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ABSTRACT: DNA primases are pivotal enzymes in chromosomal DNA replication in all organisms. In this
article, we report unique mechanistic characteristics of recombinant DNA primase from Bacillus anthracis.
The mechanism of action of B. anthracis DNA primase (DnaGga) may be described in several distinct steps as
follows. Its mechanism of action is initiated when it binds to single-stranded DNA (ssDNA) in the form of a
trimer. Although DnaGgp binds to different DNA sequences with moderate affinity (as expected of a mobile
DNA binding protein), we found that DnaGga bound to the origin of bacteriophage G4 (G4ori) with
approximately 8-fold higher affinity. DnaGga was strongly stimulated (>75-fold) by its cognate helicase,
DnaBgy, during RNA primer synthesis. With the G4ori ssDNA template, DnaGg, formed short (<20
nucleotides) primers in the absence of DnaBga. The presence of DnaBg, increased the rate of primer
synthesis. The observed stimulation of primer synthesis by cognate DnaBgy is thus indicative of a positive
effector role for DnaBga. By contrast, Escherichia coli DnaB helicase (DnaBgc) did not stimulate DnaGga
and inhibited primer synthesis to near completion. This observed effect of E. coli DnaBgc is indicative of a
strong negative effector role for heterologous DnaBgc. We conclude that DnaGg, is capable of interacting
with DnaB proteins from both B. anthracis and E. coli; however, between DnaB proteins derived from these
two organisms, only the homologous DNA helicase (DnaBgy) acted as a positive effector of primer synthesis.

Chromosomal DNA replication in Escherichia coli requires
many proteins and enzymes that work in unison to execute the
initiation, elongation, and termination stages of DNA synth-
esis (/—3). At the origin of E. colireplication, oriC, DnaA protein
initiates the process through localized melting of the origin and
subsequent recruitment of other replication proteins to form a
large nucleoprotein complex (4—6). DnaB protein joins the
DnaA-oriC complex and unwinds the duplex DNA at the
partially melted origin. The entry of DnaB protein at oriC
requires the complex formation of DnaB protein with DnaC
protein. The DNA binding activity of DnaB is enhanced by its
association with DnaC; by contrast, its ATPase activity is
attenuated (7—10). With the help of DnaA, DnaC guides DnaB
to the DnaA - oriC complex.

In the replication of E. coli RK2 plasmid DNA, DnaA plays a
similar role in delivering the DnaB-DnaC complex to the
replication origin of the RK2 plasmid and activating the helicase
activity with plasmid-encoded TrfA protein (//—13). Inciden-
tally, during the replication of bacteriophage A, the phage-
encoded AP protein binds to DnaB protein, shuts off its ATPase
activity, and guides it to the activated 1 origin (8, 14, 15). The
activated 4 origin is created by phage-encoded 10 protein (the
functional equivalent of DnaA protein) binding to the A ori-
gin (/4—17). A comparison of the two replication systems clearly
indicates that DnaB protein plays a crucial role in determining
the fate of replication at each origin (8). The presence of DnaB
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protein appears to be sufficient for other replication proteins
such as primase and DNA polymerase I1I holoenzyme' to follow
and join the complex afterward.

After DnaC or AP protein departs from the origin complex,
DnaG primase is recruited to the replication fork through a
transient protein—protein interaction with DnaB in the ori-
gin (5). Unlike the holoenzyme, DnaG can initiate and
elongate short RNA primers, which are then extended by the
holoenzyme (/8—21). DnaG synthesizes RNA primer or
primes only once to initiate leading strand DNA synthesis.
However, it must prime repeatedly on the lagging strand, and
these primers lead to the synthesis of Okazaki fragments (22).
It has been demonstrated that primase initiates in vivo
Okazaki fragment synthesis of E. coli chromosome and G4
bacteriophage. Initiation predominantly occurs from unique
regions containing CTG trinucleotide (20, 21). DNA primases
are very specific in choosing priming sites during the initiation
event, but its specificity is reduced significantly in the presence
of DnaB, which allows the primase to synthesize multiple
primers on the lagging strand of the replication fork (/8).
Kinetic analysis suggests that E. coli primase acting alone is the
slowest RNA polymerase with an in vitro rate of approxi-
mately one primer per second, which may be accelerated by the
addition of DnaB protein (19, 21, 23, 24). It is thus highly likely
that formation of the DnaB-DnaG complex triggers lagging
strand primer synthesis.

'Abbreviations: holoenzyme, DNA polymerase III holoenzyme;
ssDNA, single-stranded DNA; G4ori, origin of bacteriophage G4;
EMSA, electrophoretic mobility shift assay; DTT, dithiothreitol;
TBE, Tris-Borate-EDTA buffer; SDS, sodium dodecyl sulfate; PAGE,
polyacrylamide gel electrophoresis; INTP, ribonucleotide triphosphate;
DnaGga, DNA primase of Bacillus anthracis; DnaBga, DnaB helicase
of B. anthracis; DnaGgc, DNA primase of Escherichia coli; DnaBgc,
DnaB helicase of E. coli.
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In the E. coli replication fork, primase acts distributively; for
example, the frequency of primer synthesis increases with the
concentration of primase (25, 26). The average length of the
Okazaki fragments decreases correspondingly because the length
of the Okazaki fragments is inversely proportional to the
frequency of primer synthesis. Primase binding to a ssDNA
template may therefore play an important role in both the rate
and extent of primer synthesis. Even though primase exists
primarily as a monomer in solution, we have previously shown
that it forms a multimeric primase+- DNA complex in the absence
of DnaBgc (20, 21).

Despite the well-known diversity among prokaryotic organ-
isms, studies on DNA replication in prokaryotes generally have
focused only on E. coli and its bacteriophages. E. coli is a Gram-
negative bacterium; however, most of the emerging pathogens are
Gram-positive, and the DNA replication process in this class of
prokaryotes remains poorly understood (27). It is possible that
the replication enzymes and proteins in Gram-positive prokar-
yotes would have characteristics significantly different from those
found in E. coli. The genomes of a large number of Gram-positive
pathogens, including Bacillus anthracis, have been completely
sequenced (28, 29). Though it is still not possible to grow these
bacteria in large scale and purify their replication proteins,
biochemical analysis of their replication processes is now feasible
because of the ability to clone and express their individual
replication protein components. Previous studies of Gram-posi-
tive DNA primase from Staphylococcus aureus were hampered
due to the fact that recombinant protein expressed by E. coli is
completely insoluble and can be studied as only a glutathione S-
transferase (GST) fusion protein with a large GST appendage (30,
31). In contrast to E. coli primase, DNA primase purified from
the high-temperature bacterium Bacillus stearothermophillus
(DnaGgg) appears to form a stable complex with its cognate
DnaBgg (32). This complex contains three DnaGgg molecules per
DnaB hexamer. Bailey et al. resolved the X-ray structure of a
complex of DnaBgg with the helix binding domain of DnaGgs at
2.9 A resolution, and it demonstrated that the two proteins
formed a complex with a 6:3 ratio (33).

This study demonstrates that the replicative DNA primase
from Gram-positive bacteria exhibits novel mechanisms of
action, rarely observed for other classes of bacterial primases.

MATERIALS AND METHODS

Nucleic Acids, Enzymes, Oligonucleotides, and Other
Reagents. Ultrapure ribonucleotides were obtained from GE
Biosciences (Piscataway, NJ) and were used without further
purification. [a-**PJUTP was obtained from Perkin-Elmer Inc.
(Boston, MA). All other chemicals used to prepare buffers and
solutions were reagent grade and were purchased from Fisher
Chemical Co. (Pittsburgh, PA). Ton exchange resins (POROS-Q
and POROS-S) were from Applied Biosystems Inc. (Foster City,
CA). The preparative HPLC gel filtration column (Bio-Sil
TSK250, 21.5 mm x 60 cm) was obtained from Bio-Rad Inc.
(Hercules, CA) and was used in a Biocad 20 HPLC system from
Applied Biosystems Inc. The analytical HPLC gel filtration
column (7.8 mm x 30 ¢cm) was from Tosoh Biosciences LLC
(Montgomeryville, PA).

Buffers. Lysis buffer consisted of 25 mM Tris-HCI (pH 7.9),
10% sucrose, and 250 mM NaCl. Buffer A consisted of 25 mM
Tris-HCI (pH 7.5), 5 mM MgCl,, 10% glycerol, 5 mM DTT,
and NaCl as indicated. Buffer B consisted of 20 mM Tris-HCI
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(pH 7.5), 5 mM MgCl,, 10% glycerol, and KCl as indicated. The
following oligonucleotides were used: Gori, 5-GCCGTCCCT-
ACTGCAAAGCCAAAAGGA-3; Fl-Gdori, 5-FAM-GCCG-
TCCCTACTGCAAAGCCAAAAGGA-3'; Sixtymer, 5-GGG-
GTCTCACGACGTTGTAAAACGACTGCAGCCGTTGT-
CGAGCTCGGTACCC GGGGTAGGA-3.

Cloning and Expression of DnaGpg,4. The DnaGg, gene
was amplified by PCR using genomic DNA from B. anthracis
strain 9131, obtained as a gift from T. M. Koehler of the
University of Texas Houston Health Science Center (Houston,
TX) (28). This ORF encodes a 598-amino acid polypeptide with a
predicted molecular mass of 68.3 kDa. The amplified gene was
inserted into a pET30a vector (Novagen Inc., Madison, WI)
under the control of a T7 promoter (pET30a-DnaGg, recombin-
ant plasmid).

Purification of DnaG g 4. DnaGga was purified from the E.
coli BL21(DE3)RIL strain (Stratagene Inc., La Jolla, CA)
harboring the pET30a-DnaGgy plasmid. E. coli cells were grown
in 8 L batches in 2x YT medium containing 50 #g/mL kanamycin
and 12 ug/mL chloramphenicol at 37 °C to an ODgq of 0.4—0.6,
and 1-isopropyl 1-thio-f-p-galactopyranoside (IPTG) was added
to a final concentration of 0.25 mM. The cells were grown for an
additional 12 h at 12—13 °C and then harvested by centrifugation
at 8000 rpm for 10 min at 4 °C. The cell pellet was resuspended in
lysis buffer [25 mM Tris-HCI (pH 7.9) and 10% sucrose] and
frozen at —80 °C, until further use. Cells were thawed on ice,
adjusted to pH 8.0 with 1 M Tris base, and lysed using 0.25 mg/mL
lysozyme and 5 mM MgCl,, 5 mM spermidine- HCI, and 2.5 mM
DTT via incubation on ice for 60 min. This is followed by a 5 min
incubation at 37 °C. The mixture was homogenized on
ice followed by centrifugation. The lysate was centrifuged at
19000 rpm for 30 min at 4 °C. The supernatant was precipitated
overnight using 0.25 g/mL ammonium sulfate on ice followed by
centrifugation. The precipitate was collected by centrifugation at
18000 rpm for 30 min at 4 °C. The protein pellet was resuspended
in buffer A (fraction II).

DnaGga protein was first purified by POROS-Q anion
exchange chromatography (Applied Biosystems Inc.). The salt
concentration of DnaGgy fraction II was adjusted to the con-
ductivity of buffer A,s (buffer A with 25 mM NaCl) by dilution
with buffer A,. The protein was then passed through a 5 mL
POROS-Q column equilibrated with buffer A,s. DnaGga protein
was eluted with a 100 mL gradient from A,s to Aszg. The
DnaGgya fractions, identified by SDS—PAGE, were pooled
(fraction III) and bound to a 5 mL POROS-S column equili-
brated with buffer A;o. DnaGga protein was eluted with a
gradient of buffers A gy and Asq. The fractions were analyzed by
SDS—PAGE. The DnaGga-containing fractions were pooled
and concentrated by ultrafiltration using a Millipore YM30
membrane. Finally, it was purified to homogeneity by HPLC
gel filtration using a Bio-Rad TSK gel filtration column (2.1 cmx
60 cm). Purified DnaGga was <99% pure. Protein homogeneity
was determined by SDS—PAGE.

RNA Primer Synthesis Assay. RNA primer synthesis was
conducted essentially as described by Stayton and Kornberg (2/),
with minor modifications. Briefly, the typical 25 uL reaction
mixture contained 20 mM Tris-HCI (pH 7.5), 8 mM dithiothrei-
tol (DTT), 4% (w/v) glycerol, 80 ug/mL bovine serum albumin,
8 mM MgCl,, GTP and CTP (each at 100 uM), 0.5 mM ATP,
20 uM UTP, 0.125 uCi of [a-*P]JUTP, and 5 pmol of ssDNA
template with enzymes as indicated. Samples were incubated at
30 °C for 15 min unless otherwise indicated. Reactions were
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DnaGBA 1.N YO NS S E KME
DnaGBC 1 N YA NSIF S E KME
DnaGSA 1 - - M SEYMIK DEKWP E <1< QE[LIKD
DnaGEC 1IA DARMIC A NE IKIF NG E AH N K
DnaGSE 1 MA DVRMIC I NEIKIP NGE AH N [
Consensus M++RIP+++ I[N+ |+++ TDIVDLI+EYVKL+KQGRNY+GLCPFH+EKTPSFTVS+DKQI+HCFGCG+GGNVF+FLM++++1L

DnaGBA 81 A ERN A EYT QIQ EBISDRTVI LEKK HHLLWNEE N L L K E
DnaGBC 81 A 1< ERMN A EYT CQEORERISDRTVI LLEKIK HHLLWNEE N L L I E
naGSA 79 S RV AMD I EARCSNENVE I ASBDLO LIQE AL T KIS E L DA R
DnaGEC 81 E AANMH EMPFEA SIP IER-HQRQOT NT QOSLOQP - VATSARD H A A
DnaGSE 81 E AANH EIPYEAGTEL IER-HQRON N ND QQSLTHP - AAKPARD A A
Consensus +FVEAV+ELG+R+N+AV+EEA+G+GSO++ | S+D++ IM+Q+HELL+KFY+++L+NTEEGNEALSYL+ KRG+ TKEMIE+F+ 1
DnaGBA 161 SPA A | KRGLSLS RSEKD H PIYTL A D B P P
naGBC 161 SP A A I KRGELSLS RSEKD H PIYTL A D R P P
DnaGSA 158 PDSEHF F KKGEYDIEL R N F & N PLIKNA| TGOEP P B
DnaGEC 158 PP N R NPENRQ T -GRS E PIRDKR N P P D
DnaGSE 158 PP M R NMSDNKALLL N - T N PIRDKR N B P D
Consensus GFAPP+WD+ A+ K+ LOK+GL+LSS+E+AGLL+RNE+DGSHYDRFR+RYMFPI+++QGRVIGFSGR+LG+DTPKYLNSPETP

DnaGBA 241 RPF IRKR
DnaGBC 241 RPF IRKR

KSBMEE E rRENVET
KSGMEE E RENVET
D DTAGLKN rRELE S F
coDNAEPNR ave Ny A FIR AN
DnaGSE 238 o QoYSAEPQR av oy B HMHMLF - fn

DnaGSA 230 RKS | RKL
IFHK+ KLLYNL++AR+F | RK+G++VL+EGYMDV+A++++G+++AVATMGT+LT+EH+KLLRR+T+NV+LCYDGD+AGREA

DnaGEC 238

Consensus

DnaGBA 321 [l - - - MKA TS PIKL P coOYBTT NLMKSS - | [@FV YLRL& KNLoBERG K KS

DnaGBC 321 ] - - - MIKA TSLPBKLBP QaYBTT NLMKSS - I8F v YLRLGKNLCBEBS K KS

DnaGSA 310 - - - LK ] 1aLPSGEMBP KYGNDAFTTFMIKND KKEFAHMKMS | LKDE | AHNBLE - YERMLKE

DnaGEC 318 AWRALEALPYMTDGER MFLPBGEDBPBTLVRKESKE ARMEQA - MPLSAFLFMsSLMPEVDLSTPDGRARLETL

DnaGSE 318 AWRALEMAVMPEMTDER MFLPBGEBPBTLVRKES KA ARMECA - oPLSTELEMSLLPEVDLSSPDEST AL
PDE

Consensus TWRALKTGQ+LLO+G+QV+ YW+ +LPDG+DPDEYV+KYG+ TAFE++VK++ - |SF+GFK+N+LR++++L+D+SGKE+YVK++L

DnaGBA 397 KE QDAMQAIS LBl soeF s FEVERL QYRKIQK Q-IKIVKQVSKPSQIVITKPK -------

DnaGBC 397 KE apamoalsMLKEILsoEF sEEMERL ovRKER KMo - Bkllvkavskpsa I vBlTKPK- - - - - - - L

DnaGSA 395 H K551 LalikKa I nDMaPFENVERPEC L aFnoaPanMYPECEYEE v DEYEEY I BPER 1BWacFDNLERE
DnaGEC 397 PL1EQ PIETLRIY RQELGNK LopBoLER PKAAIS 3 REVEQ- -« -------

DnaGSE 397 PLUNGMPGD THR | QLRQ LK FODEOLDRLVPKOAESBMYS - - - - - - - - - - - - - - RPARPQ - - - -~ -
Consensus ++ | SL+++A++++5+++ 5L+ 0+F++S+E+LLN+LH+++AE++W+ - QKOVKQOWVSKPSQ I WV+PKP+ - - - - - - - LTS+ERAER
DnaGBA 469 E HMEasPEV ES p--FHTEEH KBTI ELR A Y EKIN P VIT spEKLKNIflTD TDEFINPEYTE
DnaGBC 460 E HMLQSPEV ES D--FHTEEHKGILYELMAYNMEKENERSVE T SDEKLKNIITDIEBTDEFINPEYTE
DnaGSA 475 AFLKHLMRD KET YE KDNF THEAF KyMFEVLHD FMaeno@¥n 1 s NSNELREML I SLEQYNLNDERPYEN
DnaGEC 462 R VONPE s NLDENKLPIL R NTELsOP TIQ RITNNAA EK M\\:IDIAI--KN
DnaGSE 462 R VONPDLAPLVPPLBALDONKLPGL K KTELAQPR TGO RGTNDAARLE KLEMwBID I AR - - Ka
Consensus + |L+HLL++++V++R+++++EDLDF+++++KG+FYEL+A+Y+K++++++G++L+W+++++L++TL++LS++++ |++EY++
DnaGBA 547 L

DnaGBC 547 L

LE.RR KLEKME 1 1 FKIKBWME KTDPVEAARSEYVAY QNIK .
LEMLIRR KLEKME 1| 1 F I KBIME KT DR VEAARS Y VA YLQNEIK .

NV I NEK SLN--HKLREATR I GDVEL YL@ a VA KN KERW
DnaGEC 530 | ME T.NH F LELRQEELIARERTHBLSNE ELWT NQIL :
DnaGSE 530 | AEKIRE T NHMF LOLRCEELIARDRTHELSSEERRELWTLNCEL -

DnaGSA 555
Consensus E++0T++++L+++QE+ LEKL++++KI++M+++G+VE++KYYL++L++++ARK-

FiGure 1: Sequence homology of DNA primases. DnaG proteins from B. anthracis (DnaGgp), B. cereus (DnaGgc), St. aureus (DnaGsy), E. coli
(DnaGgc), and S. enterica (DnaGgg) were aligned, and motifs were identified using the CLUSTALW?2 program of the InterProScan Web site
(http://www.ebi.ac.uk/Tools/InterProScan/). The color coding is as follows: red, basic; blue, hydrophobic; green, hydrophilic; orange, neutral;
pink, acidic; and light green, proline.

stopped when the mixtures were chilled on ice and purified by 200 pg of **P-labeled oligonucleotide, 100 ng of poly(dI-dC), and

being passed through a micro gel filtration column. Purified protein as indicated. The binding reactions were allowed to
primed template was ethanol precipitated with 40 ug of glycogen proceed for the specified time, after which 2 uL of 0.1%
and 3 volumes of 100% ethanol and incubated at —80 °C. Pellets bromophenol blue in loading buffer was added. A fraction
were air-dried and resuspended in 8 uL of formamide loading (85%) of the reaction mixtures was immediately loaded onto a
buffer (95% formamide, 20 mM EDTA, 0.01% bromophenol 4 to 8% polyacrylamide gel containing 1x TBE. Electrophoresis
blue, and 0.01% xylene cyanol). was conducted at 30 mA; the gel was dried and autoradio-
RNA Primer Analysis. RNA primers were analyzed by graphed. Band quantitations were conducted by scintillation
denaturing polyacrylamide gel electrophoresis. Samples were counting.
heated at 95 °C for 2 min and loaded immediately onto a 20% Steady-State  Anisotropy Measurement. Equilibrium
polyacrylamide sequencing gel (15 cm x 50 cm, 0.4 mm thick) DNA binding in solution was assessed by fluorescence anisotro-
containing 7 M urea and 1x TBE [8§9 mM Tris-borate (pH 8.3) py (35—37). Fluorescence measurements were performed on a

and 2.5 mM EDTA]. Electrophoresis was conducted for 4 h at steady-state photon counting spectrofluorometer, PC1, from ISS
55 W in 1x TBE buffer. Gels were dried and exposed to Fuji RX Instruments (Champaign, IL) equipped with a Hamamatsu

film at —80 °C for 12—24 h. R928P photomultiplier tube. Excitation and emission slits were
Electrophoretic Mobility Shift DNA Binding Assay adjusted at 8 and 4 nm, respectively.

(EMSA). An EMSA was conducted as described previously (19, Fluorescein-labeled G4ori oligonucleotide, FI-G4ori, was used

34). Briefly, reactions were conducted in a 25 uL final volume as a fluorescence anisotropy probe. The oligonucleotide was

of binding buffer [25 mM Tris-HCI (pH 7.5), 10% (v/v) glycerol, diluted in buffer B to a concentration of 6 nM and titrated with
0.1 mg/mL BSA, 10 mM MgCl,, and 5 mM DTT] containing DnaGg, in the concentration range of 0.1 nM to 1 uM. The
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samples were excited at 488 nm, and the fluorescence anisotropy
was measured at 540 nm (38), where minimal variation in the
total fluorescence intensity was observed. Fluorescence intensi-
ties were measured for 3x 10 s and averaged. Anisotropy values
were expressed as millianisotropy (mA), which is equal to the
anisotropy divided by 1000. The standard deviation for the
anisotropy values was <5 mA. The total fluorescence intensity
did not change significantly with an increase in protein concen-
tration. Therefore, fluorescence lifetime changes or the scattered
excitation light did not affect anisotropy measurements. The
interaction of DnaGga with labeled oligonucleotide can be
represented as follows:

DnaGgy (P) 4+ ssDNA(R)=DnaGga -ssDNA(RP) (1)

where R is the ligand, i.e., fluorescently labeled oligonucleotide,
and P is the protein or DnaBg, in this case. As shown
previously (39), the equilibrium dissociation constant, Ky, can
be further defined as the DnaBg, concentration at which half of
the ssDNA molecules are in the protein—DNA complex.

DNA Binding Data Analysis. The anisotropy protein
titration data or EMSA data were fitted to eq 2 using nonlinear
regression analysis. The data points were fitted to an equation for
a sigmoidal semilogarithmic plot using Prism 5.0 (GraphPad
Software Inc.) presented in eq 2.

Y= Ymin + ( Ymax_ Ymin)/[l‘l'l()(log ECSO_X)NHPP} (2)

where Y represents the value of DNA binding, Y i, and Y. are
the values at the bottom and top plateaus of the plots, respec-
tively, ECs, is the X value (or enzyme concentration) at 50%
DNA binding (or Kg), and N,y is the Hill coefficient, which
represents the number of molecules of protein (DnaGga) bound
to a single molecule of ssDNA or the composition of the
DnaGgy - ssDNA complex.

RESULTS

DNA Primase Gene of B. anthracis. The DNA primase
gene of B. anthracis (BAS4195) was identified by BLAST search
of the annotated sequenced genome of B. anthracis Stern (28, 29).
BAS4195 was the only gene in the B. anthracis genome that is
homologous to the E. coli dnaG gene. The gene encodes a
polypeptide of 598 amino acid residues with a deduced molecular
mass of 68.3 kDa.

Significant Homology Was Observed in the N-Terminus
of DnaG 4. The amino acid sequence of the polypeptide was
compared with the sequences of a number of Gram-positive
(Bacillus cereus and St. aureus) and Gram-negative (E. coli and
Salmonella enterica) DNA primases. Multiple-sequence align-
ment of these sequences is shown in Figure 1. Extensive homol-
ogy of DnaGg was observed within the family of DNA primases
from Gram-positive bacteria and to a lesser degree with the
Gram-negative primases. Overall, high degrees of homology were
observed in three regions (Figure 1). All three of these regions are
located at the N-terminus: amino acid residues 1—320, which
constitute the major part of the primase core domain with 25%
identity and 45% similarity; amino acid residues 1—80, where the
zinc-finger domain is located (residues 5—103) which displayed
~36% identity and 35% similarity. A second area of homology
was observed between residues 186 and 254 with 41% identity
and ~41% similarity. A third area of homology was observed
between residues 264 and 320 with 25% identity and ~49%
similarity.
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Unlike the case in the N-terminus of primase, homology in the
C-terminus between amino acid residues 321 and 599 was rather
minimal and there were significant gaps in some of the sequences,
particularly in the Gram-negative sequences. Interestingly,
DnaGga of St. aureus contained a unique seven-amino acid
insertion starting at residue 459 (Figure 1) that was not present in
any of the other primases discussed here. The C-terminus of
primase is known to be involved in the interaction with its
cognate DnaB helicase, and this interaction is pivotal in the
efficient and rapid priming of the lagging strand of the replication
fork as well as movement of the replisome (40—42). Thus, the lack
of homology in this region could help explain the specificity of the
helicase—primase interaction. A motif search indicated that a
putative DnaB helicase binding domain (or helicase binding
motif) in DnaGgy is located at amino acids 466—591. Homology
in this domain among these five DnaG proteins is significantly
low: 5% identity and ~20% similarity (Figure 1). Therefore, it is
likely that the lack of homology in the C-terminal domain among
bacterial primases makes the interaction species-specific for
cognate primase-helicase pairs. Although this assumption is
logical, it has not been rigorously examined.

Anthrax Primase, DnaG g4, Is Monomeric in Solution.
Previous attempts to purify DNA primase from Gram-positive
bacteria, St. aureus (DnaGgy), led to a protein that is insoluble. It
is soluble only as a glutathione S-transferase (GST) fusion
protein, and removal of the GST moiety leads to the precipitation
of cleaved primase (30). Studies with GST—DnaGga fusion
protein showed a lack of stimulation with cognate DnaB
protein (30, 31). Interestingly, our earlier attempts to purify
DnaGga as a Hisg fusion protein using Ni*" affinity chroma-
tography also produced an inactive protein (data not shown).
Therefore, to understand the mechanism of action of Gram-
positive DNA primases, we needed to purify it in its native form
without any modification of its polypeptide sequence.

Therefore, we expressed DnaGgy in its native polypeptide
sequence, without any N- or C-terminal fusion, in E. coli.
Surprisingly, unmodified recombinant DnaGgp, expressed in
E. coli, was highly soluble, unlike that observed with other
DnaGgp forms. Because of'its high solubility, it could be purified
by a simple combination of chromatographic procedures. The
final stage in the purification was high-performance gel filtration
chromatography (Figure 2A). This step removed all of the
remaining impurities. It should also be noted that whenever a
recombinant protein (like DnaGg,) is overexpressed, often some
aggregated proteins are produced during expression and purifi-
cation. The aggregates copurify with the target protein in ion
exchange columns and, in general, cannot be distinguished via
SDS—PAGE. In HPLC gel filtration, the aggregated proteins
fractionate in the void volume (> 300 kDa), which is the case here
[fractions 30—34 (Figure 2A)]. The aggregated form of DnaGga
did not have any enzymatic activity and, therefore, was not
pursued further. Thus, HPLC gel filtration completely separated
purified biologically active primase [major peak, fractions 40—46
(Figure 2A)] from impurities as well as aggregated proteins. Since
we were studying the oligomeric state of DnaGg, in formation
of the DNA—protein complex, it was important to determine
that the preparation was free from aggregated protein. SDS—
PAGE analysis of the purified active DnaGgy indicated approxi-
mately ~99% purity (Figure 3C). This DnaGga peak eluted from
the column at an elution volume that is similar to that of BSA
(68 kDa). Thus, DnaGgya appeared to be a monomer in solution.
The protein fractions were first assayed by an EMSA using a
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FIGURE 2: Purification and analysis of DnaGga. (A) SDS—PAGE of gel filtration fractions of DnaGgp in buffer A5, as described in Materials
and Methods. (B) EMSA of DnaGy, fractions using the **P-labeled Sixtymer oligonucleotide (Materials and Methods). (C) SDS—PAGE of
DnaGgy fraction V: lane 1, protein marker (M); lanes 2—4, 1, 4, and 15 ug of DnaGga, respectively.

32p.labeled Sixtymer oligonucleotide as a probe. Active fractions,
centered on the peak, were pooled and used in our studies.

DnaG g4 Bound ssDN A with Moderate Affinity. The first
step in the mechanism of primer synthesis by DNA primases is
its binding to ssDNA and formation of the DnaGga -ssDNA
complex. As DNA primases prime the entire lagging strand of
the genome, we anticipated that it would be able to bind to a
variety of sequences with varying affinities. Therefore, we
examined ssDNA binding by DnaGga using EMSA analysis.
The EMSA results for ssDNA binding by DnaGg, fractio-
nated by gel filtration are presented in Figure 2B. Fractions
containing DnaGgya (fractions 40—46) bound the Sixtymer
oligonucleotide and produced a **P-containing band that
appeared to correspond to the DnaGgp - Sixtymer complex.
Thus, recombinant DnaGga appeared to be biologically active
in terms of its ability to form a stable DnaGgp - oligonucleotide
complex that could be separated by gel electrophoresis. The
SDS—PAGE analysis of purified DnaGga is shown in
Figure 2C.

We have tested a variety of oligonucleotide sequences that may
bind DnaGga with higher affinity. However, all of the synthetic
sequences that were tested gave very similar binding affinities
comparable to that described above. In addition, we explored
several DNA replication origin sequences from bacteria to
bacteriophages (/). Surprisingly, origin sequence derived from a
single-stranded bacteriophage G4 DNA appeared to bind with
higher affinity. An EMSA titration of DnaGga with a 27 bp G4ori
oligonucleotide is presented in Figure 3A. Titration was conducted
in a standard assay containing 0—1.6 g of DnaGga. An increase
in the level of formation of the DnaGga - G4ori complex was
observed. At high primase concentrations, multiple protein—
DNA complexes formed which was likely due to the process
leading to the primase trimer formation. To determine quantita-
tively the nature of this ssDNA binding, we determined the **P
content in each band by scintillation counting and plotted it versus
the log of molar concentrations of DnaGgy to create a binding
isotherm (Figure 3B). The K value determined from the plot was
(3.35+£0.69)x 10~* M, and with the Sixtymer oligonucleotide, Ky
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FIGURE 3: Equilibrium ssDNA binding by DnaGga. Equilibrium
ssDNA binding by DnaGga was studied using G4ori and Sixtymer
oligonucleotides using electrophoretic mobility shift analysis
(EMSA). DNA sequences of G4ori and Sixtymer oligonucleotides
are given in Materials and Methods. (A) EMSA titration of DnaGga
was conducted with a ?P-labeled G4ori oligonucleotide and titrated
with DnaGga (10 ng to 1.6 ug). (B) A plot of quantitative analysis of
bands in Figure 3A and its comparison with that obtained from a
similar EMSA with a 3?P-labeled Sixtymer oligonucleotide (EMSA
data not shown). The data points were fitted to eq 2 as described in
Materials and Methods. (C) Fluorescence anisotropy analysis used
for measuring ssDNA binding. DNA binding was measured using 6
nM FI-G4ori fluorescent oligonucleotide probe. Titration was con-
ducted with DnaGgp, and fluorescence anisotropy was measured as
described in Materials and Methods. Anisotropy values (in milli-
anisotropy or mA) were plotted vs the log of DnaGgp concentration,
and the plots were analyzed by nonlinear regression using Prism 5.0.

increased significantly and was 8-fold higher [(2.47 £ 0.34) X
10”7 M]. The Hill slope of this plot, Npp, determines the numbers
of protein molecules that are associating with a single ligand or, in
this case, oligonucleotide. The Hill slope, as determined from this
plot, was 2.76 £ 0.3, and this value can be equated to 3. The Hill
slope remained unaltered with the Sixtymer (2.9 + 0.4). Taken

together, these results indicated that DnaGga likely formed a
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FIGURE 4: Cross-linking and gel filtration analysis of the
DnaGga - DNA complex. (A) The elution profile of protein markers
is shown: thyroglobulin, immunoglobulin y, bovine serum albumin
(BSA), ovalbumin, and myoglobin. (B) Elution profile of DnaGga
without DNA. (C) Elution profile of the cross-linked DnaGga - DNA
complex. Cross-linking and gel filtration were conducted as described
in Materials and Methods.

trimer around ssDNA independent of its affinity or Ky. Our earlier
studies with E. coli showed that DnaB and DnaG proteins formed
an unstable complex with three DnaG molecules per DnaB
hexamer (or DnaGy- DnaBg complex) during priming.

The binding isotherm from fluorescence anisotropy titration of
Gdori sequence binding is shown in Figure 3C. The data points
were fitted to eq 2 using Prism 5.0. Nonlinear regression analysis
gave a Ky of (3.6 + 0.5)x 107 M, which indicated a binding
affinity at least 7-fold higher than that observed above with other
oligonucleotides. The Hill slope determined from this plot was
2.84 £ 0.54, also suggesting that DnaGg, bound ssDNA as an
apparent trimer. Results of the anisotropy analysis of ssDNA
binding were closely comparable to that observed with the results
of EMSA analysis. Therefore, both ssDNA binding analyses
demonstrated that regardless of the binding affinities, DnaGgp
formed a trimer upon ssDNA binding.

Glutaraldehyde Cross-Linking and Gel Filtration Ana-
lysis of the DnaG g+ DNA Complex. To determine the size
of the DnaGgy - G4ori complex, we used glutaraldehyde cross-
linking followed by SEHPLC. The gel filtration column
was calibrated using protein markers ranging in size from 17 to
670 kDa (Figure 4A). Purified DnaGgy eluted with an apparent
molecular mass of 66 + 5 kDa (Figure 4B). We stabilized the
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1.6 (lane 6), and 2.4 ug (lane 7). (D) Primers in panel C were quantitated as described for panel B and plotted. Data points were fitted as described in

Materials and Methods.

DnaGgy - Gdori complex using glutaraldehyde as a cross-linker.
This is an efficient amine reactive cross-linker, which binds to
the lysine residues of the proteins and creates a somewhat
stable complex that can be analyzed by gel filtration. The
DnaGgy - Gdori complex was cross-linked with 0.2 M glutar-
aldehyde and was subjected to gel filtration. We found two peaks
(Figure 4C). One was at a position expected for the DnaGga
monomer. The second was eluted at the position from the gel
filtration column earlier than DnaGg, with an elution volume of
~11.5 mL. The apparent molecular mass of the complex was
estimated from the linear graph derived from the plot of log[M,,]
versus elution volume for protein standards and was found to be
~242 kDa. A trimeric complex, (DnaGgy )3+ G4ori, has a theo-
retical mass of ~215 kDa, and the discrepancy could be due to
Gdori ssDNA and cross-linked glutaraldehyde molecules. There-
fore, the gel filtration results for the cross-linked protein sup-
ported the possibility of a trimeric complex.

DNA Priming by DnaG g, Was Stimulated by Anthrax
DnaB Helicase but Strongly Inhibited by E. coli DnaB
Helicase. The results described above demonstrate that

DnaGgy is active in ssDNA binding as a trimer. Here, we have
examined whether the purified DnaGgy is active in primer
synthesis. In the ssDNA binding studies, we have identified a
sequence containing the origin of replication of bacteriophage G4
(F1-G4ori) that DnaGga bound with high affinity. Consequently,
we chose to use Gdori oligonucleotide as the substrate for
analyzing primer synthesis by DnaGg, in vitro.

The primer synthesis assay was used to monitor the primer
synthesis from the G4ori template in the presence or absence of
DnaB proteins. On the basis of the template sequence,
[0-**P]JUTP was used to label the RNA primers. Primer syntheses
by DnaGga alone (in the absence of DnaB proteins) were
conducted for 5, 15, and 30 min. An autoradiogram of the
RNA products is shown in Figure 5. The level of primer synthesis
was low at 5 min, and significant amounts of RNA products were
observed at both 15 and 30 min time points (Figure SA, lanes 1—
3). In general, primers were shorter than 20 nucleotides. Overall,
yields of primer syntheses by DnaGga were relatively low but
significant compared to those of other bacterial primases.
Perhaps, its binding to ssDNA in the form of a trimer was



7380  Biochemistry, Vol. 48, No. 31, 2009

responsible for its higher primase activity in the absence of a
DnaB effector. In the presence of DnaBg,, the primase activity of
DnaGga was significantly stimulated (Figure 5SA, lanes 4—6).
Substantial amounts of RNA products were observed at 5 min, as
well as higher time points. DnaBga appeared to (i) reduce the lag
time of primer synthesis and (ii) increase the rate of synthesis of
primers significantly. Plots of quantitation of primer syntheses
are shown in Figure 5B. In the 0—5 min range, the stimulation by
DnaBgs was >75-fold. At longer time points, the extent of
stimulation was reduced.

The C-termini of DnaGga and other primases are less
conserved compared to the N-terminal region, and it is involved
in interaction with DnaB helicase. Because of the lack of
homology, we anticipated that a heterologous DnaB protein like
DnaBgc might not have any interaction with DnaGgy. To verify
this notion, we examined the effects, if any, of DnaBgc on the
primase activity of DnaGga. The results, shown in Figure SA
(lanes 7-9), demonstrate that DnaBgc likely interacted with
DnaGgy as DnaBgc completely inhibited the primase activity of
DnaGga. Consequently, it appeared that DnaGga could interact
with both DnaBga and DnaBgc, except that only cognate
DnaBga can act as a positive effector. A titration of DnaBgy
in primer synthesis is shown in Figure 5C. The level of primer
synthesis appeared to increase with DnaBg,, pointing to a clear
association between these two proteins leading to an increase in
the level of priming.

DISCUSSION

Anthrax DNA Primase Is a Highly Soluble Monomeric
Enzyme. DNA primases are pivotal enzymes in lagging strand
DNA replication as well as in replisomes that conduct bacterial
chromosomal DNA replication (I, 5, 21, 23). As described
previously, DNA primase appears to form a large protein
complex with hexameric DnaB protein encircling the lagging
ssDNA strand in the replication fork (7, 19). Previous studies (19)
indicated that this complex has a stoichiometry of three primase
molecules with one DnaB protein hexamer or a 3:6 complex as
shown in Figure 6. This complex regulates the site selection as
well as the frequency of lagging strand priming, which in turn
determines the average length of Okazaki fragments. In E. coli,
this interaction between DnaG and DnaB proteins is quite subtle
and can be demonstrated with difficulty. In addition, it is difficult
to assess the interaction between DnaG protein monomers, if
any, upon ssDNA binding.

Nonetheless, the E. coli DNA replication apparatus remains
the most well-investigated system. Because of the large diversity
of prokaryotes and prokaryotic pathogens, it is important to
understand the mechanism of their DNA replication to develop
novel strategies to combat them. Thus, it is important to
determine which properties of E. coli DNA primase are unique
only to E. coli versus those that are universal among prokaryotes.
Except for a few recent reports, very little is known about the
replication mechanism in Gram-positive bacteria. Even with the
application of recombinant DNA technology, it has been difficult
to study these proteins in native form because of occasional
solubility problems. Surprisingly, both DnaGgs and DnaBgy
proteins from B. anthracis are highly soluble in recombinant
form, providing an opportunity to study these proteins in highly
purified forms.

DnaGpy Formed a Trimeric Complex with ssDNA. We
have isolated recombinant DnaGg, in highly purified form
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(Figure 2C) and analyzed the mechanism of ssDNA binding.
We have examined a number of synthetic DNA sequences to
determine its sequence preference, if any, without success. How-
ever, an oligonucleotide with sequence derived from the origin of
DNA replication of bacteriophage G4 bound DnaGga with
significantly higher affinity (Figure 3) (2). With a **P-labeled
Gdori oligonucleotide, DnaGgs bound with high affinity
(Figure 3). The Ky value determined from the binding isotherm
was (3.35 £ 0.69)x 10~ M. In addition, the Hill coefficient, N,y
derived from the nonlinear regression (eq 2) was 2.76 £+ 0.3
(Figure 3B). Therefore, DnaGga appears to form a trimer during
ssDNA binding even though it is monomeric in solution
(Figure 2). E. coli primase, DnaBgc, is not known to form such
a trimer alone, but it forms a trimer in a complex with a DnaB
hexamer (19).

Fluorescein-labeled 27 bp G4 origin sequence, FI-G4ori, was
used to quantitate its binding to DnaGga using fluorescence
anisotropy as a second method of analysis. The Ky was (3.6
0.5)x 10~ M, which indicated a binding affinity 7-fold higher
than that observed above with other oligonucleotides. Even with
the G4ori sequence and higher-affinity binding, the Hill coeffi-
cient was 2.84 & (.54 which can be approximated to 3, which also
showed that DnaGga bound the oligonucleotide as a trimer.
Therefore, both analyses (Figure 2B,C) appeared to demonstrate
that regardless of the binding affinities, DnaGga appeared to
form a trimer upon ssDNA binding. Thus, it could be a
distinguishing feature of DnaGgy in that it appeared to form a
trimer with ssDNA, independent of DnaB protein.

A DnaGgya - G4ori complex, cross-linked with glutaraldehyde
and the size of the cross-linked complex, was analyzed by
SEHPLC (Figure 4). SEHPLC and determination of the molec-
ular mass of the complex indicated a mass of 242 kDa for the
cross-linked complex, indicating a 3.4:1 DnaGga:G4ori ratio in
the complex that could be approximated to a trimerc complex.
Thus, it appeared that one of the distinguishing features of
DnaGg, is its ability to form a trimer, presumably a toroidal
trimeric ring, around ssDNA, in a manner independent of DnaB
protein. The alternative scenario, three primases binding sequen-
tially to three separate sites on one oligonucleotide, seems
unlikely due to the small size (27 bp) of the oligonucleotide,
and in addition, the binding kinetics does not support this
mechanism. In addition, primases are known to interact structu-
rally with DnaB helicases in the replication fork. Because of the
toroidal structure of DnaB helicase, this process would require
formation of a toroidal ring (19, 33). In this respect, DNA
primase purified from high-temperature bacterium, DnaGgs,
appears to form a stable complex with its cognate DnaBgg (32).
This complex contains three DnaGgg molecules per DnaB
hexamer. Bailey et al. resolved the structure of a complex DnaBpg
with the helix binding domain of DnaGgg with a 6:3 ratio (33).
However, it is not known whether it can bind ssDNA alone and
form a trimer with ssDNA.

Primer Synthesis by DnaGgy Was Stimulated by An-
thrax DnaB Helicase and Inhibited by E. coli DnaB Heli-
case. DnaGpy synthesized RNA primers on the G4ori template in
the absence of DnaBgy protein (Figure SA). However, the rate of
primer synthesis was low (Figure 5B). DnaBga significantly
stimulated the rate as well as the extent of primer synthesis. In
the initial stage, the stimulation by DnaBgs was >75-fold. Beyond
this initial stage, the extent of stimulation was reduced as expected.
In addition to the stimulation of the rate of primer synthesis, the
average size of the primers was also increased and a greater size
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FIGURE 6: Primase recycling model of distributive RNA priming. (1)
We have considered here a (DnaG);-(DnaB)s complex formed from
one DnaB hexamer and three DnaG primase monomers (P1—P3). (2)
One monomer (P1) identifies and binds to a preferred sequence with a
slightly higher affinity, breaks off from the complex, and initiates
primer synthesis. (3) A free primase monomer (P4) fills the vacant
position in the (DnaG); - (DnaB)s complex. (4) Primase molecule (P1)
completes primer synthesis and dissociates from the primed lagging
strand and a new cycle of priming begins.

distribution of RNA primers was observed (Figure 5A,C). A
titration of DnaBg, in a primer synthesis assay indicated that
DnaBg, stimulated RNA synthesis by DnaGgs in a dose-
dependent manner (Figure 5D). The amount of DnaGg, in each
assay was 0.4 ug, and half-maximal RNA synthesis was observed
at 0.6 ug of DnaBg,. The amount of DnaBg, needed to reach the
half-maximal synthesis appeared to be somewhat greater than that
anticipated from a complex containing three DnaGga monomers
and one DnaBga hexamer. However, this could be due to weaker
interaction between the two enzymes requiring a higher level of
DnaBgy to form the (DnaGgy)s+(DnaBga)s complex.

We also examined the effect of a heterologous DnaB, DnaBgc,
on the primer synthesis by DnaGga. The functional interaction
between DnaB and primase involves the last 16 amino acid
residues of the C-terminal region of the primase (4/) and the N-
terminal 12 kDa domain of the DNA helicase, corresponding to
amino acids residues 14—136 (43). Considering the fact that the
C-terminal DnaB binding region of DnaGgy is different from
that of E. coli DnaGgc (Figure 1), any significant interaction as
well as a change in primer synthesis due to DnaBgc was not
anticipated. Surprisingly, as shown in Figure 5A, DnaBgc
completely inhibited primer synthesis by DnaGga. Thus, even
with significant sequence heterogeneity, DnaBgc and DnaGgp
appeared to interact functionally or physically, and this interac-
tion led to inhibition of the primase activity of DnaGgya. There-
fore, homologous DnaBgps acted as a positive effector of
DnaGgya, whereas heterologous DnaBgc acted as a negative
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effector. On the basis of the results presented here as well as
previous studies on DNA primases, as discussed above, we
propose a hypothetical model for the distributive priming of
the lagging strand of bacterial replication forks (Figure 6). The
functional DnaB-DnaG complex binds to the lagging strand
with a 6:3 subunit ratio. Once an appropriate DNA sequence
comes in contact with a primase subunit of the DnaB-DnaG
complex, it binds to the ssDNA with higher affinity. The higher-
affinity binding forces it to break off from the complex as a
monomer, and it leaves a gap in the primase trimeric ring. This
monomeric primase then synthesizes the primer. In the mean-
time, a new primase monomer joins the DnaB-DnaG assembly
to fill the gap in the trimeric primase ring, thereby restoring the
6:3 complex, and it starts a new cycle of priming. In this model,
DNA primase continually recycles and the priming does not
impede the movement of the replisome powered by DnaB heli-
case. Further studies are required to dissect the proposed model
in Figure 6.
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