and the TOPRIN domain conserved among primases and topoisomesdseRed

type indicates identity whereas blue type indicates similarity. Asterisks (*) denote residues that are invariant among SP6 gp74, T7 gene 4
protein, and other bacterial and bacteriophage primases and helicases. Crdssask(residues that are widely conserved among bacterial

and bacteriophage primases and helicases, but are not conserved in SP6 gp74. Double asterisks indicate the cysteine and histidine residues

thought to coordinate zinc.

binding motif, and bacterial DnaG-like primases possess aspecificity of the primase24, 5. When histidine-33 of the

zinc-containing Cys-X%His-X-Cys-X,-Cys motif. SP6 pri-
mase box 1 contains a different sequence, CyE£¥s-Xo1-
CysXs-His. The Cys and His residues in this motif could
all bind zinc, forming a fingerlike motif. This zinc finger
may be involved in the interaction of gp74 with primase
recognition sites in DNA, in maintaining the structural
integrity of the enzyme, or in interactions with other proteins
at the replication fork. Based on the role of this motif in the
T7 primase, we prefer the first hypothesis. Amino acid
substitutions in box 1 of the T7 primase not only perturb
zinc binding of the proteing5) but also alter the sequence

63-kDa T7 gene 4 protein is changed to alanine, the protein
no longer synthesizes oligoribonucleotides in the presence
of the 3-CTG-5 recognition sequence. Instead, the T7 gene
4 H33A protein synthesizes oligoribonucleotides at sequences
containing a cryptic purine (i.e., %TG-3 or 5-GTA-3').
Remarkably the proposed recognition site for the SP6
primase also contains a cryptic purine, and the amino acid
that aligns with His-33 of T7 gene 4 protein is alanine (Figure
8).

One of the most pertinent issues for future work on SP6
gp74 is the characterization of the protein’s potential helicase
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activity, or lack thereof. To this end, gp74 should be assayed primase mutants. The construction of SP6 phage lacking a
on more diverse types of DNA and RNA substrates contain- complete SP6 primase gene will be essential to completely
ing a variety of structures such a'sdverhangs or synthetic  understand the biological role of gp74. Furthermore, now
oligonucleotide “forks” that mimic aspects of the DNA that the properties of SP6 primase have been described, the
replication fork. The homology between the helicase boxes pg74 could be purified from phage-infect&d typhimurium

of SP6 gp74 and the T7 gene 4 protein is higher than thatcells to identify potential cofactors and replication proteins
for the primase boxes (64.9% vs 53.2% similarity), yet the that may enhance of its activity. Additional comparative
SP6 protein lacks detectable helicase activity. The nucleotidestudies among the SP6, T7, T3, and P4 proteins will also
binding site 67) appears to be intact (helicase box 1), and aid in the elucidation of the biochemical mechanism of
the homology for the rest of the helicase boxes is strong. primases and advance functional genomics. A fifth protein,
Besides the T3 and T7 primase/helicase proteins, BLAST gp37 from the lamdoid phage N15 (accession no. AAC48876),
searches using the gp74 amino acid sequence retomigd  has recently been reported that also contains significant
various replicative DNA helicases. Thus, it is somewhat homology to both helicases and primases. If gp37 does
surprising that gp74 exhibits neither NTP hydrolysis nor possess primase or helicase activities, a biochemical analysis
helicase activity. A possible explanation may lie with the could further help define essential primase and helicase
alteration in SP6 gp74 of 6 of the 16 residues that are motifs and thus allow the more precise prediction of function
invariant among helicases similar to the T7 and bacterial from amino acid sequence.

DnaB-like helicases (Figure 8). Although gp74 apparently

does not hydrolyze NTPs in a DNA-dependent manner nor ACKNOWLEDGMENT

unwind DNA (Figure 7), some of these helicase motifs could  \y/a thank Benjamin B. Beauchamp, James M. Stattel, and

be used by the protein to bind DNA or NTP substrates. Site- gyanjey Tabor for providing purified proteins and helpful
directed mutagenesis of the conserved residues in the SP&;s.issions.
primase should help determine the roles of the helicase motifs
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