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Targeting the E l  Replication Protein to the 
Papillomavirus Origin of Replication by 

Complex Formation with the E2 Transactivator 

The mechanism by which transcription factors stimulate 
DNA replication in eukaryotes is unknown. Bovine pap- 
illomavirus DNA synthesis requires the products of the 
viral E l  wne and the transcrivtional activator ~rotein 
encoded gy the E2 gene. ~ x ~ e r h e n t a l  data show:d that 
the 68-kilodalton (kD) E l  protein formed a complex with 
the 48-kD E2 transcription factor. This complex bound 
specifically to the viral origin of replication, which con- 
tains multiple binding sites for E2. Repressor proteins 
encoded by the E2 open reading frame failed to complex 
with E l  suggesting that the 162-amino acid region of E2 
that participates in transactivation contained critical de- 
terminants for interaction with El.  The physical associa- 
tion between a replication protein and a transcription 
factor suggests thaitranscriptional activator proteins may 
function in targeting replication initiator proteins to their 
respective origins of replication. 

T HE INITIATION OF DNA SYNTHESIS IS A PRECISELY OR- 
chestrated event performed at defined genetic loci termed 
origins of replication. Such elements have been isolated from 

bacteria, bacteriophage, yeasts, and viruses that infect eukaryotic 
cells (1). They are cis-acting elements that direct the assembly of 
specialized nucleoprotein complexes that function in duplicating the 
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genome (2). Replication origins frequently contain multiple DNA 
sequence motifs that are recognized by proteins directly involved in 
unwinding the origin (3).  However, several proteins that bind 
specifically to origins of replication also function in the control of 
transcription (4). The function of transcription factors in the 
initiation of DNA synthesis is ambiguous. 

Much of the information regarding the function of transcription 
factors in DNA replication stems from analyses of DNA sequences 
that are required for origin function. In these studies, in vivo 
replication is measured after the deletion of DNA sequences that 
bind a specific transcription factor in vitro or stimulate transcription 
from heterologous promoters in vivo. Thus, the replication of 
polyoma virus displays a requirement for a transcriptional enhancer 
sequence (5). In addition, a core origin of replication for SV40 is 
stimulated by auxiliary elements that function in transcriptional 
control (6). A transcriptional enhancer is also a component of the 
Epstein-Barr virus origin of replication (oriP), and its activity is 
dependent on the Epstein-Barr nuclear antigen (EBNA) replication 
protein. The replication and transcription functions of EBNA, 
which binds to both core origin and enhancer sequences, may 
involve similar segments of the polypeptide (7). Biochemical studies 
with the cellular proteins CCAAT transcription factor-nuclear 
factor I (CTF-NFI) and octamer transcription factor 1 (OTF1)- 
NFIII revealed that they stimulate adenovirus DNA replication in 
vitro by enhancing the formation of the preterminal protein (de- 
oxycytosine monophosphate) initiation complex (8).  While NFI 
DNA binding sites are required for replication in vivo, effects of 
NFIII binding sites have not been reported (9). 

The mechanism by which transcription factors function to aug- 
ment replication is equally obscure. They may participate directly in 
the initiation of DNA synthesis by bringing replication factors to 
the template or indirectly by causing localized alterations in chro- 
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matin structure (10). Much of the work that addresses these issues in 
eukaryotes was performed with viruses which, with the exception of 
EBV, undergo multiple rounds of DNA synthesis in a given cell 
cycle, followed by cell lysis. In the case of adenovirus, a mode of 
initiation is used that is different from that which operates in the 
replication of cellular chromosomes. Furthermore, the soluble in 
v im replication systems developed for SV40 and polyoma do not 
exhibit a requirement for transcriptional control sequences or the 
cognate factors that bind to them (1 1). 

Bovine papilloma virus type 1 (BPV-1) provides a system in 
which to study regulated DNA synthesis in eukaryotic cells, as the 
virus replicates in synchrony with the host chromosome (12). BPV 
causes fibropapillomas in cattle and transforms rodent culture cells 
with single hit kinetics. In these transformed cells, the virus main- 
tains itself as a multicopy nuclear plasmid (13). The establishment 
and maintenance of this state requires both the E l  and E2 open 
reading frames (Oms) .  Immunochemical studies in BPV-trans- 
formed cells have identified 23-kD and 68-kD phosphoproteins as 
the products of the E l  ORF (1 4). However, all of the E l  functions 
necessary for extrachromosomal replication are provided by the 
6 8 - 0  protein. This protein binds adenosine mphosphate (ATP); 
furthermore, mutant genomes that contain lesions in the ATP 
binding region of the E l  protein are integrated into the host cell 
chromosome and thus do not maintain themselves as plasmids (14). 
E l  mutants also display an overall increase in the amount of viral 
manscription (15). 

Mutations in the E2 ORF display pleiotropic effects, some of 
which extend to viral DNA synthesis. Three related site-spechc 
DNA binding proteins are encoded by the E2 ORF: a 48-kD 
transactivator, a 31-kD transcriptional repressor (E2C), which lacks 
the amino-terminal 162-amino acid activation region, and a 2 8 - 0  
repressor derived from a fusion of the E8 ORF (11 amino acids) 
with the carboxyl-terminal202 amino acids of E2 (E8-E2) (16). The 
relative concentrations of these proteins in transformed cells deter- 
mine an exquisitely complex program of transcriptional control and 
may directly affect DNA replication as well. Mutant genomes that 
fail to produce the E2C repressor protein display an increase in 
overall plasmid copy number (17). Furthermore, viral genomes that 
harbor temperature sensitive mutations that affect the fill-length 
transactivator integrate into the host cell chromosome at the non- 
permissive temperature (18). Frameshift mutations and premature 
termination codons dismbuted throughout the E2 ORF lead to 
weakly transforming viruses that also integrate into the host chro- 
mosome (1 8, 19). A direct function for E2 in BPV DNA replication 
was previously discounted, as a deletion which removed almost all of 
the E2 ORF (Bal 15) maintained itself as a plasmid in a manner 
identical to wild-type BPV (20). This result was possibly due to 
either the persistence or repair synthesis of the mutant genomes or 
the presence of a critical cell factor that could functionally replace E2 
(21). The genetic data are now entirely consistent with an absolute 
requirement for the E2 ORF in the maintenance of BPV genomes 
as extrachromosomal elements (21). 

The BPV genome contains 17 E2 binding sites, 11 of which lie in 
the noncoding upstream regulatory region (22). Two clusters of E2 
binding sites in this region (E2RE1 and E2RE2) function as 
E2-dependent transcriptional enhancer elements (23). Moreover, 
the origin of DNA replication has recently been mapped to a 
20O-base pair (bp) region that contains E2RE1, further suggesting 
a function for E2 in viral DNA synthesis (24). Here, we document 
a physical complex between the 68-kD E l  replication protein and 
the 4 8 - 0  E2 transcriptional activator, and demonstrate that this 
protein complex binds specifically to DNA fragments that contain 
the viral origin of replication. 

Association of the E l  replication protein with DNA by the E2 

El: 0 

E2: i 

Fig. 1. Stimulation of 
the s p d c  DNA biding 
activity of E l  by E2. A 
6xed amount of partially 
puified E l  and various 
amounts of puified E2 
were incubated with a 
mixture of 32P end labeled 
DNA fragments. Protein- 
DNA complexes were 
then immunoprecipitated 
with either anti-El or an- 
ti-= as indicated. Labeled 
DNA bound in the im- 
mune complexes was frac- 
tionated on native poly- 
acrylamide gek (5 percent) 
and visualized by autorad- 
iography. The lane marked 
Input contains a sample of 
the starting mixnue. The 
numbers above each lane 
refer to microliters of either 
partiaUy p d e d  E l  or 
pure E2 (2.5 Clghnl). The 
E 1 and E2 protein prepara- 
tions were obcained as de- 
saibed (45). Immunopce- 
upitations were perfbrmed 
as in (46). 

transactivator. The 6 8 - 0  E l  protein has limited sequence simi- 
larity to SV40 large T antigen in regions involved in nucleotide 
binding (25). Because E l  is an adenosine mphosphate (ATP) 
binding protein, it may execute a subset of its replication functions 
in a manner analogous to SV40 large T. A salient feature of this 
mode of initiation involves direct recognition of the origin of 
replication by the initiator protein. Detection of papillomavirus 
proteins in vivo under the natural conditions of viral infection is 
extremely difficult. To address the DNA binding potential of E l  and 
to obtain sdcient quantities of material for biochemical studies, the 
68-kD protein was produced in a baculovirus expression system 
(26). Approximately 70 to 80 percent of the protein produced was 
insoluble under nondenaturing conditions, while the remainder was 
salt-extracted (NaCI, 300 mM) fiom nuclei. The soluble fkaction, 
which was used in the experiments described below, was chromato- 
graphed on DEAE-Sepharose, phosphocellulose, and mono Q 
columns. Some fractions of the partially purified E l  protein were 
not dciently retained by resins that contained immobilized calf 
thymus DNA. Because most site-spechc DNA binding proteins 
have a5nity for nonspecific DNA, the question arose as to how this 
initiator protein recognizes the BPV origin of replication. In that 
the origin contained the E2RE1 enhancer element (24), we tested 
the ability of purified E2 to mod* the origin binding activity of El. 
Partially purified El, E2 purified to homogeneity, or a mixture of 
these proteins was incubated with 32P-labeled DNA fragments. 
Protein-DNA complexes were then analyzed by immunoprecipita- 
tion with either antibodies to E l  (anti-El) to examine E l  contain- 
ing complexes, or antibodies to E2 (anti-E2) to isolate complexes 
that harbored E2. The DNA fragments bound in the immune 
complexes were separated by electrophoresis and visualized on 
autoradiograms. Partially purified E l  displayed a weak a5nity for 
the 1.4kilobase (kb) fkagment, which contained E2 binding sites 5 
to 13 (Fig. 1). This relatively weak binding was increased in the 
presence of the 4 8 - 0  E2 transactivator. In the presence of a fixed 
amount of El, increasing amounts of E2 resulted in increasing 
amounts of the specific fkagment bound. In the absence of El, 
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Fig. 2. Formation of a spe- Virus: None El  E l  + E2 E2 kD 

cific complex between EI ~ntiserum: .- =!? -. 92.5 
and E2. [35S]Methionine- 69 *El 
labeled extracts from Sf9 Y 46+E2 
cells infected with El ,  E2, 30 
or El+= recombiiant 
baculovinws (47) were 
immunoprecipitated with 14.3 
antibodies to E l  (anti-El) 
or E2 (anti-E2). Proteins bound in immune complexes were subject to 
electrophoresis on an SDS-polyacrylamide gel and visualized on autoradio- 
grams. Molecular size markers are shown on the right. The numbers in the 
track labeled antiserum refer to either anti-El (1) or anti-E2 (2). 

binding of the E2 protein to this fragment was not detected with 
anti-El, but was visualized by immunoprecipitation with anti-E2. 
At higher concentrations of E2, a smaller fragment that contained 
the weaker E2 binding sites was also observed with anti-E2. The E2 
transactivator thus facilitated the association of E l  with DNA. It 
may be that E2 altered the structure of the fragment, thus enabling 
the E l  protein to recognize either an altered structure or an 
E2:DNA complex. On the other hand, there could be a specific 
protein-proteG interaction between E l  and E2. 

Formation of a complex b e e n  the E2 tramcription fictor 
and the E l  replication protein. We infected insect cells with 
baculovhses that ex~ressd either E l  or E2. or we coinfected cells 
with both recombiiant viruses to determine whether an El-E2 
complex could be detected. Cells were labeled with [35S]methi~nine 
and-extracts were passed through D E A E - S ~ ~ ~ &  to remove 
endogenous nucleic acids. Immunoprecipitates obtained with either 
anti-El or anti-E2 were resolved by electrophoresis and visualized 
on autoradiograms. Anti-El precipitated a 68-kD protein fiom cells 
infected with the El-expressing baculovirus, while anti-E2 precip- 
itated a 48-kD protein fiom cells infected with an E2-expressing 
baculovirus (Fig. 2). Both anti-El and anti-E2 immunoprecipitated 
the 68-kD E l  protein and the 48-kD E2 protein fiom cells infected 
with both recombinant baculoviruses. This demonstrated that a 
physical complex existed between E l  and E2 and formed in the - - 
absence of exogenous nucleic acids. Moreover, this complex can be 
formed in vitro by mixing individual infected cell extracts that 
contain either E l  or E2 (see Fig. 5). 
Binding of the E2-El complex to a DNA hgment that 

contains the E2 responsive transcription element. The specific 
DNA fragment bound by the El-E2 complex in the previous 
experiment spanned nudeotides 7480 to 945. To further delineate 
the cis elements recognized by the El-E2 complex, the viral DNA 
was digested with a different set of restriction enzymes. Protein- 
DNA complexes were then immunoprecipitated with either anti-El 
or anti-E2 and processed as in Fig. 1. Partially purified E l  (immu- 
noprecipitated with anti-El) displayed a weak speufic DNA binding 
activity in the absence of E2. Addition of increasing amounts of 
purified E2 increased binding to a 596-bp Dde I 4 l a  I (Fig. 3A) 
fragment or a 319-bp Taq I fragment (Fig. 3B). Puri6ed E2 
(immunoprecipitated with anti-E2) bound to a 596-bp fragment in 
the Dde I 4 l a  I mixture (Fig. 3C) and to a 319-bp fragment in the 
Dde I-Taq I mixture (Fig. 3D). This 319-bp fiagment spanned 
nucleotides 7477 to 7796 and contained E2 binding sites 5 to 10. 
DNA sequences involved in the control of transcription (23) as well 
as the origin of replication are present on this fiagment (24). These 
results demonstrate that the E2-El complex specifically binds to 
sequences that contain the E2RE1 transcri$ond enhancer element. 

To obtain preparative amounts of the El-E2 complex for bio- 
chemical analysis, we developed an immunoatKnity purification 
scheme. Nuclear extracts from insect cells infected with both E l  and 
E2 recombinant baculoviruses were fractionated through DEAE- 
Sepharose and phosphocellulose. Because purified E2 flowed 

through the phosphocellulose resin (27) and a fraction of E l  bound 
to phosphocellulose, E2 must have been retained on this resin by 
virtue of its association with El.  The protein fiaction was eluted 
from phosphocellulose with 400 mM NaCl and was applied to the 
i m m u n e t y  matrix that contained the E2 monoclonal antibody, 
B202, immobi id  on protein A-Sepharose. The resin was washed 
with a buffer that contained 1M LiCl and eluted with a high pH 
buffer, and the fractions were immediately neu-. The 6 8 - 0  
E l  protein and the 48-kD E2 protein were the major protein species 
eluted fiom this column (Fig. 4.4 and were present in stoichiomet- 
ric amounts. Their identiv &as confirmed by immunoblot analysis. 
The retention and subsequent coelution of both the 68-kD E l  
protein and the 48-kD E2 protein from the immunoa5nity matrix, 
after extensive washing 4 t h  a stringent high salt buffet further 
suggests that these proteins are complexed and that formation of the 
complex is driven by hydrophobic interactions. The El-E2 complex 
can also be purified in a single step fiom coinfected cell extracts by 
this immunoailinity procedure. This shortened procedure, however, 
does not remove any uncomplexed E2 present in the extract. Elution 
of this material fiom Q-Sepharose with a linear salt gradient yields 
a distinct fiaction of E2, which co-chromatographs with El. 
Furthermore, the 68-kD E l  and 48-kD components of this Q-Seph- 
arose fraction cosediment as a distinct peak on a glycerol gradient 
(28). Thus, by immunological and physical criteria, the 68-kD E l  
protein forms a stable complex with E2. 

The stable complex eluted fiom this immunoa5nity matrix re- 
tained its speufic DNA binding activity. Increasing amounts of the 
El-E2 complex bound increasing amounts of the 596-bp Dde I 4 l a  
I fragment when immunoprecipitated with anti-El (Fig. 4B). At 
higher protein concentrations, a 140-bp fragment that contained the 
weaker E2 binding sites 2, 3, and 4 was also bound by the El-E2 
complex. This upstream Agdator-y region contains .a cis-acting 
element termed dasmid maintenance seauence (PMSkl. This 

\ r 

region (6945 to 7476) is involved in maintaining recombinant 
vectors in a plasmid state (20). The BPV origin of replication may 
thus be a multicomponent genetic element that requires the inter- 
action of multiple E2 binding sites, as the replication origin maps to 
the strong E2 binding sites in a region distal to PMS-1 (24). 

The E2 O W  encodes proteins that function both as transcrip 
tional activators and repressors (16). Furthermore, mutations that 

C 
antl- 
" 
2 

Flg. 3. Biding of the E2-El complex to the BPV-1 origin of replication, 
which contains E2RE-1. A fixed amount of pandly purified El  and various 
amounts of purified E2 were incubated with different mixtures of 32P-labeled 
DNA. Protein-DNA complexes were immunoprecipitated with anti-El or 
anti-E2. Labeled DNA bound in the immune complexes was fractionated on 
native polyacrylamide gels and visualized by autoradiography. (A and C) 
PUC237 was digested with Dde I and Cla I. (B and D) PUC237 was 
digested with Dde I and Taq I. DNA binding and subsequent immunopre- 
upitations were performed as described (46). 
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Fig. 4. Characterization of the E2-El complex. (A) Immunoai ty  purifi- 
cation of the E2-El complex. Protein fractions eluted from an immunoaf- 
finity matrix that contain immobilized B202, a monoclonal antibody to E2 
(48), were subjected to electrophoresis on SDS polyacrylamide gels. L, load; 
F, flowthrough; E, material eluted from the column. The gel was silver- 
stained; the molecular size markers (lane M) are as follows: 200 kD, 116 kD, 
97 kD, 68 kD, 45 kD, and 30 kD. (B) Specific DNA binding activity of the 
purified El/E2 complex. Purified E1-E2 complex or purified E2 was 
incubated with a j2P end-labeled mixture of DNA fragments (PUC237 
digested with Dde I and Cla I). Protein-DNA complexes were immunopre- 
cipitated and pracessed (46). DNA bound in the immune complex was 
fractionated by electrophoresis on native polyacrylamide gels (5 percent) and 
visualized on autoradiograms. 

eliminate the repressors display an increase in plasmid copy number 
(17). To address the potential regulatory function of the E2C 
repressor form, we tested its ability to form a complex with E l  by 
mixing infected cell extracts in vitro. In immunoprecipitation exper- 
iments, anti-El failed to coimmunoprecipitate E2C7 and anti-E2 did 
not coprecipitate E l  (Fig. 5A). This was conhned by the DNA 
bin* assay (Fig. 5B). Addition of purified E2C failed to stimulate 
the weak specific binding of partially purified El, as evidenced by 
immunoprecipitation with anti-El. The E2C preparation used in 
these experiments bound dciently to E2 binding sites when 
immunoprecipitated with anti-E2. The 48-kD E2 transactivator, 
however, formed a complex with the E l  protein and dciently 
bound to the 5%-bp mat. The region of E2 that promotes 
stable complex formation with E l  thus maps to the amino-terminal 
162 amino acids previously shown to participate in the activation of 
mmcription. This region may directly form the d c e  contacted by 
E l  or it may facilitate a conformational change that unmasks the E l  
binding determinants. 
The function of the E2-El complex in DNA replication. 

Genetic analyses have demonstrated that both the E l  and E2 ORFs 
are important for viral DNA replication. This raises the possibility 
that transcription factors directly participate in DNA replication in 
addition to modulating gene expression. This idea is consistent with 
studies showing that the expression of both E l  and E2 ORF's fiom 
COnStitutive promoters is necessary and d c i e n t  to support the 
transient replication of plasmids that bear BPV origin sequences 
(29). 

The E2-El complex may serve to load the E l  protein onto the 
DNA or may have an enzymatic activity that requires both subunits. 
In addition to its site-specific DNA biding activity, the E2 protein 
b ids  to nonspecific single-stranded DNA (30). This single-stranded 
DNA binding function may combine with the E l  replication 
protein to generate a multisubunit DNA helicase that functions in 
the initial unwinding of the DNA template. Immune complexes that 
contain the E l  protein exhibit an adenosine mphosphatase activity, 

and this hydrolysis could provide energy for the unwinding process 
(31). This mode of action would most closely resemble the initiation 
functions executed by SV40 large T antigen (32). Another possibil- 
ity is that the ATP binding function of E l  is similar to that of 
bacterial dnaA replication protein, where only the ATP bound form 
of the protein is active in promoting initiation (33). 

Our DNA binding experiments reveal that partially purified E l  
interacts weakly with specific DNA fhgments. Further studies are 
necessary to determine whether this DNA binding activity is an 
intrinsic property of the 68-kD E l  polypeptide. Such activity could 
also be due to an association with cellular proteins present in the 
preparation. In support of this possibility, the DNA binding activity 
of E l  decreases substantially as purification inaeases. This does not 
preclude the possibility that E l  itself may have a weak a5nity for 
origin DNA, and this &ty could be stabilized by E2 or by cellular 
transcription factors. However, the complex eluted fi-om the immu- 
noa5nity column is stable to washing with a stringent high-salt 
solution and subsequent chromatography. Moreover, this prepara- 
tion of E1-E2 binds specifically to BPV origin fragments, an 
indication that the ~ 1 - ~ 2  complex-may &deed be a 
specific DNA binding entity. 

Transcription fictors and the initiation of DNA synthesis. The 
region of E2 that binds E l  may be identical to the region that 
potentiates d p t i o n a l  activation. Mutant BPV genomes can be 
complemented in trans with E2 fusion genes that retain the DNA 
bi& specificity of E2, but carry the activation domain of the 
herpemirus transactivator, viral protein 16 (VP16). However, the 
transformed lines do not maintain the mutant genomes as plasmids. 
The transtbrmation dciency of these genom& under complemen- 
tation conditions is identical when either wild-type E2 or the 
VP16-E2 fusion protein are provided in trans (34). This is consis- 
tent with our biochemical data as it suggests a peculiar characteristic 
of the E2 transactivation domain that is important for DNA 

Fia. 5. Failure of the E2C . El  - 
repressor to complex with A + 
~1 and DNA VINs: E l  E2C E2C 

(A, Sf9 A n t l ~ ~ ~ m :  'r 2"r '7-7 
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were i;;fect&i' with m m -  
binant bad- that 
produced either El ,  E2, or 
E2C and starved prior to 
labehng as described (47). - 
j5S Trans-label (ICN) 
(200 bCi) and [35S] 
L-cysteine (250 bCi) were 
used to label each 10- .. 
dish. Fktracts were pre- 
pared as described (47). 
Complexes were formed in 1 
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vitrobymixingextract(20 + + + o + + + o + 

bl)withabufferthatcon- E2C: o o o o 1 3 l o 3  0  
tained 50 mM Hepes, pH 

o 0  

0  1 2  
,.6,100mMNaCI,1mM €2: 1 3 10 3 0  0  0  0  0  1  0  = 

-w- . -- 
EDTA, and 10 percent - rl 

glycerol (20 pl). Immuno- 
precipitations were per- 
formed and processed as - c  

dexribed (47). (B) Par- 
t idy p d e d  E l  and vari- 
ous amounts of purified 
E2 or E2C were incubated 
with an end-labeled mix- 
ture of DNA fragments 
(PUC237 digested with 
H i d  111, Cla I, and Eco .1, 

RI). Protein-DNA wmplexes were immunoprecipitated and processed as 
described (46). DNA bound in immune wmplexes was hctionated by 
electrophoresis on native polyacrylamide gels and visualized on autoradio- 
grams. 



replication. 
Many models have been proposed to explain the function of 

transcription factors in DNA replication. It is possible, however, 
that transcription factors may exert effects on replication via multi- 
ple, distinct pathways. Transcription itself may be important in 
some cases (35), while in other cases, chromatin structure could be 
operative (10). Identification of the El-E2 complex shows that a 
eukaryotic transcriptional activator can physically associate with a 
replication protein and is consistent with a direct function of E2 in 
viral DNA synthesis. Transcription factors may function by forming 
complexes with replication proteins and targeting them to their 
respective origins. In accord with such a model, the El-E2 complex 
purified in a single chromatographic step by immunoaffinity chro- 
matography directs the in vitro initiation of DNA synthesis on 
plasmids that harbor the BPV upstream regulatory region (36). A 
parallel situation exists in prokaryotes where replication proteins 
stimulate transcription from bacteriophage T4 late promoters (37). 

Electron microscopy (38) and two-dimensional gel mapping 
techniques have localized the BPV origin of replication to regions 
that overlap with the transcriptional element, E2RE1 (24). Analysis 
of the upstream regulatory region (nucleotides 6959 to 7947) 
reveals the existence of several polypurine-polypyrimidine tracts 
interspersed among E2 binding sites. These sequences are unstable 
duplex elements that are predisposed to unwinding (39). Similar 
tracts are found at the SV40 origin of replication and at the bacterial 
origin, oriC (40). Furthermore, these sequences are the first to be 
unwound upon binding of the respective initiator proteins (40, 41). 
Although replication initiates at defined regions in eukaryotic 
chromosomes. the precise nature of these origins of replication and 

and perhaps host cell, DNA synthesis. 
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