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ABSTRACT. Seven T4 bacteriophage-coded proteins have
been purified which are essential for replication fork
movement both in vivo and in vitro. Experiments are
reported which enable us to assign functions to the
individual proteins and to position them at least
tentatively at the fork. The seven proteins are assign-
ed to one of the following four functional classes:
helix-destabilizing protein, DNA polymerase, DNA poly-
merase accessory proteins, and RNA priming proteins.
Comparison is made with the simpler replication system
encoded by bacteriophage T7, and with the more complex
replication system of the E. coli host. We suggest that
more replication proteins are required for organisms
with larger genomes, due to the fact that a greater
accuracy is needed in their DNA replication process.

INTRODUCTION

We have previously reported the development of a multi-
enzyme in vitro DNA replication system which replicates
double-stranded DNA templates efficiently (1-5). As summa-
rized in Table 1, the system now consists of seven highly-
purified bacteriophage T4-encoded proteins, the products of
T4 genes 32, 41, 43, 44, 45, 61, and 62. By mutational
analyses, each of these proteins has been shown to play a
major role in DNA replication in vivo (6-8), and each is
essential for efficient replication fork movement in vitro
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(4,5,9). 1In Figure 1, we present a genetic map of T4
bacteriophage, emphasizing the genes corresponding to these
seven replication proteins. Comparison to Table I confirms
the general tendency for functionally interacting T4 gene
products to map in adjacent genes (10).

It has been our goal to dissect and reconstruct the T4-
encoded replication apparatus in order to understand the
protein-protein and protein-DNA interactions generally
involved in DNA replication. Therefore, after establishment
of the basic in vitro replication system (1,2), we have
attempted to decipher the details of replication fork move-
ment by breaking down the process into simpler components.
Progress in this regard was greatly aided by the discovery of
the gene 61 protein as the seventh T4 protein involved in our
system (4).

The gene 61 protein is one of the two RNA priming
proteins (4,16), and it is required for DNA synthesis in such
small amounts that it was previously overlooked as a trace
contaminant in our 32 protein preparations. This protein has
now been highly purified and identified as the T4 gene 61
product by several criteria, including two-dimensional gel
electrophoresis (14). In wild type T4 infected E. coli
lysates, the 61 protein may be identified as an extremely
basic protein of 40,000 daltons (Figure 2A). The spot cor-
responding to 61 protein is absent when a 61 amber mutant is
used to infect E. coli (Figure 2B) and reappears when this
amber mutation is suppressed by growth in an appropriate host
(Figure 2C). Mutants in T4 gene 61 show a delayed start in
T4 DNA synthesis in vivo, although they are not completely
defective (18). This fact suggests that some E. coli host
protein can partially compensate in vivo for the absence of
this protein.

Replication forks can be started in vitro by covalent
addition onto a random nick in a double-helical DNA template
molecule (4,5,9). In this way, the fork propagation aspect
of replication can be analyzed in a relatively simple well-
defined system, divorced from the biochemical complexities
inherent to the mechanism used for fork initiation within the
cell (whereby replication bubbles are generated at specific
sites (19)).

After a brief overview, our current understanding of the
process of replication fork movement will be outlined by
discussing some model reactions organized with respect to
what these reactions have taught us about three separate
aspects of the DNA replication process: RNA priming, helix
destabilization, and base-pairing fidelity. Summarized else-
where (20,21) are the results of our study of the T4 DNA
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Table I
Properties of the seven T4 bacteriophage-coded proteins required
for efficient DNA replication fork movement
Helix-
Functional | DNA polymerase destabilizing Polymerase-accessory RNA-priming
class protein proteins proteins
Genetic
locus gene 43 gene 32 genes 44 & 62; gene 45 gene 41 gene 61
Activities 5'+3' polymerase |Cooperative SS-DNA termini-dependent Long SS-DNA- Binds
binding to rATPase, dATPase dependent DNA
3'+5' exonuclease| SS DNA rGTP, dGTPase
rATP, dATPase
Current
Purity (%) 99 99 99 95 90 70
Polypeptide
Molecular 110 35 34 & 20; 27 58 40
Weight (kD)

Table I. The proteins listed are those used in the
studies presented in this report. They were purified as
previously described (11,12,13), except that the gene 61
protein was prepared by a modification (14) of earlier
procedures (4).

FIGURE 1. Genetic map of T4 bacteriophage with repli-

cation protein genes emphasized (after ref. 15).
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FIGURE 2. Two-dimensional gel electrophoresis of T4

bacteriophage early proteins identifies the gene 61 protein.
(A) T4 wild type infected E. coli B (su ); (B) T4 am E219
(gene 61 ) infected E. coli B (su ); (C) T4 am E219 (gene
61 ) infected E. coli B40 (sul). E. coli cells infected

with T4 at a multiplicity of 10 were
of [I”C] mixed amino acids from 3 to
at 37°C.

labeled by the addition
7.5 min post infection

NEPHGE gels were run according to O'Farrell et al.

(17) , with the protein spots detected by autoradiography.
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topoisomerase, an enzyme thought to be a central component in
the important (but separable) biological process of repli-
cation fork initiation.

DNA SYNTHESIS IN THE IN VITRO SYSTEM

When mixed together, the seven purified T4 replication
proteins listed in Table I can catalyze extensive in vitro
DNA synthesis. As previously demonstrated, any natural
double-stranded DNA template can be replicated efficiently,
with at least several copies of the input DNA template
synthesized during a 30 minute incubation (5). DNA synthesis
starts by covalent addition onto the 3'OH end at a nick in a
double-helical DNA template molecule, and it continues by a
strand displacement mode to generate a replication fork with
the expected leading and lagging strand geometries (see
Figure 11, below).

In our present system, DNA appears to be synthesized
continuously on the leading side of the fork, while being
made discontinuously on the lagging side of the fork where
Okazaki pieces are generated (5). In addition to having the
structure expected from in vivo studies as judged by electron
microscopy (1,2,5), the replication forks produced in vitro
move in a highly processive fashion and travel at approxi-
mately the in vivo rate of 500 nucleotides per second (4,5).
Moreover, as will be discussed below, the template DNA se-
quences are copied with an impressive base-pairing fidelity
(22).

Circular DNA templates are used with great efficiency,
due to the fact that, once established, replication forks
can continue indefinitely around the template in a "rolling
circle" mode of synthesis (1,5,9). Moreover, it is not
important for such "rolling circles" that the Okazaki pieces
generated on the lagging strand of the replication fork be
sealed to each other, since the newly-synthesized DNA on the
rolling circle tails need not be reutilized as a template.
In this connection, we note that the additional proteins
essential for the joining of adjacent Okazaki pieces (in-
cluding T4 DNA ligase (23) and an enzyme which degrades RNA
primers) are not included in the mixture of the seven T4
replication proteins listed in Table I; correspondingly, the
Okazaki pieces made on the lagging strand in this in vitro
system are not sealed (5).

- RNA PRIMING

Using either bacteriophage fd DNA or denatured T4 DNA
as a single-stranded DNA template for modeling lagging strand
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synthesis, both we and the Nossal laboratory have been able
to show that only DNA, the 41 protein, and the 61 protein are
required for the DNA-templated synthesis of short RNA oligo-
nucleotides from ribonucleoside triphosphates (4,24,25,26).
When T4 DNA polymerase and the four dNTPs are added, these
"RNA primers" can be used to initiate de novo DNA chain
starts. In the seven protein in vitro replication system, it
is possible to demonstrate that more than 90% of these newly-
synthesized RNA oligonucleotides become covalently attached
onto the 5' end of newly-initiated DNA chains, from which
they can be recovered by deoxyribonuclease digestions (25).

We have carried out an extensive analysis of the se-
quence of these RNA oligonucleotides (25,26; see also ref.
24). The results obtained for the in vitro products agree
completely with the sequence of the RNA primers isolated from
T4-infected cells, as reported by the Okazaki laboratory
(27). Strikingly, all of the primers made in vitro in the
presence of 4 rNTPs are five nucleotides long, even though
they are very heterogeneous in sequence. Sequence analysis
of 5' terminally-labeled primers, using nucleotide-specific
enzymatic cleavages followed by electrophoretic sizing (28),
reveals that the major products have the sequence
PPPAPCPNpNpN, where (at least in positions 3 and 4) N can be
any one of the four ribonucleotides.

If GTP and UTP are omitted, we obtain a substantial
amount of pentaribonucleotide product of sequence
PPPAPCPNPNPN, where N can now be either A or C. Correspond-
ingly, we observe de novo DNA chain starts in the seven
protein system with only ATP and CTP present (4). However,
now tetra-, tri-, and dinucleotide products also accumulate.
It therefore appears that the synthesis of all of the RNA
primers is template directed, and that prematurely-aborted
products smaller than pentanucleotides are made only if an A
or C in the DNA sequence calls for the insertion of a UTP or
a GTP when these nucleoside triphosphates are missing.

The nature of the RNA primers made in vitro can be most
readily seen by a two-dimensional fractionation procedure
(29), consisting of electrophoresis on cellulose acetate at
pH 3.5 (which separates oligonucleotides primarily according
to their nucleotide composition), followed by homochroma-
tography on a DEAE cellulose thin-layer plate (which separates
oligonucleotides primarily according to their chain length).
The result of one such analysis is shown in Figure 3A. Here
the products are those which become labeled with [Y32P]ATP
when the primer synthesis reaction is carried out in the
presence of ATP and CTP only. The distinct spots detected
by autoradiography have a mobility in the homochromatography
dimension corresponding to 5'-triphosphate terminated tri-,
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tetra- and pentanucleotides, as indicated by the numbered
brackets. Note that in the electrophoresis dimension, all of
these oligonucleotides move relatively slowly, as expected
for products that contain only A and C (30).

A.RNA primers made with rATP and rCTP only

Homochromatography

ST
Electrophoresis

o B,

Homochromatography

——
Electrophoresis

FIGURE 3. The T4 gene 41 and 61 proteins synthesize a
mixture of different short oligoribonucleotides of defined
length. The reaction mixture described previously (4)
contained [Y32P]rATP to label the 5' end of the RNA products
beginning with pppA. (A) Only rATP and rCTP present.

(B) All four ribonucleoside triphosphates present. Incuba-
tion was for 15 min at 30°C, after which time the reaction
mixture was spotted onto DE-81 filter paper and washed (4).
The material remaining on the paper was eluted with tri-
ethylamine carbonate, desalted, and analyzed in the two-
dimensional fractionation system described by Jay et al.
(29). All of the significant reaction products migrate
within the area demarked by the dotted box; the numbered
brackets denote the chain length of the oligonucleotide
spots, as determined by partial hydrolysis followed by
polyacrylamide gel electrophoresis (25).
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Figure 3B presents an identical analysis of the [Y32P]-
ATP-labeled RNA oligonucleotides synthesized in the presence
of all four ribonucleoside triphosphates. Under these con-
ditions, almost all of the RNA products move as pentanucleo-
tides in the homochromatography dimension. At the same time,
there is a great heterogeneity in the electrophoretic mobi-
lity (and thus the nucleotide composition) of these short
RNAs. Those pentanucleotides which move the most rapidly in
the electrophoresis dimension are expected to contain the
most U and G. Very similar patterns of oligonucleotides are
seen whether single-stranded T4 or f£fd DNA serves as the
template.

We conclude that the sequence of the RNA made is hetero-
geneous, that the synthesis is template-directed, and that
the synthetic apparatus automatically terminates RNA chain
growth at a length of five. This absolute self-termination
of the reaction implies that the RNA priming proteins auto-
matically release the 3'OH end of the completed primer, thus
avoiding a competition of primase and polymerase for chain
extension at the same 3'OH end (Figure 4).

There are 40 to 50 distinguishable sites on the fd DNA
molecule at which primers could be made with the sequence
PPPAPCPNpNpN, where N is either C or A; yet only five major
and five minor DNA chain starts are seen with ATP and CTP
present (4,25). There must therefore be some restriction on
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FIGURE 4. Schematic view of a primer synthesizing
system which stops automatically at a chain length of 5, and
then exposes the 3'OH end of the primer to the DNA poly-
merase.
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the selection of de novo chain start sites besides the mere
ability to template for the sequence ppppApC. However, this
restriction cannot be severe, since any single-stranded DNA
tested which can template for A and C will work (26), in-
cluding the synthetic random copolymer poly d(I,T).

An interesting sidelight is that, whereas only pppA
starts are seen on a T4 DNA template, on all other natural
DNAs tested many of the RNA primers made start with pppG
(26). This limitation to pppA starts appears to be due to
the substitution of glycosylated 5-hydroxymethyl cytosine
for cytosine in T4 DNA; when a cytosine-containing T4 DNA
is used as a template, the primers made can start with
either pppA or pppG (26).

As noted in Table I (see above), there are two sets of
proteins in the T4 replication system which hydrolyze nucleo-
side triphosphates to nucleoside diphosphates and inorganic
phosphate. As we shall see below, the contributions of these
DNA-dependent hydrolyses to the replication process can be
separately assessed and shown to be essential by making use
of different synthetic nucleotide inhibitors (ATPYS being
used to inhibit the 44/62 protein ATPase selectively, and
GTPYS being used to inhibit the 41 protein GTPase selective-
ly). One can thereby ask how the splitting of GTP to GDP by
the gene 41 protein is related to the function of this
protein in RNA priming. Two observations are of particular
relevance here: first of all, very long DNA chains and DNA
circles are the best cofactors for the stimulation of the
41 GTPase, which suggests that this protein runs rapidly
along its bound DNA strand, driven by conformational changes
induced by GTP hydrolysis (26,31). Secondly, while a limited
RNA primer synthesis will occur in vitro without GTP hydro-
lysis by the 41 protein, the prolonged synthesis of RNA
primers requires such hydrolysis. In combination, these two
results suggest that the 41 protein acts as a "mobile pro-
motor"” (32,33), which marks the spots where successive RNA
primers are to be synthesized on the lagging strand of a
replication fork. Why this arrangement might be useful to
the replication process is best discussed after a description
of the separate role which the 41 protein appears to play in
DNA helix destabilization at the fork.

HELIX DESTABILIZATION AT THE FORK

We have previously observed that the T4 DNA polymerase
alone can make DNA at a rate of about 250 nucleotides per sec
on a single-stranded DNA template (2,34), whereas in most
reactions on a double-stranded DNA template the polymerase
moves much more slowly (or not at all; ref. 4). These
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results suggest that the rate of opening of the DNA double-
helix ahead of a replication fork normally limits the rate at
which the leading strand DNA polymerase molecule can synthe-
size DNA. As reviewed elsewhere (35), it appears that a
variety of different helix-destabilizing forces must act in
concert to open up the parental DNA helix at a replication
fork at the rate of DNA chain polymerization in vivo (about
500 nucleotides per sec). We have studied the source of
helix-destabilization in the T4 system in detail, using two
different model systems.

Penetration of the DNA polymerase through the hairpin
helices in a single-stranded DNA molecule. The individual
contribution of each replication protein to the helix open-
ing at a fork can be detected sensitively by observing the
rate of DNA polymerase movement through the relatively weak,
imperfect helices which form on a single-stranded DNA tem-—
plate, where even modest helix-destabilizing forces seem to
have an observable effect (36). Results obtained by Chao
Huang and John Hearst at the University of California at
Berkeley reveal that the polymerase accessory proteins (44/62
and 45 proteins) accelerate the rate of helix penetration by
the polymerase by a factor of about 5. A very similar stimu-
lation of T4 DNA polymerase is detected when only the T4
helix-destabilizing protein (the gene 32 protein) is added.
Interestingly, the 44/62 and 45 proteins interact synergisti-
cally with the 32 protein; consequently, the rate of poly-
merase travel over the strongest hairpin helices in the
template is increased more than 50-fold in the presence of
all four additional proteins (37).

By using the synthetic ATP analogue, ATPYS, Huang and
Hearst have shown that, while ATP hydrolysis is required for
formation of an apparent accessory protein-DNA polymerase
complex, it is not required for the subsequent efficient
traversal of hairpin helices by the complex. Thus, in this
model system, helix destabilization seems to come from two
sources: the expected shift in the helix-coil equilibrium
caused by the cooperative binding of the gene 32 protein to a
template strand (38), plus the presence of an accessory
protein "clamp" which allows the DNA polymerase to continue
its DNA synthesis in a highly processive fashion, even when
pushing against a helical region in the template (37). The
data of Newport and von Hippel also supports this view of
the accessory protein complex (39).

Penetration of the DNA polymerase through a perfect
double-helix. 1In contrast to the above results using a
single-stranded DNA template, all five T4 proteins (the 43,




VI PROKARYOTIC REPLICATION ENZYMOLOGY 459

44/62, 45 and 32 proteins) must be present in order to obtain
any extensive DNA synthesis on double-stranded DNA templates
(4,9). We therefore conclude that both contributions to
helix destabilization are required before the polymerase can
make any substantial headway through the much more stable
structure represented by a long perfect DNA helix.

In order to examine further the mechanism of helix
destabilization at an actual DNA replication fork, we have
developed a second model system, in which we can measure the
rate at which a leading strand DNA polymerase molecule moves
through a perfect double-helix (4). The principle of this
method is schematically outlined in Figure 5. A very brief
polymerization reaction is carried out in which leading-
strand DNA synthesis is primed on a pre-existing nick on a
double-helical template. High specific activity dATTP is used
to radioactively label the DNA product, and 5-hydroxymethyl
dCTP (dHMCTP) replaces dCTP as the fourth DNA precursor
nucleotide (dHMCTP, the natural DNA precursor for the T4
system, is utilized indistinguishably from dCTP in the T4

o Nicked DNA template
MM O T T

Brief polymerization with dHMCTP
in place of dCTP as substrate

T

Treat with mixture of restriction
nucieases biocked by HMC
in the DNA

T+ 4 Sy,
“ 1%

A
+ /
\\/ ‘//\/

FIGURE 5. Schematic outline of a method for measuring
DNA polymerase rates on a double-helical DNA template. The
newly-synthesized, radioactive DNA product chain is indicated
by the zigzag line. The length of this product chain is
measured as a function of polymerization time by exploiting
the fact that some restriction endonucleases will not cut DNA
unless it has C residues on both DNA strands (4).
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in vitro reactions). The substitution of HMC for C on one
cf the two strands of a double-~helix renders the DNA product
completely resistant to cutting by certain DNA restriction
endonucleases. Therefore, after a very brief DNA synthesis
reaction has been stopped and the DNA product deproteinized,
exhaustive treatment of the total DNA with a mixture of these
restriction nucleases removes all but the newly-synthesized
length of DNA helix. The number of bases polymerized per
second at the chain growing point is then determined from a
plot of the length of this nuclease-resistant DNA product as
a function of DNA synthesis time.

200| T T T T T T T T T T
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40 80 160 200
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FIGURE 6. The rate at which the T4 DNA polymerase-

accessory protein complex moves through a double-helical DNA
template depends on the concentration of free 32 protein. A
standard reaction mixture was used, consisting of 10 ug/ml
cytosine-containing T4 DNA, 160 uM each of 4GTP, dTTP, JdATP,
and dHMCTP (in place of 4CTP), 0.5 mM DTT, 60 mM potassium
acetate, 33 mM Tris acetate, pH 7.8, 10 mM magnesium acetate,
250 uyM ATP, 250 yM GTP, 200 ug/ml nuclease-free bovine serum
albumin, 28 ug/ml 44/62 protein, 34 ug/ml 45 protein, 3.4
ug/ml 43 protein (DNA polymerase), 1 mCi/ml [a32P]dTTP and
1 ug/ml 32 protein. After a 2 min preincubation at 37°C,
additional 32 protein was added to the reaction mixture to
raise the 32 protein concentration to the indicated level and
start the reaction. At various times within the next few
minutes, the reaction was stopped and processed according to
Figure 5, as previously described (4). An analysis similar
to that illustrated in Figures 7 and 8 below was used to
determine the fork rate at each 32 protein concentration.
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When we used the method outlined in Figure 5 for measur-
ing polymerization rates in a five-protein reaction on a
double-helical template (43, 44/62, 45 and 32 proteins only),
we found that this rate was less than 20% of the estimated
in vivo rate of T4 replication fork movement (<100 nucleo-
tides/second; ref. 4). A striking effect of the free helix-
destabilizing protein concentration has been observed more
recently in these experiments. A compilation of the results
obtained is presented in Figure 6, where it can be seen that
fork rates increase dramatically as the 32 protein concen-
tration is raised (early time points were analyzed, so that
the 32 protein added was always present in vast excess over
that which became bound to DNA single-strands). Such a
result suggests that the 32 protein exerts a "pressure" at
the fork which is roughly proportional to the concentration
of free 32 protein present. The data thereby argues that
this helix-destabilizing protein plays an active role in
helix unwinding ahead of the leading strand DNA polymerase
molecule, in contrast to a "passive" role in which the
32 protein would merely be needed to bind up the single-
stranded template DNA displaced by this polymerase.

A special role of the gene 41 protein in helix de-
stabilization. Considerably greater in vitro fork rates than
those seen in Figure 6 had been estimated earlier for a
reaction with all seven of the T4 replication proteins
listed in Table I present, based on the average amount of DNA
synthesized per rolling circle intermediate on a circular DNA
template (1,5). This discrepancy was explained when we found
that the addition of one of the RNA priming proteins to the
five protein mixture dramatically increases the rate of fork
movement measured by the Figure 5 assay (4). In Figure 7, we
present an autoradiogram illustrating the progressive in-
crease in the length of the nuclease-resistant DNA product in
reactions with and without the gene 41 protein present. It
is clear that a faster rate of DNA synthesis is induced in a
fraction of replication forks in the presence of the gene 41
protein.

A quantitative analysis of this data, obtained by using
a densitometer to measure DNA concentrations, is shown in
Figure 8. In the reaction without 41 protein present (lanes
A, B and C), there is a rather sharp "front" representing the
largest molecules present at each time point. As expected,
the labeled product DNA size, measured as the midpoint of the
front, increases continuously during the incubation period
(see also ref. 4). The presence of 41 protein induces a
clear second component composed of much larger DNA molecules
(lanes D, E and F). The position of this faster "front"
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likewise increases continuously with time, the quantitation
in this case indicating that this class of replication forks
is moving at least 3.2-fold more rapidly than the forks in
the control reaction without 41 protein. More recent experi-
ments have confirmed these findings, and shown that, with
addition of fresh preparations of the gene 41 protein, nearly
all of the forks are induced to move at the more rapid rate.
These recent experiments have also revealed that fork rates
are not increased by the further addition of the 61 protein
and the remaining rNTPs to the reactions containing 41 pro-
tein, indicating that the rate stimulation seen in Figure 7
and 8 is completely independent of RNA primer synthesis (40).

Synthesis Without Synthesis With
41 Protein 41 Protein

A B
Origin —
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27.5—
19.0—
14.5—
1,0—
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DNA Size (kilobases)
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55 6065 50 53 56 59 6.2

Minutes at 37°C

FIGURE 7. Autoradiogram showing an electrophoretic
analysis of the restriction enzyme-resistant DNA products
obtained according to Figure 5. Reactions were carried out
as described for Figure 6, except that 32 protein was added
to 21 ug/ml to start the reaction after 4.0 min at 37°C, and
41 protein (30 ug/ml) was included in the preincubation
mixture in (B) only. After the indicated total times of
incubation, the reaction products were processed according
to Figure 5 (ref. 4). The labeled DNA products were then
analyzed by autoradiography after being sized by electro-
phoresis through a 0.4% agarose gel (in 30 mM NaOH, 2 mM
Na3EDTA) .
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FIGURE 8. The T4 gene 41 protein speeds up the rate of
DNA polymerase movement through a double-helical template.
The autoradiogram in Figure 7 was scanned with a Joyce Loebl
densitometer to obtain the graphs shown here. The size
distribution obtained with 41 protein present was resolved as
the indicated sum of two different size distributions, by
reference to the parallel reaction without 41 protein.

In view of our previously mentioned evidence that the
41 protein GTPase runs rapidly along a DNA single-strand
(26) , we suspected that the 41 protein was utilizing some of
its nucleotide hydrolysis energy to help push the fork ahead
through double-helical templates, as schematically illustrat-
ed in Figure 9. As predicted by this scheme, addition of
GTPYS to the six protein system [a synthetic nucleotide which
specifically blocks nucleoside triphosphate hydrolysis by
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The 5 Protein Model for Leading-Strand Synthesis

FIGURE 9. Schematic view of the six protein model for
leading strand synthesis. The synthesis is believed to
differ from that obtained with five proteins present only by
the action of the gene 41 protein at the indicated position
on the lagging strand (see text). The polymerase (gene 43
protein) and the polymerase accessory proteins (gene 44, 45
and 62 proteins) are thought to form a complex as indicated.
The gene 32 protein is thought to help destabilize the helix
by binding tightly and cooperatively to DNA single-strands.

the 41 protein (26)] immediately decreases the rate of
movement of ongoing replication forks back to the slower
five protein level (data not shown).

In conclusion, we propose that the 41 protein runs uni-
directionally and rapidly along the single-stranded DNA
template chain on the lagging side of a fork, where it per-
forms both a RNA priming and a helix opening role. The
41 protein would thereby coordinate DNA synthesis on the
leading and lagging sides of a fork, by functioning both as
proposed for the E. coli dnaB protein in RNA priming (32)
and as proposed for a DNA-helicase in fork movement (31).

[An analogy between the 41 protein and the T7 bacteriophage
gene 4 protein (41) also seems likely].

The assay shown in Figure 5 has also proven to be of use
for a variety of other purposes. For example, we find that
the total DNA synthesis drops as the concentration of T4 DNA
polymerase is lowered in the five protein reaction, while the
fork rate remains unchanged. This finding suggests that the
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polymerase accessory proteins allow the DNA polymerase to
move in a completely processive fashion in this system, so
that each enzyme molecule proceeds for 20,000 nucleotides or
more on the same DNA chain without falling off (40).

The ability to measure changes in fork rates has also
enabled us to use ATPYS addition to show that the continued
movement of T4 DNA polymerase through a perfect double helix
requires repeated hydrolysis of ATP by the polymerase acces-
sory proteins, a result opposite to that observed when the
polymerase is moving through the weak hairpin helices on an
fd DNA template (see discussion above). While this differ-
ence is puzzling, it is possible that the accessory protein
"clamp" is especially labilized when the polymerase is forc-
ing its way through helical regions of the template, requir-
ing frequent ATP hydrolysis by the 44/62 protein to prevent
its complete disassembly. [Note that the observation that
the polymerase nevertheless moves in a highly processive
manner through these double-helical templates indicates that
the clamp must require ATP hydrolysis for resetting before
its actual dissociation]. 1In this view, the addition of
ATPYS blocks the resetting process and thereby stops a poly-
merase molecule moving through a perfect double helix within
a fraction of a minute; in contrast, since the helical "back
pressure" is much less on a single-stranded DNA template,
very little resetting of the polymerase accessory protein
clamp is needed over the time intervals examined (5 to 20 min
at 30°C).

We conclude that parental helix destabilization at a
replication fork in the T4 replication system comes from the
sum of 1) active DNA binding by the helix-destabilizing
protein, 2) a push from the DNA polymerase, which moves ahead
by polymerization while tied down by its associated accessory
proteins, and 3) a special "DNA walking protein" which runs
rapidly along the lagging strand DNA template and helps to
push the adjacent helix open (Figure 9, above).

REPLICATION FIDELITY

A highly-sensitive assay for measuring the fidelity of
in vitro DNA replication can be designed, based on measuring
the reversion frequency of nonsense mutants of small bacte-
riophages (4,42). Our assay is schematically indicated in
Figure 10; the T4 replication complex is first used to
replicate a circular gx174 DNA template by a rolling-circle
mode. After the long linear DNA tails are cut with a re-
striction endonuclease which makes one cut per genome, the
linear DNA is circularized and used to transfect spheroplasts.
Since nonsense mutant DNA is normally used as a template,
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SCHEMATIC VIEW OF THE FIDELITY ASSAY USING
MUTANT $X DNA

$XRF am3 REGION
o™ e
0
rolling-circle sﬁ!_m Protsin  Protein
| | o’ 1 ]
(25 copies) AT phe
AT Ibu
am3 3 CcC G
= AT am (m-vd)
ce-»z 2 (wi=trp)
Psti cut ¢ ]cw
T A |asp
jgg:_ j::: #591 AT
viral strand

l ligation

@ma transfection
@ ,,,:’:',Z,ﬁ'm ONLY REVERTANTS

@,m,m, GIVE PLAQUES

FIGURE 10. Schematic summary of the infectivity assay
used to measure replication fidelity. The circular DNA from
an amber mutant of bacteriophage #x174 is replicated in vitro
and then processed as described in the text. For details, see
refs. 4 and 22.

only revertants give plagques upon transfection of nonpermis-
sive spheroplasts. The gx174 DNA template was chosen for
these studies, since @gx174 transfects with high efficiency,
its complete DNA sequence is available (43), and nine of its
nonsense mutants have been sequenced (see for example, the
sequence for the am3 mutation in Figure 10).

Using this assay, we have been able to show that the DNA
synthesized in our in vitro system is fully infectious, even
after 50 template copies have been made (4,22). Reversion
frequencies were measured for two different sequenced ¢gx174
amber mutations. Biased deoxyribonucleoside triphosphate
concentrations, which favor the errors leading to wild type
revertants, were used in order to increase the sensitivity of
the assay. Such a nucleotide bias also allows the direction
of the misreading to be ascertained, and separate frequencies
to be measured for both possible base mispairings leading
back to wild type.

Table II presents a summary of the data obtained for
these two mutant sites, with results in magnesium and man-
ganese containing buffers compared. As for the in vivo
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Table II

467

Type of in vitro reaction Fidelity (fraction of errors)
Mutant am3 Mutant aml8
3' 5' 3! 5°'

dNTP bias Divalent AAAC:KECTA CTG CTTC
cation 5,TTTG AL GAT3, 5,GAC AGAAG3.
cC>T Mgt +0.3x 107 + 0.5 x 10°°
> A Mgt £0.3x10° +2.9x 10°°
C>T M 6+1.1x10° +2.3x 10°°
G> A mtt 0+ 0.9 x 107 +0.2 x 107
Table II. DNA synthesis was performed under standard

conditions, except that MnCl, was substituted for MgCl, where
indicated. The fidelity assay used is that outlined in
Figure 10. The use of strongly biased concentrations of
deoxyribonucleoside triphosphates in the in vitro reaction
was necessary for detection of these low error frequencies.
The sequences of both amber mutants studied are shown. In
both cases, the reversion to wild type requires a TA>CG
transition at the base pair surrounded by a box. For
details, see ref. 22.

process, manganese is seen to increase the frequency of some
mispairs by as much as 20-fold. Most importantly, the normal
fidelity of DNA synthesis in this in vitro system is impres-
sive, being on the order of 10 ® errors per base pair repli-
cated (22). Results analogous to these have been independent-—
ly obtained in the laboratory of N. Sinha (44).

Although comparison to the in vivo error frequency is
complicated by the fact that this frequency is known to vary
widely depending on the exact site mutating (45), we believe
that our in vitro fidelity is no more than about 100-fold
worse than the replication fidelity seen in vivo. Any
additional fidelity seen in vivo could come from a methyl-
directed post-replication DNA repair system, similar to that
recently discovered in the E. coli host (46). It is thus
possible that the seven protein T4 in vitro system has the
full fidelity of the comparable process which operates
within the cell.
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A base-pairing fidelity of one error in 10® is consider-
ably greater than the fidelities reported for DNA polymerases
alone on natural DNA templates (47). 1In order to explore
possible sources for this increased accuracy, we have exam-—
ined the effect of the individual replication proteins listed
in Table I on the 3'+5' "proofreading exonuclease" (48)
activity of the T4 DNA polymerase; an increase in this exo-
nuclease activity in some "antimutator" T4 DNA polymerases
has been demonstrated to increase fidelity both in vivo and
in vitro (49). By using agarose gel electrophoresis to
measure the rate of degradation of a linear double-stranded
DNA fragment in the absence of dANTPs, we can show that the
addition of the polymerase accessory proteins to the T4 DNA
polymerase increases its 3'+>5' degradation rate 5-fold, to
about 100 nucleotides hydrolyzed per minute. This stimula-
tion requires the presence of 44/62 protein, 45 protein, and
ATP in a hydrolyzable form. Moreover, whereas addition of
100 ug/ml of 32 protein to the DNA polymerase alone inhibits
its exonuclease (see also ref. 50), the addition of this
concentration of 32 protein to the polymerase plus its
accessory proteins increases the 3'+5' degradation rate by
another 2-fold (i.e., to 10-fold the rate of the polymerase
alone). It is therefore clear that the ratio of exonuclease
to polymerase activities in the replication complex will
depend on a variety of factors other than the DNA polymerase,
and that this represents one of several ways in which the
other replication proteins can be expected to increase DNA
replication fidelity.

DISCUSSION

In view of the data discussed in this and other reports,
we believe that the present seven protein T4 in vitro DNA
replication system accurately mimics many aspects of the
corresponding in vivo process of DNA replication fork move-
ment. A cartoon schematically illustrating our current
understanding of this process is presented in Figure 11l.

In summary:

1. The T4 DNA polymerase and its accessory protein
complex (the gene 44/62 and 45 proteins) are viewed as a
single unit, perhaps corresponding to the even larger "holo-
enzyme" complex which represents the functional DNA poly-
merase unit in the E. coli DNA replication apparatus (33).
As illustrated, only a single DNA polymerase unit is likely
to be operative on each DNA template strand at any one
instant; whether or not the two units on each fork are
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actually spatially coupled to create a fork with a convoluted
tertiary structure (5) remains to be determined.

2. The gene 32 protein facilitates DNA synthesis by
coating the single-stranded DNA template on the lagging
strand, and also plays an important role in template helix-
destabilization ahead of the leading strand DNA polymerase
molecule (Figure 6). Additional evidence for the latter
assertion has been obtained from studies in which the intact
32 protein has been substituted in the five protein reaction
with its proteolytic cleavage product, the 32*I protein (51).

3. The 41 protein serves to couple the leading and
lagging strand syntheses via its dual roles on the lagging
strand (RNA priming and DNA helicase). Perhaps the most
reasonable interpretation of the requirement for two differ-
ent T4 proteins to make an RNA primer is that the 41 protein
is primarily a helicase, which is also designed to mark the
site where RNA primers are to be made. While we therefore
suspect that the gene 61 protein is the actual RNA primase

The T4 Replication Fork

FIGURE 11. A schematic representation of a T4 repli-
cation fork, illustrating the proposed placement of the seven
replication proteins listed in Table I. Discontinuous 5'-3'
synthesis on the lagging strand is coupled to leading strand
DNA synthesis by the action of the 41 protein "mobile pro-
moter" complex, which aides in helix unwinding by moving
along the lagging strand DNA template. The gene 32 helix-
destabilizing protein also facilitates helix unwinding at the
fork.
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involved, our attempts to test this hypothesis have not been
successful. Even though the assays employed would have
detected 5% relative primer-synthesizing activity catalyzed
by either the 41 or 61 protein alone, under none of the many
conditions explored was any RNA product seen unless both
proteins were simultaneously present (14).

4. RNA primers five nucleotides long are synthesized
and somehow held in place by one or more of the RNA-priming
proteins, until a DNA polymerase unit can pick up the primer
and elongate it. As a result, the vast majority of the
primers made will act to prime new DNA chain starts, despite
their very short length.

There are two other multienzyme DNA replication systems
for which detailed mechanisms have been elucidated: the
E. coli and bacteriophage T7 systems (33,35). Table III
lists some of the proteins thought to be involved in the
movement of replication forks in all three well-characterized
systems, grouped according to the functional classification
scheme used in Table I. Despite possible gaps in our know-
ledge, it is clear that the complexity of the replication
apparatus increases as one moves from T7 to T4 to E. coli.
Thus, as organisms acquire larger genomes (and thus a need
for increased replication fidelity (52)), they would appear
to need more proteins to replicate their DNA.

Table III

An attempted comparison of three DNA replication
systems of different complexities

System

Protein class T7 T4 E. coli
Helix-destabilizing gene 2.5 gene 32 E. coli ssb
protein
DNA polymerase gene 5 gene 43 pol III
Polymerase accessory none genes 44,| six extra
proteins 62 & 45 proteins in

"holoenzyme"?
RNA priming gene 4 genes 41 dnaB, dnaG,
proteins & 61 plus others
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Differences in Table III are especially marked in the
class of proteins which we have called "polymerase accessory
proteins." 1In this category, bacteriophage T7 has none,
bacteriophage T4 has three, and E. coli has approximately
six polypeptide chains (33). It is intriguing to speculate
that the increased number of replication proteins associated
with the polymerase is responsible for the decrease in base-
pairing errors (estimated from mutation rates) as one moves
from T7 to T4 to E. coli. It is also likely that the
probability of a "geometrical error" (such as strand-switch-
ing by the DNA polymerase) decreases in the same order.

In our view, the T4 DNA replication system may be
simple enough to allow detailed chemical and mechanistic
studies on each of the replication proteins, including the
determination of their tertiary structures by x-ray dif-
fraction analyses. At the same time, this system is clearly
sufficiently complex that a complete understanding of all of
the protein-protein and protein-DNA interactions involved
will be useful in the analysis of many other important
genetic processes, for which the same molecular principles
are certain to be used.
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