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ABSTRACT. Primase is an essential DNA replication enzymg&stherichia coland responsible for primer
synthesis during lagging strand DNA replication. Although the interaction of primase with single-stranded
DNA plays an important role in primer RNA and Okazaki fragment synthesis, the mechanism of DNA
binding and site selection for primer synthesis remains unknown. We have analyzed the energetics of
DNA binding and the mechanism of site selection for the initiation of primer RNA synthesis on the
lagging strand of the replication fork. Quantitative analysis of DNA binding by primase was carried out
using a number of oligonucleotide sequences: oligofgdahd a 30 bp oligonucleotide derived from
bacteriophage G4 origin (G4ori-wt). Primase bound both sequences with moderate affirvtyl(2—

1.4 x 1077 M); however, binding was stronger for G4ori-wt. G4ori-wt contained a CTG trinucleotide,
which is a preferred site for initiation of primer synthesis. Analysis of DNA binding isotherms derived
from primase binding to the oligonucleotide sequences by fluorescence anisotropy indicated that primase
bound to DNA as a dimer, and this finding was further substantiated by electrophoretic mobility shift
assays (EMSAs) and UV cross-linking of the primaB¥NA complex. Dissection of the energetics involved

in the primase-DNA interaction revealed a higher affinity of primase for DNA sequences containing the
CTG triplet. This sequence preference of primase may likely be responsible for the initiation of primer
synthesis in the CTG triplet sites in tle coli lagging strand as well as in the origin of replication of
bacteriophage G4.

DNA primase ofEscherichia colis a specialized single- Unlike DnaB helicase, primase has distributive action in
stranded DNA-dependent RNA polymerase, which synthe- Okazaki synthesis. It does not associate for the long term
sizes small RNA primers during replication of tie coli with the replication fork, and a new molecule of primase is

genome and encoded by the dnaG gdnel the replication required for every new primer synthesis on each Okazaki
fork, DnaB helicase unwinds the DNA duplex and allows fragment (L0). The length of the fragment is inversely related
primase to initiate primer synthesis on both leading and to the primase concentratiod). Association of primase
lagging strandsZ, 3). Primase is required for synthesis of with ssDNA is the key event in the Okazaki cycle. The
RNA primers only once on the leading strand and repeatedly kinetics of primer synthesis catalyzed by primase using a
on the lagging strand in the formation of Okazaki fragments. 23-nucleotide DNA template have been studied. The incor-
Previous studies with primase indicated that the RNA poration of first two nucleotides is very slow as compared
primers synthesized by primase begin with the pppAG to incorporation of the next 10 nucleotides, suggesting that
dinucleotide at the '5end @—7). G4 origin has been the rate-determining step is either the formation of the first
extensively used as a model system to analyze primase actiophosphodiester bond or some step precedindZ}. (Con-
(1, 7). In vitro studies have demonstrated that none of the sequently, primase binding to ssSDNA template may play an
three hairpin regions, normally present in G4 origin, are important role in the rate and extent of primer synthesis.
required for the primase action, but the CTG trinucleotide However, quantitative analysis of the interaction of primase
sequence is essentid|, (7). In addition, primase initiates in  with DNA has not been carried out, making it difficult to
vivo Okazaki fragment synthesis Bf colichromosome and  understand the mechanism that triggers the initiation of
A-bacteriophage predominantly from unique regions contain- primer synthesis at the CTG trinucleotide sequence.
ing trinucleotide CTG and synthesizes the diribonucleotide  Primase is a monomer in solutiofdd). However, most
5'-pppApG-3 primer @, 9). replication proteins are oligomeric in natudel( 15), or they
form doughnut-shaped oligomers in the presence of SSDNA
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Table 1: Alignment of DNA Sequences from the Origins of Replication of &4 Bacteriophages, R1, and R6K Plasmids along with
Synthetic DNA Template Sequences Used in the Binding Experiments

Templates Sequences
Primer RNA
pppAG...
-11 A1+1
G4° 3 AAACGTCATCCCTGCCGCCG-5
oK 3-AATCGTCCTCCCTTCCGCCG-5
R1* 3> GACCGTCCCCGACCCCTACC-S
R6K* 3>GACCGTCCCCCGCGTTCGCG-S

Unlabeled G4 sequences
Gdori-wt 3’ AGGAAAACCGAAACGTCATCCCTGCCGCCG-5
G4ori-mutl |3-AGGAAAACCGATACGTCATCCCTGCCGCCG-5

Gdori-mut2 |3-AGGAAAACCGAAATTTCATCCCTGCCGCCG-5
Gdori-mut3 |3-AGGAAAACCGAAACGTTATCCCTGCCGCCG-5

5’-Fluorescein labeled sequences
F1-Gdori 3~ AGGAAAACCGAAACGTCATCCCTGCCGC C G-Fluorescein-5

FI-(dT)2s 3 TTTTTTTTTTTTTTTTTTTTTTTT T-Fluorescein-5’

aFrom refl.

structure in the nucleoprotein complet8( 19). These fluorescence anisotropy with an electrophoretic mobility shift
structures appear to help these proteins stay loosely boundassay (EMSA) and ultraviolet cross-linking of the protein

to the DNA that is being replicated, allowing them to act DNA complex to analyze primaseDNA interaction. The
like mobile replication promoters2Q) unlike transcription energetics involved in the formation of the primagaNA
factors, which grip DNA and remain tightly bound. Conse- complex were evaluated by analyzing the anisotropy data
quently, it is perhaps possible that replication proteins, in using a computer algorithm, BIOEQS, developed by Royer
general, bind DNA in a manner that is distinct from that of et al., that is designed for analysis of biological equilibrium
DNA binding proteins such as transcription factors that stay processes such as ligand bindir&p{28).

bound to the target sequence. Recent X-ray crystallographic

studies of the catalytic domain of primase have been reported,'VlATERI'A‘LS AND METHODS

but they did not demonstrate any oligomeric structure or the  Nucleic Acids, Enzymes, and Other Reagérits. pPRLM96
exact nature of the DNA binding sit®1). However, even plasmid was a kind gift of R. McMacken of Johns Hopkins
though primase exists essentially as a monomer in solution,University (Baltimore, MD). The DnaG primase gene was
it has been shown that a 1:1 complex of primase and G4 subcloned from pRLM96 into the T7 expression vector,
circular ssDNA failed to promote primer synthesis, but pET29b (Novagen Inc., Madison, WI), usiganHl| and
addition of primase to increase the ratio to 2:1 resulted in Hindlll restriction enzymes. The resultant plasmid was
primer synthesis22). To fully delineate the interactions of termed pET29b-DnaG. Labeled and unlabeled oligonucle-
primase with the single-stranded DNA template, we have otides were purchased from Sigma-Genosys (Pittsburgh, PA).
characterized the binding affinity of primase with a variety Labeled oligonucleotides were covalently linked with the
of CTG-less and CTG-containing templates derived from G4 fluorescein probe at the’Send during oligonucleotide
bacteriophage. synthesis.

The fluorescence anisotropy analysis of protddiNA The following unlabeled oligonucleotides were used:
interaction is a very convenient, quantitative, and rapid oligo(dT)s, 0ligo(dT ), 0ligo(dT)s, oligo(dC)s, oligo(dA)s,
method for direct assessment of binding in solution under a oligo(dT)o, and oligo(dTy. Mutated oligonucleotide se-
variety of experimental condition®28-28). More impor- guences of G4 are presented in Table 1. All other reagents
tantly, this methodology does not require separation of the used in this study were ACS reagent or spectroscopy grade
complex from the free ligand or immobilization of the ligand and obtained from Aldrich Chemical Co. (Milwaukee, WI).
to a surface. The utility of this method has been clearly HPLC grade water was obtained from Fisher Chemicals
demonstrated in studying protetidNA interactions involv- (Pittsburgh, PA) and analyzed for low autofluorescence.
ing a number of DNA binding proteins, e.g., estrogen  Buffers.Buffer A was 25 mM Tris-HCI (pH 7.5), 1 mM
receptor binding to estrogen responsive elements by RoyerEDTA, 5 mM Mg?", 5 mM DTT, and 10% glycerol. Lysis
and co-workers46, 27). Consequently, this method is ideal buffer was 25 mM Tris-HCI, 10% sucrose, and 250 mM
for a detailed analysis of DNAprotein interaction involving NaCl. Buffer B contained 20 mM Tris-HCI (pH 7.5), 10%
DNA primase. However, we have used a combination of glycerol, 5 mM Mg", and 1 mM DTT (KCI as indicated).
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Primase Expression and PurificatioRrimase was over-
expressed in the. coliBL21 (DE3, (LysS) strain harboring
the pET29b-DnaG expression plasmigl. coli cells were
grown in 6 L batches in 2YT medium containing 5@.g/
mL kanamycin at 37C to an ORQg of 0.4. At this stage,
1-isopropy! 1-thiog-p-galactopyranoside (IPTG) was added
to a final concentration of 0.25 mM. The culture was grown
for additional 3 h. Cells were harvested at 49®@ 10 min,

and the cell pellet was resuspended in lysis buffer. The cells

were lysed with 0.2 mg/mL lysozyme, 5 mM MgCh mM
DTT, and protease inhibitors by incubating them on ice for
60 min followed by incubation at 37C for 15 min. This
mixture was then chilled on ice, and 2 mM spermidine

hydrochloride was added. The cells were sonicated and

incubated with 0.5 M sodium chloriderfd h on icewhile
being shaken.

The lysate was centrifuged at 40@0@nd 4°C for 30
min. The supernatant was precipitated with 0.3 g/mL
ammonium sulfate on ice fd. h followed by centrifugation.
The pellet was resuspended in buffer A and dialyzed
overnight to adjust the conductivity to that of buffer A10
(buffer A with 10 mM NacCl). The protein was loaded on a
20 mL POROS HQ column (Applied Biosystems Inc., Foster
City, CA) pre-equilibrated with buffer A10 followed by

washing with the same. The protein was eluted using a linear

40 mL gradient each of buffer A& buffer A500 at a flow
rate of 1 mL/min. The peak fractions were identified, pooled,
and purified further by HPLC gel filtration chromatography
on a 2 cmx 60 cm ToyoSoda TSK250 column obtained
from Bio-Rad (Richmond, CA) on a BIOCAD-20 HPLC
system (Applied Biosystems Inc.). The flow rate was 2 mL/
min, and the elution buffer was buffer A containing 150 mM
NaCl. The peak fractions were identified, collected, and
concentrated by ammonium sulfate precipitation. The protein
that was obtained was almos®5% pure (Figure 1A). The
protein homogeneity was determined by using SDS gel

electrophoresis, and the protein concentration was determined

by the method of Bradford?Q). The concentration of purified

primase was determined by UV absorption at 280 nm using

a molar extinction coefficient of 47 800 M cm™ (12).
Steady State Fluorescence Measuremehriisorescence
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Ficure 1: Purification ofE. coliprimase. (A) SDSPAGE analysis

of purified primase obtained after the gel filtration purification step.
(B) Gel filtration chromatography of®) primase and®) bovine
serum albumin (BSA). The column was Bio-Rad TSK 250 (2.2
cm x 60 cm) high-resolution, preparative HPLC gel filtration
column fitted to a BIOCAD-20 (Applied Biosystems Inc.) HPLC
system maintained at°€. The flow rate was 2 mL/min. The protein
concentration was checked by the method of Bradf@@).

tion as shown in Figure 2B. Therefore, the anisotropy
measurements were not affected by the fluorescence lifetime
changes or the scattered excitation light.

Analysis of the Fluorescence Anisotropy Daféhe
interaction of primase with labeled oligonucleotide can be
represented as follows:

R+P<RP 1)

experiments were performed on a Perkin-Elmer LS50B where R is a ligand, i.e., labeled oligonucleotides, and P is
spectrofluorometer (Perkin-Elmer Inc., Shelton, CT) or a primase, the concentration of which was varied during
photon-counting spectrofluorometer equipped with a Hamamat-titration.

su R928P photomultiplier tube, and the measurements were At equilibrium, K,, the equilibrium association constant,
taken in an L format. Excitation and emission slits were can be given as

adjusted to 8 and 4 nm, respectively.

The B-fluorescein-labeled oligonucleotidgsligo(dT)s Ka= [RPY/([RI[P]) 2)
[FI-(dT),s] and G4ori-wt (FI-G4ori) were used as fluores-
cence anisotropy probes (Table 1). They were diluted in KJIRI[P] = [RP] )

buffer B to a concentration of 3 nM and titrated with primase
in the concentration range of 0.1 nM tquM. The samples  The fraction of the binding sites occupied can be represented
were excited at 488 nm, and the fluorescence anisotropy wasis
measured at 540 nn23—25), where minimal variation in . Lo . L .
the total fluorescence intensity was observed. The temper-  f = [0ccupied binding sites]/[total binding sites]

ature was adjusted by using a thermostat attached to the cell = [RPJ/([R] + [RP]) 4)
chamber. Fluorescence intensities were measured for 3

10 s and averaged. Anisotropy values were expressed assubstituting for [RP] and rearranging the equation, we obtain
millianisotropy (mA), which is equal to the anisotropy

divided by 1000. The standard deviation for the anisotropy f=KJ[PJ/(1+ KJ[P]) (5)
values was<2 mA. The total fluorescence intensity did not (©6)

change significantly with an increase in primase concentra- f=[PJ(P] + 1K)



Mechanism of DNA Binding byE. coli DNA Primase

Biochemistry, Vol. 41, No. 50, 20024823

(A) 124 [FI-dT),s] © [F1-Gdori]
< 2175
£ £
< 100} £
z 2 150
£ £
2 75 2 125
= =
< . <
100
s0f bd
10-° 108 107 10-¢ 10°° 108 107 106
[Primase], M [Primase], M
(B) D)
& [FI(dT) 4] £ 18 [FI-Gdori]
@ 60 2 &
= 5 5
g2 =",
E > ¢ o o0 S0 ;5 ~ MR 00’0’00’ *
— —ssk e e - — 16
&= = ‘e W
107 107 107 10 15 10 107 10
[Primase], M [Primase], M

Ficure 2: Fluorescence anisotropy analysis of primaskgo(dT)s and primase FI-G4ori interactions. (A and B) Titration of 3 nM
FI-(dT)zs with primase at 23C in buffer B containing 25 mM KCI: (A) fluorescence anisotro®) @and (B) fluorescence intensity#]
recorded at each point. (C and D) Titration of 3 nM FI-G4ori with primase £&t buffer B containing 25 mM KCI: (C) fluorescence
anisotropy @) and (D) fluorescence intensit#) recorded at each point. Nonlinear regression fits by GraphPad Prism3.01 are represented

with lines.

Similarly, the equilibrium dissociation constaKt (Kq =
1/K,) can be expressed as

f=[PI/([P] + Ky (7)
at
f=0.5 andK, = [P] (8)

Thus,Kq4 can be further defined as the protein concentration
at which half of the sites are occupied when the ligand

unlabeled ligand required to displace half of the FI-(dT)
from the complex, were computed from the regression
analysis. The inhibition constakj is given as
K =I1Csy(1 + R/Ky) (20)
whereRy is the total concentration of the FI-(d:F) Since it

is negligible in comparison to thi€y, the 1G is equivalent
to the inhibition constant;.

BIOEQS AnalysisAnisotropy data were also analyzed by

concentration is constant as in the present case or the ligand!sing the BIOEQS program following the instruction of C.

concentration at which half of the sites are occupied when

Royer 6—28). This program takes into account the different

the protein concentration is constant. Nonlinear regressionoligomeric states of proteins involved in each step of the

analysis of the anisotropy data was carried out using Prism
3.01 software (GraphPad Software Inc., San Diego, CA), and
theKq values, i.e., the concentrations of primase required to
bind 50% of the oligonucleotides, were computed using the
following equation

Y= A (Apax = Amn/(1 + 107079 (9)

whereAnin andA max are the anisotropy values at the bottom
and top plateaus, respectively,represents the log of the
primase concentratiorXy is the X value when the response
is halfway between the top and the bottom, amg is the
Hill coefficient.

Inhibition AssaysCompetition binding experiments were
used to compare the binding affinities of oligonucleotides
of different sequences, where a preformed prinfals@T).s
complex was titrated with unlabeled oligonucleotides. The
complex was formed by combining 8 107° M FI-(dT)zs
and the primase at 2 107 M, which was slightly higher
than theKy. The decrease in anisotropy was monitored with

reaction and, thus, analyzes more complex binding models
than standard nonlinear regression algorithms. On the basis
of the concentrations of the protein and ligand and the final
stoichiometries, this program derives the free energy involved
in the formation of each postulated DNArotein complex
species. The details of this program have been described
previously 6—28).

Since the final stoichiometry of the primasBNA
interaction is not known exactly, both a simple binding model
and a sequential dimer model were tested for their ability to
describe the interaction of primase with the DNA. The simple
binding model does not discriminate between one primase
monomer and two noninteracting monomers of equal affinity
binding to the DNA. The sequential dimer model describes
the DNA binding of two primase proteins that interact with
each other. This model incorporates free DNA, free primase
monomer, primase monomer-bound DNA, and primase
dimer-bound DNA, but not a free dimer. The plateau values
of anisotropy were floating parameters, while the anisotropy
corresponding to the intermediate monomer-bound species

the increase in competitor concentration, and data werewas fixed at a value approximately halfway between two
analyzed by using a nonlinear least-squares regressiomplateaus. Thus, the cooperative dimer binding model gives

algorithm. The IG, values, i.e., the concentrations of

two free energy values\G°; andAG®) where the first one
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is for monomer DNA binding and the second one is the total
free energy involved in the formation of the final complex.

The energy for the cooperativity of the interaction between
two primase molecules, if any, can be obtained as follows

AG°. = AG®° — 2AG*,; (12)

Electrophoretic Mobility Shift Assayrhe G4ori-wt se-
quence was labeled using-f?P]JATP and T4 polynucleotide
kinase. One nanogram of%P-labeled G4ori-wt oligonucle-
otide was incubated with the indicated amount of primase
for 10 min at room temperature in the presence of 10 mM
Tris (pH 7.5), 1 mM ATP, 5 mM Mg*, 100 uM EDTA,
10% glycerol, 1 mM DTT, and 0.24g/mL bovine serum
albumin. The final reaction volume was 20. The samples
were mixed with 5uL of loading buffer containing TBE
buffer [0.1 M Tris, 0.1 M boric acid, and 2 mM EDTA (pH
8)], 50% glycerol, and 0.1% bromophenol blue and electro-
phoresed in an 8% nondenaturing polyacrylamide gel,
equilibrated with TBE buffer. Following electrophoresis, the
gel was dried and subjected to autoradiography. The auto-
radiogram was scanned, and the intensities of the bands
which correspond to the free and bound DNA, were
measured in each lane by densitometry using a digital
autoradiography image analysis program from Eastman
Kodak Co. (Rochester, NY). Th& value was expressed as
the protein concentration at which 50% of the DNA was in
the bound form.

Ultraviolet Cross-Linking of the DNAProtein Complex
(30). Four nanograms of 5?P-labeled G4ori-wt oligonucle-
otide was mixed with varying concentrations of primase and

incubated at room temperature for 10 min. The samples were

UV irradiated using a UV lamp (1.5 mJ/s at 254 nm) at O
°C for 20 min. Following irradiation, the samples were
collected in tubes and denatured in SBFSAGE buffer at
100 °C for 5 min. The proteirDNA complexes were
separated m a 5 to 12.5% polyacylamide gradient gel,
equilibrated with SDS buffer. The gel was stained with
Coomassie blue R-250. Before autoradiography was carried
out, the gel was washed with 5% glycerol to remove traces
of ethanol and dried under vacuum. The apparent molecular
mass of the DNA-protein complex was determined by
comparing its mobility with that of the standard protein
marker.

RESULTS

E. coli Primase Is a Monomer in SolutioWe have
overexpressed primase from the pET29b-DnaG plasmid
(Figure 1A) for structurefunction characterization. The
protein was purified to near homogeneity by POROS-Q
column chromatography followed by high-performance liquid
chromatography gel filtration. Following gel filtration, the
fractions containing primase were homogeneous (fractions
66—73, Figure 1A,B). In HPLC gel filtration chromatogra-
phy, BSA appeared to comigrate with primase, indicating
that primase is a monomer in solution. As shown in the
chromatogram in Figure 1B, BSA and primase almost
coeluted in gel filtration analysis. These results confirm that

Khopde et al.

cellulose chromatography and in vitro priming assays (data
not shown).

Interactions of Primase with Single-Stranded DNAe
have analyzed the mechanism of DNA binding by primase
using oligonucleotides of defined sequences labeled with a
5'-fluorescein moiety and fluorescence anisotropy. The
binding constant for the interaction of DNA with primase
was determined using'fHlourescein-labeled 25 bp oligo-
(dT)s [FI-(dT)2s] (Table 1). Unless otherwise indicated, all
anisotropy measurements were carried out in buffer B
containing 3 nM fluorescein-labeled oligonucleotide and 25
mM KCI at 23 °C. Fluorescence anisotropy was measured
at increasing concentrations of primase until saturation in
anisotropy was observed. A semilog plot of the anisotropy
values at various primase concentrations generated the
binding isotherm shown in Figure 2A. The fluorescence
anisotropy of FI-(dT)s alone was 4@t 2 mA. With addition
of primase, the anisotropy value increased which was due
to an increase in the concentration of the primBs€dT).s
complex as shown in Figure 2A. A sigmoidal binding
isotherm with a plateau at 125 mA at high primase
concentrations was observed (Figure 2A). Tefor the
primaseFI|-(dT),s complex was 1.4« 107 M.

Primase preferentially initiates primer synthesis from the
CTG sequence in a number of prokaryotic priming systems,
although the mechanism of this preference remains unknown
(1, 9). Replication origin sequences derived from different
organisms contain the CTG sequence with an invariant
adenine residue in the proximity (Table 1). THdlBorescein-
labeled wild-type G4 origin sequence (FI-G4ori) consisting
of 30 base pairs, of which 13 bases were at therfsl and
14 bases were at theé 8nd, flanking the CTG sequence
(Table 1) was used to analyze its affinity of binding with
the primase.

The binding constant of Fl-G4ori and primase was
determined by anisotropy measurements, and is similar to
that described earlier for oligo(d%) In the absence of
primase, the anisotropy of FI-G4ori oligonucleotide was 90
+ 2 mA, which was significantly higher than that observed
with oligo(dT)s. Perhaps the higher anisotropy value is due
to a somewhat larger size and rigid nature of this sequence,
which is due to secondary structure unlike that observed with
FI-(dT)zs. The binding isotherm showed an initial plateau
region due to free FI-G4ori (Figure 2C) and increased with
increasing concentrations of primase, leading to an increase
in the extent of primas&l-G4ori complex formation (Figure
2C). The final anisotropy of the bound FI-G4ori wad90
+ 3 mA. With both FI-(dT)s and FI-G4ori, saturation binding
was reached above (3450.3) x 107 M primase. Nonlinear
regression analysis of the anisotropy data gawg aalue
of 1.22 x 1077 M for FI-G4ori. It is noteworthy that the
dissociation constant for the CTG-containing G4ori sequence
is somewhat lower than that observed with the Fl-(gT)
template. However, the difference between these kKyo
values was small. The fluorescence intensity did not change
during the titration, confirming that the quantum yield of
the probe remained constant (Figure 2B,D).

Length and Sequence Dependence of DNA Binding by
Primase.The binding affinities of oligonucleotides of varying

primase exists as a monomer in solution even at high primaselength and sequences were tested by competition analysis

concentrations. We have determined that the purified primase
preparation was 90% active in sSSDNA binding by ssDNA

as described in Materials and Methods. The prinfas@T).s
complex was assembled using>x2 10-7 M primase and
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A) independent of length above 20 bp. The DNA binding

g ’ affinity decreased significantly below 20 bp. The inhibition
constant for oligo(dT) was 3-fold higher than that obtained
for oligo(dT)s, whereas the; for oligo(dT)e was in the
micromolar range. Smaller oligonucleotides, such as oligo-
(dT)e, could not compete with FI-(d33 completely even at
very high concentrations (Figure 3A). Our results demon-
strated that the DNA binding affinity of primase depends
on the length of the template, and it was optimal above 20
bp.

To evaluate the influence, if any, of nucleotide composition
on DNA binding, we have compared oligo(dT) with oligo-
(dC). Oligo(dC)s was less efficient as a competitor of DNA
binding than oligo(d T} (Figure 3B), and; was significantly
higher than that observed with oligo(df)Table 2). The
\ inhibition constants for oligo(d@) and oligo(dT)s indicated

. that oligo(dT)s bound primase with a higher affinity than
oligo(dC)s. We have explored further the sequence depen-
dence of primase by using wild-type G4 origin of replication
1070 10° 10+ (G4ori-wt) as well as G4ori templates mutated in the region
of the semiconserved octanucleotide sequen€ETsCAA-

3 (Table 1). These G4 sequences were used for competition
against the Fl-(d}-primase complex under similar condi-
tions. A preformed complex of Fl-(d79 and primase was
challenged by titration with the G4ori-wt oligonucleotide.
As shown in Figure 3C, G4ori-wt can effectively compete
in primase binding and displace FI-(d4.)Analysis of the
competition data by nonlinear regression methods produced
an inhibition constant of 8.7x 108 M, which was
S T AT colmpgdrrab.le to ihart] of OI:|§]0(d?J'o) (Tat:jle dZ). . ced
. . n G4ori-mutl, the well-conserved adenine was replace

[Oligonucleotide, M] with thymine. Analysis of the inhibition plot of G4ori-mutl
S n o 0Ty bndrg by slebelod e, demonsirated ha he nibiton consiafi ¢ 2 10°
FI-(dT)zs primase cogr’nplex withqcompetitor oligonucleort)ides in M)_ was 3.5-fold higher than that for t_he wild-type sequence
buffer B containing 25 mM KCI: (A) (dT (- - -), (dT)s (O), (Figure 3C and Table 2). As shown in Table 1, G4ori-mut2
(dT)o (@), (dT)s (@), (dTho (a), and (dT} (), (B) (dT)is (O) was created by mutating CTG to CTT. Competition analysis
and (dC)s (), and (C) G4ori-wt ¥/), G4ori-mutl @), G4ori-mut2 with G4ori-mut2 indicated that thi&; (8.2 x 1078 M) was
(4), and Gdori-mut3¥). Nonlinear regression fits are represented - gjmjlar to that observed with G4ori-wt (Table 2). Incidentally,
with lines. . - -

CTT is also a preferred sequence for primase actiaty, (

which correlates well with the results of our binding studies.
G4ori-mut3, where the CTG sequence was replaced with the

100

O (dD)s

m (dC)y5
75¢

Anisotropy (X10%) E

G

100

vV Gdori-wt
¢ Gdori-mutl

751

& Gdori-mut2

v Gdori-mut3

Table 2: Inhibition Constants of Unlabeled Oligonucleotides

oligo- oligo- TTG sequence (Table 1), exhibited an inhibition constant
i . -1 i . -1 !
pucleorde KM ) nudeotde KM (k= 1.8 x 107 M) 2-fold higher than that of Gdori-wt
8%“ ggi 3'3 X 10 8%“) (50D X1 (Table 2). The overall order for the primase affinity for these
o5 . . 6 . . i . . .
(dT)o (6.94 0.4)x 108 Gdori-wt (8.7+0.3)x 10°8 sequences is as follows: G4or|-WtGé_1o_r_|-mut2> G4_or|-
(dT)is (1.940.3)x 107 Gdori-mutl  (2.8+ 0.3)x 1077 mut3 > G4ori-mutl. Comparable affinities of G4ori-mut2
(dChs (6.0£0.9)x 107 Gdori-mut2  (8.2:0.7) x 10°® and G4ori-wt for primase indicated that guanine in the CTG
(dA)is  ND* Gdori-mut3  (1.8£0.3)x 1077 triplet is not essential for primase binding. Comparison of
2 Not determined. wild-type G4ori with G4ori-mut3 revealed that the cytosine

in CTG is required for optimal binding to primase. Further

3 x 10°° M FI-(dT)s, and the anisotropy of the complex analysis of G4ori-mutl suggested that, in addition to the
was 110+ 2 mA (Figure 3). Competition with unlabeled trinucleotide CTG sequence, the invariant adenosine in G4ori
oligonucleotides displaced FI-(dE)rom the complex, and  also plays a vital role in primase binding.
the anisotropy decreased because of the formation of free Temperature Dependence and Thermodynamic Parameters
FI-(dT)zs. for DNA Binding by PrimaseTo delineate the thermody-

Competition analysis for oligo(dT)s of varying lengths was namics of the primaseDNA binding interaction, we have
carried out, and the data were analyzed by nonlinear least-analyzed primase binding with Fl-(dF)and FI-G4ori at
squares regression (Figure 3A). In general, the apparentseveral different temperatures: 23, 27, 30, 32, 37, and 42
inhibition constantsk;) increased with a decrease in the °C. The binding isotherms for primase binding to FI-(gT)
length of the oligonucleotides as indicated in Table 2. Both at different temperatures are presented in Figure 4, whereas
oligo(dT)sp and oligo(dT)o demonstrated inhibition similar  the binding data for FI-G4ori are not shown. Saturation DNA
to that of oligo(dT)s, suggesting that the binding was binding was observed at these temperatures for both Fi(dT)
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Table 3: Changes iy with Temperature

23°C 27°C 30°C 32°C 37°C 42°C
K- (@mpg (x10° MY 1.4£0.05 1.34+0.05 N 1.13+0.05 0.940.09 1.14+ 0.05
Kdiri-caor) (x 10" M~1) 1.24+0.08 ND* 1.1+ 0.05 ND* 0.85+0.08 1.12+ 0.05

aNot determined.
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Ficure 4: Temperature modulation of the primasaigonucleotide
interaction. (A) Titration of 3 nM FI-(dTp with primase at different
temperatures in buffer B containing 25 mM KCI: 28)( 32 ©),

37 (@), and 42°C (d). The inset shows normalized anisotropy data
for the titration of FI-(dT)s with primase at 27H), 37 @), and 42

°C (d). The normalized plot for 32C overlapped with the plot
for 27 °C and was, therefore, omitted. (B) van't Hoff analysis of
the apparent dissociation constagg)(for the interaction of primase
with FI-(dT).s (a) and FI-G4ori p) at different temperatures. Solid

Scheme 1. Three Possible Pathways of Primase Binding to
Single-Stranded DNA that Were Analyzed

Monomer

Seq. dimer Dimer
pathway pathway pathway
Pri Pri,
'm m AGoc .
\ Prig
AGY,
AGY, y Prim-DNA
AG%
Prip,-DNA
_y m AG,
Y
Prig-DNA

the entropy AS’) was calculatedAG° = —RT In K4 and
AG®° = AH° — TAS) and was found to be-51.6 cal K*
mol~t. Therefore, the DNA binding process is primarily
entropy driven.

Primase Bound DNA as an Apparent Dimérimase
exists as a monomer in solution even at a very high
concentration 1 mg/mL) as determined by HPLC gel
filtration chromatography (Figure 1). The Hill coefficients
(napp, Obtained from the nonlinear regression of the binding
isotherms of FI-(dT), was found to be 1.7. The Hill
coefficient can be interpreted as the minimum number of
monomers involved during complex formatid®). The Hill
coefficient fpp = 1.7) of these plots indicated that at least
in this case, two primase monomers are binding DNA with
a degree of cooperativity. Therefore, we have analyzed the
binding isotherms further for determining possible modes

lines represent linear regrgssion fits. Nonlinear regression fits are of primase-DNA complex formation. We have considered
represented with dashed lines. several different possible models that could lead to the
(Figure 4A) and FI-G4ori templates. We observed an overall formation of the complex as shown in Scheme 1. Three
decrease in anisotropy values of the free and bound oligo- pathways of primas®NA complex assembly that were used
nucleotides with an increase in temperature. A similar to analyze the binding isotherms are presented in Scheme
decrease with temperature was observed with estrogenl: (i) monomer binding model in which primase binds as a
receptor binding to the estrogen responsive element, and thenonomer and forms the RfDNA complex, (ii) sequential
observed changes were due to a decrease in solvent viscositgimer binding model in which primase is first binding as a

with an increase in temperatur27j. Therefore, the data for
FI-(dT),s were normalized (inset of Figure 4A). The dis-
sociation constants of the primaskgonucleotide complex
decreased steadily with temperature between 23 arftC37

monomer to form the BgDNA complex followed by
sequential association of a second monomer resulting in
formation of the Pg-DNA complex, and (iii) dimer binding
model in which primase forms a dimer before associating

(Table 3) for both sequences. The dissociation constantwith single-stranded DNA (PfiDNA).

increased at 42C, probably due to the denaturation of the
protein at this temperature. The primss&onucleotide
complex was most stable at 3€ and comparable for both
Fl-(dT)s and Fl-G4ori.

The binding isotherm obtained by titration of FI-(dd)
with primase in buffer B at 37C in the presence of 25 mM
KCI was fitted to each of these three binding models, as
shown in Figure 5A. The monomer binding model did not

We plotted the dissociation constants using the van't Hoff fit the binding isotherm or the dimer binding model. The

equation (InKq = —AH°/RT, where AH® is the enthalpy

sequential dimer model provided the best fit to the experi-

change and’ andR are the temperature and gas constant, mental binding data compared to the other models (Figure
respectively) as shown in Figure 4B. For both oligonucleotide 5A). In addition, data from the residual fit showed more

probes, the van't Hoff plot is linear up to 3€ and deviated
from linearity above 37°C, which could be due to a
conformational change in this temperature rantyd® was
derived from the slope of the van’'t Hoff plot and was similar
(—6.0 kcal/mol) for both oligonucleotides. The change in

deviation from the baseline in the case of the monomer model
than that observed with the sequential dimer model with a
%2 value of 0.95 (Figure 5B). The sequential dimer model
also fitted well with the binding isotherm obtained with the
FI-G4ori oligonucleotide (Figure 5C). These results revealed
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150 A FiIGurRe 6: Analysis of the primasssDNA complex by gel
O exper retardation and a UV cross-linking assay. (A) The gel shift DNA

— dimer binding assay was carried out as described in Materials and Methods
with 1 ng of labeled G4ori-wt. Lane 1 represents labeled G4ori-wt
alone, and lanes-26 represent labeled G4ori-wt with 0.25 (lane
2), 0.5 (lane 3), 1 (lane 4), 2.5 (lane 5), andd(lane 6) of primase,
respectively. (B) Plot of bound DNA in femtomoles (fmol) vs
primase concentration in nanomolar (nM). The solid line represents
the nonlinear regression fit of the data.

Anisotropy (mA)
2 B

75¢
10° 107 107 10 bands were observed &f70 and~140 kDa for all primase
[Primase], M concentrations (Figure 7B). These two species were found
Ficure 5: Binding models of the primas®ligonucleotide interac- to have molecular. r_nasses conS|Stent with that expepted for
tion by BIOEQS analysis. Panels A and C are the BIOEQS analysescOmplexes containing DNA cross-linked to the primase
of the anisotropy data obtained during the titration of 3 nM FI- monomer 75 kDa) and the primase dimer140 kDa),
(dT)s and FI-G4ori, respectively, with primase at 32 in buffer respectively. In addition to this, the dimBINA complex

B containing 25 mM KCI. Solid and sequential dashed lines appeared to be more abundant than the monddheA
represent the sequential dimer and monomer fit, respectively. (B)

Residuals obtained during the fit of the monom®) @nd dimer complex. _ o
(O) data to the anisotropy data obtained during the titration of 3 ~ Energetics of PrimaseDNA Binding From the coopera-

nM Fl-(dT).s with primase at 37C. tive dimer fit, the free energy changes derived for the
primaseFI-(dT),s interaction were as followsAG®; = —4.6
that the sequential dimer model of stepwise binding of two kcal/mol for the monomer DNA interaction andG® =
primase monomers to the substrate DNA is the preferred —11.03 kcal/mol for the overall association of two monomers
pathway. to DNA, which were assigned to the formation of thefri
To further examine the various modes of prim&¥¢A FI-(dT).s and Pri-FI-(dT),s complexes, respectively. The free
complex formation, we have carried out an electrophoretic energy of cooperativity as defined by eq AG°., was found
mobility shift assay (EMSA). Upon titration with primase, to be —1.8 kcal/mol. A low value indicated a weak
the migration of sSDNA was retarded, which clearly indicated interaction between the two monomers, which explained the
the formation of the primasBNA complex (Figure 6A). At lack of primase dimer formation in solution.
lower primase concentrations, two closely spaced protein  In the case of the CTG triplet containing the FI-G4ori
DNA complex bands were observed which could be due to sequence, the cooperative dimer model revealed two free
different modes of binding related to secondary structures energy values:AG°; = —6.3 kcal/mol andAG® = —11.7
of ssDNA. The plot of DNA concentration in femtomoles kcal/mol. Since in vivo and in vitro studies indicated that
versus protein concentration in nanomolar (Figure 6B) primase initiates primer synthesis preferably from CTG
revealed theKy value of (3.5+ 1.3) x 107 M, which is sequences and the calculated valueA@°; for monomer
comparable to that obtained from anisotropy measurementsbinding to a non-CTG DNA sequence is 4.6 kcal/mol, we
The small difference is likely due to a difference in the two assigned theAG°; value of —6.3 kcal/mol to primase
methodologies; in particular, the EMSA involves separation monomer binding to the CTG-containing sequence in G4ori.
of the bound and free DNA that perturbs the equilibrium. The remaining free energyAG®, = —5.4 kcal/mol) is
We also performed UV cross-linking of primase with attributed to the binding interaction of the second monomer
DNA, where we could determine the molecular mass of the at the non-CTG site and cooperative interaction between the
cross-linked products (Figure 7A,B). In the autoradiogram monomers. The cooperative free energy of the primase
of the cross-linking gel, significant levels of two cross-linked primase interaction was 0.8 kcal/mol for FI-G4ori.
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Primase (zg) 3 1 25 & (dT)2s (1.4 x 1077 M), indicating a slightly higher binding
ﬁ\': i?r“a';'i;‘t"i’;lf‘“!” oo affinity for the CTG-containing G4ori-wt sequence (Figure
2 and Table 1). The determinationkf at different tempera-
A) Mo 2 3 4 tures (23-42 °C) showed a uniform trend iKq for both
MK —p sequences. Therefore, the differences betweeKhalues
associated with these two oligonucleotide sequences are
significant, even though the differences between the two sets
97K — were small. Our data also demonstrated that although primase
67K bound DNA in the temperature range of 282 °C, the
Primase — - " binding affinity of primase was highest at 3T, which is
45K also the optimal temperature f@&. coli growth. The free
WK — energy change for the primasssDNA interaction, deter-
mined from the van’t Hoff plot to be-9.5 kcal/mol, was
comparable to the free energy change computed for other
DNA binding proteins 83). The van't Hoff analysis also
(B) revealed that the association of primase with ssDNA is
20K —» primarily entropy driven. The structural analysis of primase
indicates that the electropositive region of the Ntkrrminal

o o@® | ] DDNAcomplex subdomain provides a surface for the interaction with the
97K —» DNA phosphodiester backbone, whereas the basic and the
67K —m hydrophobic groups help to bind the RNA primezly.

» @@ | ] MDNAcomplex Therefore, the favorable entropy of primase binding can be
5K —» attributed to the release of water from the polar and nonpolar
30K . surfaces. The desolvation of polar groups contributes to the

“ ST ssDNA unfavorable enthalpy3d). Incidentally, we also determined

that DNA binding is not influenced to a significant degree
Ficure 7: Photo-cross-linking of primase DNA complexes. UV by ionic strength (data not shown).

cross-linking was performed as described in Materials and Methods. . .

(A) Picture of a Coomassie blue R-250-stained SIPAGE gel. Q“QO”UC,'G‘?“de Length "fmd, Seq‘,ie_”ce D(_apendence of
(B) Autoradiogram of the gel. During the experime#P labeled ~ Primase BindingThe DNA binding affinity of primase was
G4ori-wt was incubated with 3 (lane 1), 1 (lane 2), 2.5 (lane 3), found to be length- and sequence-dependent. Primase shows
and 5ug (lane 4) of primase. Lane 1 represents an unirradiated jts highest binding affinity for templates20 bases in length.

primaseG4ori-wt complex. Lane M indicates the standard marker The inhibition constanti;) was lower for oligo(dT) than
proteins, and their molecular masses are shown at the left side of !

the figure. In panel B, M and D refer to the primase monomer and that observed with oligo(dC), indicating that oligo(dT) is a

primase dimer, respectively. better template than oligo(dC) for interaction with primase
binding. Inhibition studies using G4ori and its mutants
DISCUSSION confirmed that the CT sequence of the d(CTG) recognition
site was essential for efficient binding of primase with DNA.
Primase is responsible for priming the entige coli The increased; of G4ori-mutl revealed that the invariant

genome during chromosomal DNA replication. Conse- adenosine residue of G4 enhances the binding affinity of

quently, it has the ability to bind ssDNA regardless of primase.

sequence. However, it synthesizes primers at only certain  primase Formed a 2:1 Complex with sSDNBIOEQS

seqguences in a distributive manner. In the replication fork, ana|ysis of b|nd|ng isotherms of pr|ma~sNA b|nd|ng

it interacts with the DnaB helicase that unwinds DNA in a showed that the Stoichiometry of the pnm-aﬂ\]A Comp|ex

highly processive manner. Unlike transcription factors, such was 2:1 as indicated by the fit of the data to a sequential

as thetrp repressor or estrogen receptor, it is a mobile dimer binding model. Further, gel retardation and UV cross-

replication promoter and ssDNA passes through the DNA jinking studies confirmed this model by demonstrating the

binding site at an extremely high rate. Therefore, the formation of both primase monomebNA and dimer-DNA

interaction of primase with ssDNA is certainly complex and complex species.

dynamic. Although the roles of primase in replisome and  The sequential dimer model demonstrated that the primase

lagging strand priming are well-established, the mechanism monomer bound oligo(dF with a AG®; of —4.6 kcal/mol.

of its interaction with DNA remains to be understood. The free energy Change for Cooperativity wag.8 kcall/
Mechanism of DNA Binding by Primaderimase appeared  mol. It is likely that this energy is involved in the primase

to bind a number of different single-stranded DNA templates, primase interaction. With the G4-ori sequentd&°; for the

which is in accordance with its function in vivo. Therefore, first monomer is quite a bit higher6.3 kcal/mol) than that

to delineate the mechanism of the binding process, we havefor the non-CTG sequence-4.6 kcal/mol) such as oligo-

focused this study on two specific sequences. The apparen{dT).s. It was also higher than thAG°, for the second

dissociation constants were determined for primase bindingmonomer binding. The first monomer bound the CTG site

to (i) G4ori-wt, a CTG-containing template derived from in G4ori, since primase has a higher affinity for the CTG

bacteriophage G4 origin of DNA replication, and (ii) oligo- trinucleotide AG°® = —6.3 kcal/mol), and the second
(dT)2s, a synthetic homopolymer sequence lacking the CTG monomer bound a non-CTG site.
triplet. The dissociation constar{) for G4ori was found Mechanism of Site Selection and Priming on the Lagging

to be lower (1.2x 107 M) than that observed with oligo-  Strand.The X-ray crystal structure of primase shows that it
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NH,-

P1, P2 & P3 are primase mole cules

Ficure 8: Model depicting primer synthesis by primase and DnaB
helicase on the lagging strand of the replication fork. (A) X-ray
crystal structure of the active site &. coli primase that was
reported by Keck et al.2(l), shown as a ribbon model (I) and a
hydrophilic surface model (I1) displaying the putative DNA binding
site and side chains (highlighted in red) involved in DNA binding:

Biochemistry, Vol. 41, No. 50, 20024829

acts as a trigger for initiation of primer synthesis. Primase
has distributive actionl{l), and therefore, it dissociates from
the template DNA after forming the primer (Figure 8B). This
may be due to the free energy difference between monomer
and dimer binding. After initiation of the priming event on
CTG, it will be difficult for the primase to stay attached to
DNA for an extended duration as a monomer. This duration
of binding could be just long enough for synthesis of a small
primer and complete dissociation from the template upon
completion of primer synthesis (Figure 8B).

During replication, ssSDNA passes through the primase
DNA binding site at the rate of~1000 nucleotides per
second. This rate is feasible only when there is no significant
sequence dependence. We have proposed that a slightly
greater binding affinity for CTG-containing sequences will
result in (i) dissociation of primase from the primosome, (ii)
initiation of primer synthesis at the CTG sequence, (iii)
dissociation of the primase from the lagging strand at the
culmination of primer synthesis, and (iv) association of a
new primase molecule with the primase site in the primosome
as depicted in Figure 8B. This model of primase action holds
that the concentration of primase will determine how long
the primase site remains vacant in the primosome, the
frequency of lagging strand priming, and the lengths of the
Okazaki fragments. During the period of the absence of
primase from the primosome, another CTG sequence will
pass through the primosome without being primed. Therefore,
the relative distance between the primers as well as the
lengths of the Okazaki fragments would be inversely
proportional to the primase concentration.

The sequential dimer model that we have proposed in
Figure 8B is also supported by the structural requirements
of Zn finger DNA binding proteins. DNA binding proteins
of this class normally have two zinc fingers, which fit into
the major groove of the DNA double heli8%). Primase,
on the other hand, has only one N-terminal zinc finger motif
(36), which may not be sufficient for the formation of a stable
primaseDNA complex that agrees well with the thermody-
namic data presented here. Therefore, a second primase
molecule is required to provide one more zinc finger site

Arg146, Arg221, and Lys229. (B) Cartoon describing a proposed @nd to form a stable DN4protein complex. Together, the
model of the roles of primase and DnaB helicase in site selection two primase monomers form a stable complex with DNA

and priming of lagging strand DNA replication k& coli. The bound
DNA is ssDNA oriented in the'5o 3 direction. P+P3 are primase

molecules. CTG represents the recognition and primer synthesis

initiation sites.

without actually forming a true stable dimer. In addition,
this model does not preclude formation of higher-order
proteinDNA complexes, beyond a 2:1 primaB&NA com-
plex, in the presence of DnaB helicase.

has a sickle-shaped structure with a shallow, wedge-shaped
cleft on the concave side of the protein as shown in Figure ACKNOWLEDGMENT
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helicase and bind to DNA (Figure 8B). In FI-G4ori, one
monomer bound to the CTG sequence and the secondREFERENCES
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