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INTRODUCTION

The resolution and reconstitution of the pathways of sucrose metabolism in fermen-
tation in yeast initiated modern biochemistry in this century. To this day, an under-
standing of the mechanics and regulation of fermentation and glycolysis in enzymatic
terms continues to be a major focus for research. Our work on the enzymology of
DNA replication has been patterned on these lines. It is now at a point where fermen-
tation and glycolysis enzymology stood many years ago.

STRUCTURES OF GENE EXPRESSION

With regard to the enzymology of the three levels of gene expression—replication,
transcription, and translation—that for replication has lagged behind. This is largely
due to the ease of isolating relatively intact complex structures for transcription and
translation, but not for replication.

Yet, the first discovered and purified constituent of gene expression was DNA pol-
ymerase 1 of Escherichia coli.' The enzyme is a single polypeptide of molecular weight
109,000. It is remarkable for its capacity to copy DNA templates with error-free fidel-
ity. However, this enzyme alone cannot account for the physiological features of rep-
lication.

By contrast, the multisubunit RNA polymerase and the complex ribosome, aug-
mented by a few dissociable factors, do give a remarkably good account of the proc-
esses of transcription and translation. These structures are readily purified from cell
extracts because they are so compact; strong denaturing agents are needed to resolve
them.

“THE REPLISOME”’

Replication in E. coli requires at least a dozen proteins discovered in the past few
years in addition to the original DNA polymerase. Very likely, still more will be iden-
tified as we search through the rubble of the cell lysate for the scattered remnants of
the compact organelle responsible for replication, ‘‘the replisome’’. Unfortunately, the
forces which hold this replisome together are dissipated by the gentlest means we have
used to lyse the cell.

MAJOR QUESTIONS ABOUT REPLICATION IN 1971.

For some time now, the basic features of DNA chain growth have been clear.? This
knowledge, based on studies of DNA polymerase I of E. coli, holds for all 30 or more
DNA polymerases isolated from a variety of bacterial and animal cells. The same

8 This review and the lecture on which it is based were prepared to celebrate Harland G. Wood’s 70th
birthday anniversary in Cleveland on September 9, 1977. They express my indebtedness for his inspira-
tional contributions to biochemistry and my great personal affection for him.
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mechanism applies to RNA polymerases as well. Whether the template is DNA or
RNA, whether the chain synthesized is RNA or DNA, the mechanism is the same. The
only major distinction between RNA and DNA polymerases is in the capacity to start
a new chain. An RNA polymerase has the capacity to scan the DNA encyclopedia,
select a given passage signalled by a phrase called a promoter, and transcribe only that
message. Not so for DNA polymerases. None is yet known which can initiate a chain.
Given a start or primer, a DNA polymerase copies a template with great fidelity from
that start to as far as the template goes. How then is a DNA chain initiated?

Additional complexities in DNA replication were also inferred from genetic studies.
In 1969 De Lucia and Cairns?® isolated an E. coli mutant that was deficient in DNA
polymerase I, the principal DNA-polymerizing activity in extracts of E. coli. Exami-
nation of the residual DNA-polymerizing activity in such mutants led to the isolation
of two new DNA polymerases, named polymerase 11**¢ and polymerase 111.” It was
not clear which one or more of these polymerases was responsible for chromosome
replication.

At about this time, genetic studies from several laboratories® showed there were at
least six genes in the E. coli chromosome whose functions were essential for DNA
replication. Assays were needed to identify the products of these replication genes,
which were named dnaB, dnaC, etc. and to determine their functions.

Thus, in 1971, there were four major questions surrounding DNA replication.

—

How is a DNA chain initiated?

2. Which of several DNA polymerases in a single bacterial cell is responsible for
synthesis of the chromosome?

3. What are the proteins coded by the multiple replication genes, and what do they
do?

4. How is DNA replication regulated?

An answer to this last most important question requires answers to the first three. The
parts of a machine must be identified before its regulation can be understood.

In a cartoon drawn at about that time, our ignorance of the molecular details of
the growing fork of the E. colichromosome was discreetly covered by a fig leaf. Direct
knowledge of these details is still scant. However, inferences which can be drawn from
replicative mechanisms of a phage $X174 that depends on E. coli for its enzymes now
suggest a picture of the replicating fork with details that are agreeably explicit.

The twenty or more E. coli proteins employed in replication of $X174 can be as-
signed specific functions in the growth of the leading and lagging strands of the E.
coli chromosome. The sizes, subunit structures, and relative abundances of the pro-
teins will be important for understanding how they are assembled into replication com-
plexes. Still unknown are the proteins whose function is initiation of replication of the
E. colichromosome at its origin.

SMALL DNA PHAGES AS PROBES OF CELLULAR REPLICATION

In trying to put the stattered pieces of the replication machinery together again, we
had been frustrated in our attempts to obtain a molecularly dispersed system from a
bacterium, a system that could sustain the replication of the bacterial chromosome.
We turned then in 1971 to the tiniest DNA chromosomes, first to that of coliphage
M13 (also known as phage fd and f1). Later it became clear how useful it would be to

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/07/12
For personal use only.

November 1979 25

study others, such as phages $X174 and G4. These phages rely on the host cell for
replication enzymes. Their small chromosomes are only 1/1000 the size of that of E.
coli. Each of these three phages has proved to be a remarkably effective probe for
illuminating a distinctive piece of the machinery that the cell uses for replication of its
own chromosome or of its extrachromosomal plasmids.

These phage chromosomes contain only about 5000 to 6000 nucleotides in a single-
stranded circle (SS). They have several attractive features. They are relatively easy to
isolate, characterize, and use as templates. They are converted into a double-stranded
circular replicative form (RF), and they require initiation of a new strand, perhaps at
a unique signal. And finally, they afford by their apparent simplicity, a strong psycho-
logical impetus; surely, one should be able to obtain a soluble-enzyme preparation
from cell extracts capable of replicating so simple a chromosome.

CONVERSION OF PHAGE M13 VIRAL STRAND INTO A DUPLEX
CIRCLE

We started our work on phage M13 and the initial stage of its replication, i.e., con-
version of the single-stranded circle into the duplex circular replicative form.? First,
we discovered a fundamental mechanism by which a DNA chain is initiated.'® Second,
we learned how to obtain the cellular replicative system in a soluble molecularly dis-
persed form.' Third, we found the complex multisubunit form of DNA polymerase
II.'"'? Incidentally, the technique of preparing lysates by gentle means in which the
replicative enzymes for M13 are soluble and from which the host DNA has been re-
moved,'* also proved applicable to the replicative systems of phages $X174, G4, T7,

and T4.
The knowledge that RNA polymerase can start chains and that DNA polymerases

could extend them suggested a mechanism of DNA-chain initiation. A short transcrip-
tional operation by RNA polymerase might provide a primer for DNA synthesis; this
RNA start would later be erased and replaced by DNA. Therefore, we looked to see
whether rifampicin, a specific inhibitor of RNA polymerase, would prevent the first
step of phage M13 replication.

The life cycle of phage M13 is shown in Figure 1.'* Rifampicin blocked the conver-
sion of phage M13 single-stranded circular DNA into the duplex replicative form in a
rifampicin-sensitive cell, but not in a resistant cell whose RNA polymerase failed to
bind the inhibitor. These results were confirmed and extended in studies with the sol-
uble enzyme system. Fractionation and resolution of the factors needed for the phage
M13 single-strand conversion to duplex enabled us to reconstitute this operation in
four stages (Figure 2).'*

Stage 1 —The DNA is bound by the DNA (single-strand) binding protein,'®'” and
the secondary structure within it is unwound.

Stage 2—A unique region containing a hairpin-like secondary structure'® is bound
and transcribed by RNA polymerase.

Stage 3—The RNA primer is extended by a complex form of DNA polymerase to
produce the nearly complete replicative form (RFII); DNA polymerases 1, 11, and 111
are inactive. The active multisubunit form of DNA polymerase 111 (holoenzyme) will
be considered below.

Stage 4—RNA is removed, and the gap is filled by DNA polymerase I; the synthetic
complementary strand is sealed by ligase to form the final replicative form (RFI).
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M13 fd,fl
(11x.006H)
DNA=20x108

FIGURE 1. Life cycle of phage M13 (also called phage fd or fl). The phage is | um
long, 0.006 um wide, and has 2 x 10® DNA base pairs. RF is the circular, duplex,
replicative form.

WHY DOES RNA PRIME DNA REPLICATION?

When we reflect on why RNA is the device for starting a DNA chain, we wonder
why a DNA polymerase was not fashioned to do it. The reason may be to ensure the
ultra-high fidelity of the DNA record. At or near the start of a DNA chain, the proof-
reading and error-correcting devices built into DNA-replicative mechanisms may not
function as well in removing base pairing errors as during chain growth. RNA messages
are designed to be transient, whereas DNA is essentially indelible. Thus, the start of a
DNA chain marked by a foreign RNA-DNA hybrid can be readily recognized and
excised and the resulting gap filled by error-free DNA replication.

The priming mechanism for phage M13 DNA replication by RNA polymerase action
was later shown to apply to certain extrachromosomal elements or plasmids, such as
the colEl factor.'® However, it clearly could not apply to replication of the E. coli
chromosome. In the Okazaki et al.?** model for discontinuous chromosome growth,
chains are initiated at the rate of one a second at the replication fork, even in the
presence of rifampicin. Therefore, RNA priming of DNA replication is either not a
general mechanism, or it may also be performed by a rifampicin-resistant RNA pol-
ymerase, distinct from the classic rifampicin-sensitive enzyme.

When it was learned that the first stage of phage $¢X174 replication (single-strand to
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POLYMERASE IlI POLYMERASE I,
HOLOENZYME LIGASE

FIGURE 2. Scheme showing proteins and stages involved in reconstitution of conversion of M13 viral
DNA into RFI DNA.

duplex conversion) was also insensitive to rifampicin,?' we naturally turned to this
system to find the alternative to the phage M13 mechanism.

CONVERSION OF ¢X174 VIRAL STRAND INTO A DUPLEX CIRCLE

The life cycle of phage $X174 is shown in Figure 3.?> We have focused for the past
5 years on the resolution and reconstitution of the rifampicin-insensitive cellular ma-
chinery appropriated by phage $X174 DNA for its conversion into the replication
form.?? It is the very machinery used by the cell for replication of its own chromosome.
The subsequent stage in which the phage $X174 replicative form is multiplied requires
participation of additional components, the phage $¢X174 gene A (cistron A) product,
and the E. coli rep gene product; these will be discussed later.

A combination of assays has been used to fractionate and identify the components
of the system for the single-strand to duplex conversion of phage $X174 DNA .*-¥’
One assay is the complementation of a crude fraction prepared from a thermosensitive
replication mutant; the other is reconstitution of partially purified components re-
solved and separated by fractionation procedures. Separate purification procedures
were devised for each component to obtain optimal yields and purity.

Four of the components (dnaB protein, dnaC protein, dnaG protein, and the dnaE
subunit of polymerase 111 holoenzyme) could be assayed by complementation. How-
ever, four of the components (protein i, protein n, binding protein, and the f§ subunit
of polymerase I1I holoenzyme) are not yet identified with any genetic locus, and their
assay depends on reconstitution of a mixture of partially purified constituents.

Some believe that elucidating a complex biosynthetic pathway requires mutants at
each step. However, in this instance, many of these replication proteins have been
purified without having or using such mutants. It should also be clear that removal of
a particular component as drastic as by a genetic deletion can be achieved by treatment
of a fraction with (NH.).SO., an ion exchanger, or a gel-filtration column.

Eight protein fractions incubated with the four ribonucleoside triphosphates and the
four deoxyribonucleoside triphosphates, spermidine, and Mg** sustained the replica-
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Gene H
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FIGURE 3. Life cycle of phage $X174.

tion of the phage $X174 viral template (Table 1); omission of any one component
decreased synthesis by tenfold or more. Closure of the RFII DNA requires, as with
phage M13, DNA polymerase I and ligase. For lack of RNA polymerase, no combi-
nation of proteins in Table 1 was able to utilize phage M13 DNA as a template.

What are the functions of the many proteins needed for converting the single-
stranded form into the RFII form? Only the functions of the binding protein and the
DNA polymerase III holoenzyme could be surmised. Fortunately, Nigel Godson’s cur-
josity about $X174-like phages led him to discover phage G4 which is grossly similar
to phage $X174, but differs considerably in nucleotide sequence.?® It was phage G4
that enabled us to examine the function of dnaG protein. Although conversion of
phage G4 DNA into the RFII form is like that of phage $X174, a rifampicin-insensitive
operation, the requirements are strikingly simpler: only binding protein, dnaG protein,
and the DNA polymerase I1I holoenzyme are needed; four proteins essential for phage
$X 174 are dispensable for the phage G4 conversion.*

CONVERSION OF PHAGE G4 VIRAL STRAND INTO A DUPLEX
CIRCLE PRIMED BY dnaG PROTEIN: ACTION OF PRIMASE

The facility and simplicity of the phage G4 conversion into the replicative form
provided an assay for the isolation of homogeneous binding protein,'’ dnaG protein,*
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TABLE 1

Proteins Required for the Reconstitution of the Replication
of $X174, G4, and M13 Viral DNA Molecules

Template for synthesis
(amount required [pmo])

Component omitted $X174 G4 M13
None 64.0 102 1.8
Binding protein 0.7 0.6 1.2
dnaB Protein 2.0 94 0.6
dnaC Protein 2.3 99 0.8
Protein i 2.7 103 0.9
Protein n 1.8 86 0.4
dnaG Protein (primase) 33 6.7 0.5
Polymerase I11 holoenzyme 0.9 8.6 0.5

and the subunits of DNA polymerase III holoenzyme.?' Their actions can be separated
into three stages (Figure 4): (1) DNA binding by binding protein; (2) RNA synthesis
by dnaG protein to yield a primed single-strand form as an intermediate; (3) DNA
synthesis by the holoenzyme through covalent extension of the short RNA primer.

In earlier studies (in the absence of the RFII closure by DNA polymerase I and
ligase),* the small gap in the RFII DNA was located about 5% of the circle length
from the single EcoR1 site; the 3’ strand end was located at the left end of the gap,
the 5" origin, at the right end. The synthetic strand was dissociated from the template
by formamide rather than alkali in order to preserve the RNA.?® The synthetic strand
was examined in formamide gradients before and after cleavage near the EcoR! site
of the RFII DNA. The RNA (labeled with **P-labeled ribonucleotides) sedimented with
the DNA (labeled by *H-labeled deoxyribonucleotides) to a 14S position, as expected
of a nearly full length linear strand. By contrast, after cleavage at the EcoR1 site of
the replicative form, all the RNA was shifted to a position of a small fragment of
about 5S (about 200 nucleotides long) accompanied by about 5% of the synthetic
DNA. This is the size of DNA expected from the distance between the origin and the
EcoR1 cleavage site.

The RNA transcript was 29 nucleotides long and was utilized as a primer in the
DNA synthesis stage. RNAase (ribonuclease) digestion and analysis of the EcoR1 frag-
ment yielded a unique RNA sequence starting from the origin (Figure 5).%?

A duplex (hairpin) structure containing seven G- C base pairs and one A-U pair in
this sequence represents a complementary structure in the G4 viral strand which has
recently been located by direct sequence analysis.** Presumably, this is the structure
that resists unwinding by the binding protein and serves as the promoter for polymer-
ase action by the dnaG protein.

We imagine that a secondary structure in the E. colichromosome, analogous to that
in phage G4 DNA, serves as the promoter for dnaG-protein action in starting nascent
fragments.®® Creating such a structure in certain regions of phage $¢X174 DNA may
be the job of the several proteins needed for phage $X174, but not for phage G4,
replication.

Deoxyribonucleotides can substitute in part for ribonucleotides, and priming cou-
pled to DNA synthesis produces a hybrid primer only about 6 residues long rather
than the 29-residue RNA transcript.** The sharp specificity of dnaG protein in choice
of template and its capacity to utilize deoxyribonucleotides as well as ribonucleotides
to produce effective primers for DNA synthesis suggests to us that dnaG protein, pre-
viously named RNA polymerase, be renamed primase.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/07/12
For personal use only.

30 CRC Critical Reviews in Biochemistry

Eco RI

ppm\/
RF I
DNA BINDING

PROTEIN Pol 11l HOLOENZYME
ATP, 4 dNTPs

PP
PRIMASE
4 rNTPs

FIGURE 4. Scheme showing proteins and stages involved in reconstitution of conversion of G4 viral
DNA into RFII DNA.
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FIGURE 5. Sequence for the RNA primer initiating replication on G4 viral DNA.

MULTIPLE STAGES IN THE ¢X SINGLE-STRAND CONVERSION TO
A DUPLEX

In attempting to separate the conversion of a single strand to a duplex into its com-
ponent stages, it was learned that prior incubation of the phage $X174 circular DNA
with only five of the required proteins, but in the absence of any RNA or DNA syn-
thesis, permitted subsequent replication to proceed 20 times faster.3*-*¢ The synthetic
reaction was complete in less than |1 min, rather than in 20 min. Formation of this
intermediate required incubation at 30°C. The intermediate was isolated quantitatively
by filtration or by sedimentation. Among the requirements for forming the intermedi-
ate,* the dnaG protein, holoenzyme and nucleotide substrates were dispensable. ATP
was essential and spermidine was stimulatory. Kinetic studies suggested that of the five
proteins required, the binding protein, dnaB protein, and dnaC protein were used sto-

ichiometrically, whereas proteins i and n served catalytically.
RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/07/12
For personal use only.

November 1979 31

RNA
dna B na B PRIMER
tns o (2 4 78
! 1
—_— —
ATP
dna B PROTEIN PRIMASE
dna C PROTEIN 4-rNTPs
PROTEIN i
PROTEIN n
DNA BINDING
PROTEIN DNA POLYMERASE 11
m HOLOENZYME
4-dNTPs, ATP
v
—
DNA
POLYMERASE |
LIGASE

FIGURE 6. Scheme showing proteins and stages involved in reconstitution of conversion of $X174 viral
DNA into RFIDNA.

Antibodies directed against the individual proteins were helpful in analyzing the se-
quence in which each of these proteins acted and in determining their presence in rep-
lication intermediates. Rabbit immunoglobulins against binding protein, dnaB protein,
protein i, and protein n, each prevented formation of the intermediate. When added
after the intermediate had been formed, antibodies against the first two blocked the
subsequent functioning of the intermediate, implying the presence of these components
in it. We attribute the failure of antibodies against protein i and protein n to inhibit
the action of the intermediate to the absence of these proteins from the intermediate,
although their presence in an inaccessible form cannot be dismissed. The inhibitory
action of the antibody to dnaG protein simply reflects the need for the action of the
protein in utilizing the intermediate for replication. )

A hypothetical scheme for the stages in which the many proteins participate in the
phage $X 174 single-strand — duplex conversion is shown in Figure 6.

dnaB PROTEIN AS A “MOBILE REPLICATION PROMOTER”

In order for primase to act on éX DNA, a replication intermediate must first be
produced. The intermediate contains one molecule of dnaB protein as an essential
component for the synthesis of primer by primase (Figure 6). Because priming of the
replication intermediate, uncoupled from replication, gives rise to many primers on a
single circle, we propose that processive movement of dnaB protein on the template

strand permits it to act as a ‘‘mobile replication promoter’’ (Figure 7). This mechanism-

for dnaB protein action may also apply to the initiation of a cycle of replication at

the E. coli origin and to the initiation of primer transcripts for nascent (Okazaki) frag-
ments in discontinuous replication at the replicating fork of the chromosome.
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FIGURE 7. Model for role of dnaB protein in priming bidirectional DNA replication
at chromosomal origin of replication.

INITIATION OF REPLICATION: MULTIPLE MECHANISMS

The first stage of replication of phages M13, $X174, and G4 has disclosed in each
instance a distinctive replicative system. The principal distinction is in the initiation
mechanism. The rifampicin-sensitive (RNA polymerase) system used by phage M13
probes the cellular mechanism for replicating extrachromosomal DNA; the rifampicin-
insensitive (dnaG protein) system used by phage $¢X174 elucidates the cellular mecha-
nism for nascent-chain initiation and growth of the chromosome itself; the simpler
phage G4 system which does not require the dnaB or dnaC proteins may be revealing
an especially available promoter for dnaG-protein action. Would a survey of other
small DNA coliphages disclose any novel replicative systems beyond the three
mentioned? So far, analysis of nine additional phages shows them all falling into one
or another of these three categories: phages fd and PF1 are M13-like; phages ST-1 and
$X-tb are G4-like; and phages S13, G6, G13, G14, and ¢Xahb are $X174-like.**

ELONGATION: DNA POLYMERASE I1l HOLOENZYME

The composition and structure of DNA polymerase I1I holoenzyme remains a com-
plex issue. In addition to DNA polymerase III (pol I1I), the dnaE-gene product (deter-
mined to have a molecular weight of 140,000 in one strain and identified previously
with a subunit of molecular weight 90,000 in another), there are at least four and very
likely more subunits.>' Pol III is released from holoenzyme by dilution or aging. A
‘‘conversion factor’® which converts pol III back into an active form has been purified
from holoenzyme by inactiving pol III with the Zn** chelator, o-phenanthroline; this
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component is approaching homogeneity after a 25,000-fold enrichment. It contains
two polypeptides of molecular weights 52,000 and 32,000. One of them is the dnaZ-
gene product, as judged by complementation of deficient mutants and by its enhance-
ment in strains carrying a plasmid with this gene.?” !

MULTIPLICATION OF PHAGE $X174 REPLICATIVE-FORM DNA:
REPLICATION OF A DUPLEX DNA

Replication of phage $X174 replicative-form DNA (RFI) is known from genetic
studies to require at least two additional proteins. One is phage-induced cisA protein,
whose function is to nick the twisted circular replicative-form DNA at one particular
place in the (+) strand.*”-*® The other is the product of the E. coli rep gene; mutants
in this gene fail to sustain phage $X174 replicative-form DNA replication and slow
down the fork movement of the host chromosome.?*’

A soluble enzyme preparation was observed to replicate RF. Both (+) and (-)
strands of the RFI and RFII DNA products were synthesized. The rep protein (65,000
daltons) was purified from wild-type cells by complementation of extracts from rep
mutants; cisA protein (60,000 daltons) was purified from infected cells by complemen-
tation of extracts from uninfected cells.

These two homogeneous proteins, together with binding protein and DNA polymer-
ase holoenzyme, sustained rapid and extensive synthesis on the RF template. The prod-
uct consists exclusively of viral (+) circles generated by a rolling circle mechanism
(Figure 8).*® The (+) strand product, like DNA extracted from phage, served as a
template for (—) strand synthesis by the multiprotein system described in Figure 6. This
(+) strand synthesis, once initiated, is continuous, whereas (—) strand synthesis, re-
quiring a fresh initiation on each circle, is discontinuous.

These two separate mechanisms for (+) strand and (—) strand synthesis suggest at
once that all the steps in the phage $X174 replicative cycle may be accounted for by
one or the other of these mechanisms. Should this generalization hold for phage
$X 174, we suggest that the replication patterns of other circular DNA and even linear
DNA molecules are all based on two mechanisms: a relatively continuous replication
of the leading strand and a separate discontinuous mechanism, depending on initiation
of DNA chains of the lagging complementary strand.

$X174 CISTRON A PROTEIN IS A MULTIFUNCTIONAL ENZYME IN
DNA REPLICATION

The cisA protein of $174 nicks the viral strand of the superhelical $X174 duplex
DNA, at the same time forming a complex with the DNA. The protein, seen bound to
the DNA in the electron microscope (Figure 9), was found in the restriction-endonu-
clease fragment between nucleotides 4290 and 4330 on the $X174 map.*' Replication
was also observed to initiate at this point, thus identifying the site of cisA nicking and
binding as the origin of replication.

The cisA-DNA complex (separated from free cisA), upon the addition of rep pro-
tein, ATP, and binding protein, is unwound to generate a single-stranded linear (pre-
sumably the nicked (+) strand) and a circular molecule (presumably the (-) strand)
(Figure 10). The cisA-DNA complex, upon addition of DNA polymerase III holoen-
zyme and deoxynucleoside triphosphates, supports replication to generate viral, single-
stranded circles, as many as 15 circles per cisA-DNA complex (Figure 10).

Replicating intermediates visualized in the electron microscope show a thickened
single-strand loop, coated with binding protein, and attached to a duplex circle. Con-
tour lengths of the loops in Figure 11 show that 20, 30, and 60%, respectively, of the

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/07/12
For personal use only.

34 CRC Critical Reviews in Biochemistry

{+) STRAND
SYNTHESIS
m BINDING PROTEIN
cis
PROTEIN rep PROTEIN
RF 1 Yad ATP

M\“\

(—) STRAND

dna B PROTEIN\SYNTHESIS

dna C PROTEIN
PROTEIN i
PROTEIN n

dna G PROTEIN
pol il HOLOENZYME
pol | & LIGASE

pol 111 HOLOENZYME
ATP, dNTP's

BINDING PROTEIN

A
cis 5

X cis A

PHAGE PROTEIN (+)

X gene B,D,F,G,H PROTEINS /
cisA "y

L~

FIGURE 8. Hypothetical scheme for some of the replicative events in the life cycle of $X174.

duplex circles had been replicated. (A factor of 2.56 was applied to correct for conden-
sation of the single strand by binding protein). No intermediates with free ends were
found. Rolling circles with free single-stranded tails were found when the purified
DNA was examined by electron microscopy (40% formamide) without prior crosslink-
ing of protein to DNA.

Thus, the 5’ end of the displaced strand, presumably with cisA protein attached, is
at the replicating fork, moving around the circular template, and probably complexed
with rep protein.

The roles of cisA protein and rep protein in DNA replication are described schemat-
ically in Figure 11. The cisA protein fulfills multiple functions: (1) nicking of the viral
(+) strand at a specific sequence, the origin, to initiate a round of replication, (2)
participating in the unwinding of the two strands to create the replication fork, pre-
sumably by interacting with the rep protein, (3) excising a $X genome-length DNA
after completion of a full round of replication, and (4) ligating the excised DNA to
form a covalently closed, circular molecule.

The unique nucleotide sequence in a single-stranded region, exposed in superhelical
RFI DNA, and nicked by the cisA protein is located in the viral (+) strand, between
nucleotides 4290 and 4330 on the $X DNA sequence map. The nicking results in what
we judge to be a covalent attachment of the cisA protein to the 5’ end of the viral
strand. This linkage, as in the case of the untwisting enzymes (which carry out repeated
nicking and ligating steps without an energy requirement), conserves the energy of the
cleaved phosphodiester bond. To explain two successive nicking steps followed by lig-
ation carried out by the bound cisA protein, we propose two active sites or subunits
in the bound cisA protein, only one of which (open circle in Figure 11) is bound cova-
lently to the 5’ end in a given complex.

We suggest that rep protein recognizes the origin by its interaction with bound cisA
protein. Unwinding of the two strands, sustained by ATP hydrolysis and binding pro-
tein, then ensues. Movement of the 5 end into the duplex would displace the viral (+)
strand from its complementary (—) circular template. The 3’ hydroxyl terminus, at the
origin, serves as a primer and is extended by holoenzyme to regenerate the origin.
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FIGURE9. Specific location of cisA protein on ¢X RFII.

When the cisA protein-rep protein complex traverses the full length of the template
circle, a genome-length $X DNA would be excised by the unoccupied active site of the
cisA protein (solid circle in Figure 11) by displacing and attacking the regenerated
origin in the viral (+) strand. Concurrently with the nucleolytic scission carried out
by the second cisA subunit (solid circle in Figure 11), the first subunit of the cisA
protein (open circle) ligates the newly created 3' hydroxyl with the bound 5’ end, using
the conserved energy of the covalent protein-DNA bond. In this mechanism using two
active sites or subunits of the cisA protein alternatively, the cisA protein-RFII complex
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STRAND SEPARATION REPLICATION

1
)

Ps =N

1 um
FIGURE 10. Intermediates in RFII strand separation and replication reactions.

is restored with the completion and release of each viral circle, and the catalytic role
of the complex is assured. This mechanism provides for efficient use of cisA protein
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FIGURE 11. Scheme for cisA protein action illustrating its multiple functions.

and its proper orientation for the continuous synthesis of viral (+) DNA on a single
template.

Initiation of complementary (—) strand synthesis by host proteins (including dnaB,
dnaC, i, and n proteins, primase, holoenzyme, and other proteins) takes place either
on the displaced viral loop of the replicating intermediate or on the released viral (+)
circle. Further studies in which the purified (+) strand synthesizing system is coupled
with that for the (—) strand are now required to answer this question.

A mechanism analogous to ¢X RF replication may apply in the replication of other
chromosomes. Initiation of synthesis of one strand by extension of a nick introduced
by cisA-like protein represents an origin of replication. (In chromosomes that replicate
bidirectionally, nicking at the origin would involve both strands.) This ‘‘leading”’
strand, synthesized continuously, is analogous to the $X viral (+) DNA. The other
‘““lagging’’ strand, analogous to the $X complementary (=) DNA, would be initiated
repeatedly on the exposed parental ( +) template.

THE rep PROTEIN OF E. coli: AN ATPase WHICH SEPARATES
DUPLEX DNA STRANDS IN ADVANCE OF REPLICATION

The product of rep gene of E. colicatalytically separates $X174 duplex DNA strands
in advance of their replication, utilizing ATP in the process. The enzyme has now been
purified to homogeneity. Relatively large quantities of the homogeneous enzyme were
obtained from colEl-plasmid-containing cells in which the level was 7 to 10 times
above wild type.*?

Hydrolysis of ATP by rep requires a single-stranded region of DNA four residues
long.** The true effector for rep ATPase appears to be a replicating fork rather than
a random coil. At or near a fork in duplex DNA, rep ATPase action is different from
what it is on DNA lacking secondary structure (single-stranded). At or near a fork:
(1) Km for ATP is tenfold lower (about 25 uM), (2) specificity is for ATP and dATP
with no action on other nucleoside triphosphates, (3) sensitivity to certain ATP analogs
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TABLE 2
Escherichia coli Replication Proteins

Unamplified yield

Size Molecules mg/kg*

Polypeptide (K) Subunits Function per cell Amplification
DBP 74 4 Binding DNA 300 20 —
dnaB 250 4 Mobile promoter 20 0.3 5
dnaC*® 29 1 Prepriming 200 — —
protein i 80 4 Prepriming 150 0.5 —
Protein n® — — Prepriming — —_ —
Primase 60 1 Primer formation 100 0.2 —
Pol 111 holo 300 4 DNA synthesis 20 0.2 —

Pol lil (a) 140 1 DNA synthesis — — —

Copol 111 () 40 1 DNA synthesis — — -

52K (y) 52 1 DNA synthesis - — 10

32K (d) 32 1 DNA synthesis — —

Pol I 109 1 DNA synthesis 250 10 70
Ligase 74 | Ligation 300 11 500
Gyrase 140 — Supertwisting — — —
rep 65 i Strand separation 30 0.6 10
cisA ($X174) 60 1 Initiation 3000 20 —
dUTPase 64 4 dUTPase 350 3 —
* Wet weight.

* dnaC, 30% pure; protein n, 50% pure.

is reduced, (4) presence of a DNA-nicking enzyme (e.g., cisA induced by $X174) is
required, and (5) E. coli DNA-binding protein facilitates rather than inhibits. During
the separation of strands accompanying replication, two molecules of nucleoside tri-
phosphate (ATP or dATP) are hydrolyzed for every nucleotide polymerized. Utiliza-
tion of ATP by rep protein may provide energy for catalytic strand separation at a
fork in advance of replication.

SUMMARY OF THE REPLICATION PROTEINS

Table 2 lists the proteins that we believe are needed to convert phage $X174 single-
stranded DNA into the duplex replicative form; DNA polymerase I and ligase would
be needed to complete and seal the RFII form to the RFI form and gyrase to supercoil
it. Some very tentative estimates are given of their abundance, size, and subunit struc-
ture. With respect to their functions, the binding protein binds the DNA except at a
promoter region. Primase recognizes that region to make a primer, which is extended
by the DNA polymerase III holoenzyme, possibly assisted by protein u. This leaves
four proteins without an assigned function: dnaB protein, dnaC protein, and proteins
i and n. These proteins are needed to prepare the phage $X174 circular DNA for the
transcriptional (priming) step by primase.

The low concentrations of the replication proteins makes their isolation and char-
acterization difficult. In order to increase their concentrations, we have used recombi-
nant DNA molecules to obtain strains in which colE1 plasmids incorporate one of the
replication genes; examples are genes dnaB, dnaC, and dndZ. So far, large-scale cul-
tures of strains containing the dnaB and dnaZ genes in colEl plasmids have yielded
extracts in which the concentrations of these proteins are increased fivefold or more.
Lysogenic phages are successful vectors for amplifying the genes of ligase** and DNA
polymerase 1.4
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FIGURE 12. Hypothetical scheme for a replication fork of the Escherichia colichromosome.

THE REPLICATING FORK

Some translucency has now been introduced into the fig leaf which previously cov-
ered the anatomy and dynamics of the replicating fork. From studies of phage repli-
cation, we begin to discern some of the components and their functions (Figure 12).

A leading strand, started at the origin of replication of the chromosome, advances
continuously. Its progress is made possible by the helicase action of rep protein. Bind-
ing protein stabilizes the single-stranded DNA for template function. The bared op-
posite strand becomes the template for discontinuous synthesis of the lagging strand.
Delivery of a danB protein molecule to this strand by prepriming proteins sets the stage
for initiation of a synthetic strand, an Okazaki fragment. Primase transcribes a very
brief segment with ribonucleotides and deoxyribonucleotides to serve as a primer for
covalent extension by DNA polymerase 111 holoenzyme. Elongation may average 1000
or so nucleotides.

Processive movement of the dnaB protein in the 5° = 3 direction of the strand to
which it is bound enables it to follow the progress of the replicating fork. It enables
primase to make successive discontinuous initiations of the lagging strand. Removal
of the RNA-DNA hybrid primers at the 5’ end of each of the Okazaki fragments and
gap-filling by DNA polymerase I brings 3'-hydroxyl and 5'-phosphoryl ends into jux-
taposition. DNA ligase can then seal these ends, thus uniting the nascent fragments
into a covalently intact progeny duplex.
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FIGURE 13. Approaches to DNA replication in vitro.

APPROACHES TO DNA REPLICATION IN VITRO

Because of the instability of the DNA-replication enzyme system, earlier studies had
to rely on cells made permeable to substrate molecules*® or on an organized lysate
(immobilized on cellophane discs)*’ permeable to small and large molecules (Figure
13). However, such systems are not amenable to refined analysis of molecular events.

We have attempted by classical enzymatic techniques to resolve and reconstitute the
enzymes of DNA replication. We have learned how to obtain at least part of this
replication apparatus in a molecularly dispersed form and to resolve it into at least a
dozen discrete components. This review has dwelt on our attempts to examine the
functions of this reconstituted system in its multiple stages. However, there is an in-
herent and serious deficiency in this approach. Our assays cannot assure us that we
have reproduced the physiological replication event. We may be missing important
parts of the replication machinery, or we may have substituted foreign parts derived
from other cell machinery. It is therefore essential to test the validity of isolated com-
ponents and reaction sequences and mechanisms. One approach will be to introduce
them into the cruder and more organized systems, such as the gently lysed soluble cell
extract or to the Bonhoeffer cellophane disc lysate or to the folded chromosome 4

LESSONS ABOUT DNA REPLICATION

From these studies of DNA replication, we have learned the value of certain ap-
proaches for enzyme studies.

1. Use an intact chromosome as a template for replication rather than bits and pieces
of commercially supplied DNA. Template primers, such as salmon sperm and calf
thymus DNA, synthetic homopolymers, and copolymers, have all been useful, but
they are unlikely to be reliable as guides to the isolation of the replicating machin-
ery.

2. Use a simple chromosome because of the ease of its isolation, characterization,
and performance as template.

3. Use viral DNA molecules as probes to illuminate the host replicative systems that
they appropriate. The value of viral probes for study of animal chromosomal rep-
lication should also be clear; the viral SV40 and polyoma chromosomes are the
same size as phage ¢X174, and that of adenovirus is near the size of phage T7.
These animal viruses multiply in the nucleus and use nuclear enzymes for their
replication.
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4, Use a variety of phage probes. We and the Hurwitz laboratory have used the
small phages M13 and $X174; Richardson and Scherzinger use the medium-sized
phage T7;%-%" and Alberts et al. used the still larger phage T4.%? Each opens a
window on the basic patterns of replication. In gauging which of these phages
to choose, we are aware of the universal law, that the product of the virtue of a
system and its limitations is a constant. We often observe that the product of the
importance of a protein and its abundance is usually a constant, as is the product
of the biological attractiveness of a system and biochemical knowledge of a sys-
tem.

SIGNIFICANCE OF PROKARYOTIC STUDIES

Insights into the basic mechanisms and control of DNA replication derived from
studies of accessible prokaryotic systems are likely to be of general significance for
DNA replication throughout nature. Evolutionary conservation of ingenious metabolic
designs, which accounts for the unity of biochemical mechanisms, including gene
expression, is not likely to have excluded gene replication. The techniques and insights
obtained from examining small chromosomes can now be applied to studies of cellular
chromosomes. Why is replication active in an embryonic cell and quiescent in an adult
one? What controls are altered to transform an adult cell to proliferative growth? Not
knowing the working parts of the replication machinery, it is unlikely that we would
be able to answer these questions.

Although we know the chemical mechanism of DNA chain growth by polymerase
action in general outline, we know little about the factors that insure its rapidity, pro-
cessivity, and ultrahigh fidelty. Do these factors reside in the multisubunit structure
of the enzyme? How are they influenced by interaction with other molecules, large
and small? Understanding polymerase action is fundamental to understanding DNA

repair and recombination, as well as replication. The ‘3 R’s”’, repair, recombination,_

and replication, have a profound importance for the growth and aging of individuals
and for the evolution of species.

As little is known about termination of a cycle of replication as of its initiation.
How is termination integrated with septation and cell division so as to insure full and
equal chromosomal partition between the daughter cells? An association of replicating
DNA with the plasma membrane is plausible and has been alleged repeatedly, but there
is as yet no firm structural and functional evidence for it.

The massive biomedical research efforts to answer these and related questions about
DNA replication are sharply limited because their biochemical foundations are so frag-
ile. Biological edifices built on insecure chemical footings inevitably crumble. The en-
zymology of DNA replication and its spatial orientation in the cell are compelling in
importance for basic biology and the medical and agricultural sciences which rest on
it.
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