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As an experienced
worker in the DNA syn-
thesis field, it is quite
sobering to look back at
how we molecular geneti-
cists have stumbled our
way to the current under-
standing of DNA replica-
tion. Thus, for example,
the first discovery of dis-
continuous DNA synthe-
sis was areal surprise', as
was the later finding of RNA primers®. Only in retro-
spect did we come to realize that these features reflect
the fact that the asymetric replication fork is elegantly
designed to ensure that all the DNA on both strands is
synthesized with very high fidelity®. Likewise, only
in recent years have we become aware of the fact that
the replication fork is moved by a large multienzyme
complex that can quite reasonably be viewed as a true
‘replication machine’: a sophisticated DNA-handling
apparatus, whose numerous protein parts move rela-
tive to each other, without disassembling as the repli-
cation fork moves.

In retrospect, it seems obvious that complex living
systems could not exist without the ‘high technology’
of such multicomponent protein machines. In these
machines, ordered conformational changes in protein
molecules are caused by the hydrolysis of bound
nucleotide triphosphate molecules, enabling groups of
interacting proteins to move coordinately. As a result,
the biological process involved need not rely on
numerous random collisions. It now seems likely that
all the major processes occuring in cells make use of
such highly sophisticated protein machines. As I
discuss in detail elsewhere®, and briefly outline here,
acceptance of this view has important implications for
the way that one approaches any research problem in
molecular genetics. The DNA replication apparatus of
T4 bacteriophage will serve as the model for the
discussion that follows.

understood example.

The DNA replication apparatus of T4

By purifying the proteins corresponding to seven T4
replication genes (genes 32, 41, 43, 44, 45, 61 and 62)
and then mixing various combinations of these pro-
teins with different types of DNA templates, it has
been possible to reconstruct the general mechanism of
T4 replication fork movement (reviewed in Ref. 5). A
two-dimensional view of the T4 replication fork is
shown in Fig. 1. Only its most salient features will be
outlined here. These are as follows:

(1) There are two DNA polymerase molecules work-
ing at any time, one on the leading strand and one on
the lagging strand. In a process that requires periodic
ATP hydrolysis, a complex of three polymerase-
accessory proteins (the products of T4 genes 44, 62
and 45) acts to clamp down each DNA polymerase
molecule, thereby converting it into an enzyme that
can remain associated with the same DNA template
for a long time. These three proteins are thought
to form a complex with the DNA polymerase that
creates a unit analogous to the more complicated E.
coli DNA polymerase III holoenzyme, with its seven
different subunits’,

(2) In front of the T4 DNA polymerase unit on the
leading strand, the DNA double-helix is rapidly
unwound into its two single strands by the combined
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Multienzyme complexes powered by nucleoside triphosphate hydrolysis play central roles
in many biological processes. The DNA replication apparatus is a particularly well-

actions of the DNA polymerase (encoded by T4 gene
43), ahelix-destabilizing protein that binds tightly and
cooperatively to all single-stranded DNA (encoded by
gene 32)and a DNA helicase on the lagging strand that
uses GTP hydrolysis energy to force its way into the
template helix (encoded by gene 41). Unwinding
normally proceeds at a rate of about 500 nucleotides
per second, which is over a million times faster than
the estimated rate of spontaneous helix opening under
physiological conditions™°.

Once positioned on the lagging strand, each func-
tional unit of the 41 protein (an oligomer) remains with
the same fork for a very long time; inside the cell, this
unit of 41 protein probably enters each fork only when
the fork forms at a replication origin, persisting until
the fork finishes its DNA synthesis.

(3) The lagging strand template is a DNA single
strand covered with the 32 protein. This strand
provides sites at which a new, RNA-primed Okazaki
DNA fragment is initiated about once every four
seconds. Each RNA primer is a pentaribonucleotide
(of sequence pppApCpNpNpN) that is synthesized by
a complex of the 61 and 41 proteins on the lagging
strand and then elongated by the DNA polymerase
unit on this strand""-*, Thus, in addition to acting asa
DNA helicase, the 41 protein plays a second key role at
the fork: it forms a mobile site at which the 61 protein
binds to help synthesize RNA primers. Since the 41
protein is only bound to the DNA at a replication fork,
this mechanism presumably prevents the synthesis of
RNA primers elsewhere in the cell, thus allowing
other regions of single-stranded DNA to remain
single-stranded.

(4) Like the DNA polymerase molecule on the lead-
ing strand, the molecule of DNA polymerase on the
lagging strand remains with its replication fork a long
time, recycling every four seconds or so to start a new
Okazaki fragment on the lagging strand. Therefore,
the lagging strand must be folded to position the 3'OH
end of a completed Okazaki fragment adjacent to the
start site for the next Okazaki fragment, as in the
example shown in Figs 2 and 3. Since nearly every
RNA primer that is synthesized at a fork i vitro starts
a new DNA chain", the synthesis of a new RNA
primer is delayed until the preceding Okazaki frag-
ment has been completed. The model for replication
fork movement in Fig. 3 therefore not only explains
why the pattern of in vifro DNA synthesis on the
lagging strand is unchanged by extreme polymerase
dilutions®, but also why very few Okazaki fragments
of less than 500 nucleotides are made in this system,
despite the fact that potential start sites for primers
are present about once every 50 nucleotides.

The lagging strand DNA polymerase molecule
moves ahead rapidly with the fork (Fig. 3), and, in i
vitroreactions, the T4 replication apparatus lays down
a series of unsealed Okazaki fragments on the lagging
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DNA polymerase molecule, the product of gene 43 of
T4 (reviewed in Ref. 14). Yet DNA replication and
repair are very different processes. Much of the DNA
synthesis in DNA repair is thought to involve simple
gap-filling by the DNA polymerase, where it is im-
portant to avoid the type of DNA strand-displacement
reaction that can lead to lagging strand DNA synthesis
and thereby generate a complete fork. This fact be-
comes most obvious when considering the most fre-
quent DNA repair event in the cell, the resealing of
adjacent Okazaki fragments on the lagging strand. If
even a small fraction of these repair reactions con-
tinued too far and created a replication fork, many
new forks would form on each lagging strand, making
the DNA replication process hopelessly complex.
Figure 4 illustrates how different types of com-
plexes containing T4 DNA polymerase are likely to
form at different sites on the same DNA molecule. In
this view, only those special DNA sequences that
direct the assembly of the 41 protein onto a DNA
strand are replication origins (Fig. 4a). In principle,
the different replication origins on the T4 chromo-
some'**® could assemble different types of replication
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Fig. 1. A two-dimensional view of the DNA replication fork of
bacteriophage T4. The 74 DNA polymerase is the product of gene
43, and the proteins encoded by genes 44/62 and 45 that function
with it are designated ‘polymerase accessory proteins’. The 32
protein binds to all of the single-stranded DNA at the fork; it is a
helix-destabilizing protein, sometimes described as a ‘single-
strand binding protein’. The 41 protein is both a DNA helicase
and a protein that is required, together with the 61 protein, for
RNA primer synthesis on the lagging strand. The average length
of the Okazaki fragments formed on the lagging strand is 1500
nucleotides, both in vivo and in vitro.

strand, which still retain intact RNA primers at their
5' ends. It therefore seems likely that, inside the cell,
these RNA primers are removed and replaced by
DNA in a separate DNA-repair reaction, which is un-
coupled from the replication fork itself and involves
additional proteins.

In summary, the basic T4 replication apparatus
consists of a moving complex of seven polypeptide
chains, in which the entire DNA replication fork is
embedded. The proteins have a total mass of at least
900 000 daltons, not including about 5 x 10° daltons of
32 protein that are bound to the regions of single-
stranded DNA at a fork. Asagroup, the proteinsat the
fork proceed unidirectionally along the DNA at a rate
of about 500 nucleotides per second, faithfully
replicating both strands of the template DNA helix as
they go. In spirit, the T4 DNA replication apparatus is
like a tiny sewing machine, composed of protein parts
and powered by several different types of nucleoside
triphosphate hydrolyses.

The same protein in different complexes
Inside the cell infected with T4 bacteriophage,
both DNA replication and DNA repair use the same

Lagging strand

forks, depending on which additional proteins are co-
assembled with the DNA polymerase and the 41 pro-
tein onto the DNA. Other special sites on the DNA
might allow the DNA polymerase to become associ-

ated not with the 41 protein, but with a different DNA

Table 1. Major protein speries bound to 32 protein-agarose
columns

Protein Function

T4 32 protein Helix-destabilizing protein

T4 43 protein T4 DNA polymerase

T4 45 protein DNA polymerase accessory protein

T4 ursX protein T4 recombination: recA analogue®

T4 uvsY protein T4 recombination

T4 dda protein  DNA-dependent ATPase:helicase

T4 46/47 protein T4 recombination:exonuclease

T4 RNase H Removes RNA from RNA:DNA hybrids
BP-1 Unknown, 30 000 daltons, T4-encoded
BP-2 Unknown, 32 000 daltons, host-encoded

2 T, Minagawa, personal communication and T. Formosa,
unpublished results.

44/62 + 45 proteins

43 protein

32 protein
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Leading strand

41 protein
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Fig. 2. The seven proteins of the T4 DNA replication machine as they are :hnu%m exist in an actual replication fork. The two-

dimensional replication fork has been comverted into the structure shoun by Solding

DINA on the laggring strand in such a way as

bring the DNA polymerase molecule on the lagging strand close to the DNA polymerase molecule on the leading strand. The lagging
strand DNA polymerase molecule is thereby held to the rest of the replication proteins, allowing it to be retained for many successive

cycles of Okazaki fragment synthesis, as shown in Fig. 3.
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Lagging strand

Fig. 3. A model for DNA syn-
thesisat a replication fork that
allows the same DNA poly-
merase molecule fo  be
repeatedly recycled to synthe-
size all the Okazaki fragments
on the lagging strand. The
crucial step here occurs when
the synthesis of each Okazaki
fragment is completed. Rather
than falling off the entire fork
assembly, the DNA poly-
merase molecule on  the
lagging strand remains bound
to the assembly of replication
proteins, letting go only of the
DNA on the lagging strand.
For the different symbols used
to represent the T4 replication
proteins, see Figs. 1 and 2.

helicase that is unable to participate in RNA primer
synthesis (for example, the T4 dda protein'™'). DNA
synthesis at these sites would generate ‘whiskers’ of
single-stranded DNA (Fig. 4b) that could either parti-
cipate in the initiation of genetic recombination pro-
cesses or be degraded in association with a ‘long-
patch’ type of DNA repair. Finally, other types of sites
onthe DNA, including each junction between a pair of
unsealed Okazaki fragments, will bind a DNA poly-
merase complex that is prevented from using any type
of DNA helicase (Fig. 4c). This DNA polymerase com-
plex is postulated to be unable to carry out any strand-
displacement DNA synthesis inside the cells and will
fall off the DNA after completing ‘short-patch’ DNA
repair.

The above example provides one illustration of how
a single protein (the T4 DNA polymerase) can parti-
cipate in several different types of discrete protein
machines. Perhaps the best studied case is that of the
T4 gene 32 protein, which plays major roles in DNA
replication, DNA repair and genetic recombination®.
This helix-destabilizing protein interacts with a large
number of different T4 proteins by both genetic® and
biochemical® methods. These interactions are
thought to reflect different associations of the 32 pro-
tein in a variety of different multiprotein complexes.

Isolating the components of a replication
complex

The T4 replication machine is constructed from
proteins that are only loosely associated with each
other. For example, most of the known protein-
protein interactions are too weak to be detected by
simple co-sedimentation experiments on sucrose
gradients. Consequently, six of the proteins shown in
Fig. 1 must be individually isolated from the crude
lysate (the exception being the 44/62 protein, which is
isolated as a tight complex of two different protein
chains). Not all protein machines fall apart in cell
lysates in this way (the ribosome being a notable

example of an especilly stable complex). However,
there is no reason to suspect that the T4 replication
apparatus is unusual: intracellular protein concentra-
tions are sufficiently high that even quite weak
associations between proteins can be effective®.
Thus, one will generally need to isolate intracellular
protein complexes piecewise, eventually reconstruct-
ing each of them by mixing together a number of
different highly purified protein subunits. Some of
these purified proteins will have no detectable activity
by themselves; for example, this is true for the T4
gene 45 protein. Other proteins will display only a
partial activity that reveals almost nothing about their
biological function. For example, the T4 44/62 protein
is a very weak DNA-dependent ATPase®™; only when
it is stimulated by the 45 protein does this ATPase
activity ‘come alive’, facilitating DNA synthesis by
the T4 DNA polymerase (43 protein).

A more subtle example relates to our initial
discovery that the 41 protein plays an important role in
leading-strand DNA synthesis, in addition to being
required for the synthesis of RNA primers on the
lagging strand®. This realization was made possible
by the development of a method for measuring the
rate of movement of an individual DNA polymerase
molecule on a double-helical template, which
demonstrated that fork rates in vifro are much slower
than the fork rate in vivo unless the 41 protein isadded.
If one can extrapolate to other situations, our experi-
ence suggests that it is important to reproduce intra-
cellular reaction rates in in vitro systems, as well as the
correct reaction pathway.

It is often difficult to know when a protein machine
has been reconstructed well enough to warrant an
extensive study of its in vifro properties. This is a
major problem for biochemists who are attempting to
work out the detailed mechanism of any genetic pro-
cess from studies in vitro. The situation is complicated
by the fact that the number of different experiments
that can be done in any in vitro system containing three
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or more components is enormously greater than one’s
intuitive expectations. For example, varying both the
relative and absolute concentrations of three protein
components in a mixture and measuring their activity
as a function of the concentrations of nucleotide co-
factors, Mg®*, specific anions and cations, pH,
temperature etc., could provide enough experiments
for a lifetime. The number of different experiments
already published with the three-component E. coli
genetic recombination system: recA protein, SSB pro-
tein and DNA, should conclusively prove this point.
But, to continue with this arbitrary example, does the
genetic recombination machine of E. coli also contain
other, as yet unisolated protein components that could
drastically change the results obtained in such experi-
ments? In part, the correct experimental approach to
this problem depends on how complicated the
recombination apparatus is; my own present bias is to
suspect a greater complexity.

Using affinity chromatography to detect
components of a protein machine

To identify some of the protein-protein interactions
in the T4 replication apparatus, we linked the T4 pro-
teins encoded by genes 32, 43, 44/62, 45 and 41 to
separate agarose matrices and used these matrices
(each containing about 1 mg/ml of their respective
bound protein) as affinity columns for the chromato-
graphy of T4-infected cell extracts. To distinguish the
bacteriophage-encoded proteins from the E. colf host
proteins that are also present in the lysate, the T4 pro-
teins were selectively-labelled by adding radioactive
amino acids to the infected cells. We found that each
T4 replication-protein column selected a different
subset of proteins from the extract (these proteins
were not bound by a control albumin column)®. The
most striking results were obtained with the column
that contained the immobilized 32 protein. As shown
in Table 1, more than ten different T4-induced pro-
teins are bound specifically by the 32 protein; most of
them could be identified as specific T4 gene products
important in DNA replication or genetic recombina-
tion®'. In addition, one major host protein also bound
to the column. This protein is unusual in that it also
binds to the T4 uvsX protein(the T4 analogue of the E.
coli recA grotein} and to DNA,; its function in E. coli is

unknown®.
7
3 OH

N

Fig. 4. Assembly of the T4 DNA polymerase inlo different
replication protein complexes at different sites on the DNA.
In (a), a specific DNA sequence corresponding toa DNA rep-
lication origin directs the assembly of the T4 protein 41 onto
the lagging strand. As a result, a true replication fork is estab-
lished with both leading and lagging strand DNA synthesis.
In (), it is proposed that another type of specific DNA
sequence (or structure) has allowed a DNA polymerase mole-
cule to co-assemble into a protein complex that c i

a DNA heli
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Experiments like the one described in Table 1
reveal that protein affinity columns are very useful for
both finding and purifying the various components of
a large protein machine. In principle, any protein can
be used to produce such a column, and when a milli-
gram of the protein is available even interactions with
dissociation constants as large as 10~*M can be readily
detected. When using such a technique, a biochemist
is exploiting the existence of protein machines to facil-
itate the identification and isolation of the entire group
of proteins involved in a particular cellular process.
Therefore the widespread existence of protein
machines has experimental advantages, as well asthe
disadvantages mentioned previously.

The importance of genetic analyses

The seven T4 DNA replication proteins that move
the fork in vitro were shown to be essential for T4
DNA replication by a genetic analysis that identified
each one with a conditional-lethal mutant bacterio-
phage that is severely deficient in DNA synthesis®*",
Four of these proteins (products of the genes 44, 62,
45 and 41) were initially purified by exploiting an in
vitro complementation assay using a cell lysate made
from the respective mutant-infected cells*®**. The ex-
tensive genetic analysis of bacteriophage T4 begun by
R. Edgar, R. Epstein and their colleagues was there-
fore essential for biochemical studies of the T4 repli-
cation process.

I believe that we will soon see a marked resurgence
of interest and activity in the DNA enzymology of pro-
karyotic organisms, including E. coli and its bacterio-
phages. I hold this belief despite the fact that we have
just been through an era in which both prokaryotes
and enzymology have been generally ignored, with
students seemingly eager to clone any eukaryotic
gene in preference to spending a day in the cold room

DNA polymerase
plus other
proteins

3
5

different from the 41 protein. Because this DNA helicase is .

unable lo barticipate in RNA primer synthesis, the DNA on the lagging strand remains single-stranded (see text). In (¢), a typical
DNA repair reaction is shown in which no DNA helicase is involved.
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with a DEAE-cellulose column. But, as some of the
initial excitement wears off, it is becoming clear that
to understand such fascinating processes as the
control of eukaryotic gene expression will require the
same kind of serious protein biochemistry that was
required to work out DNA replication enzymology.
There is no reason to think that any central genetic
mechanism will be less complex than DNA repli-
cation, and every reason to believe that the same type
of sophisticated multiprotein complex will be
involved. If we think of molecular genetics in terms of
‘protein machines’, rather than sequential reactions
carried out by individual proteins, it becomes
abundantly clear why it is important to study the
detailed enzymology of all these processes in
organisms that are simpler than the higher eukaryotes
- even if one is self-centred enough to care only about
human biology. In a number of simpler organisms,
including bacteria and yeast cells, the combined
power of genetics and biochemistry should make it
possible to find and study every piece of a multiprotein
complex, as required to come to any real under-
standing of how these complexes work.

At present, most higher eukaryotic systems are not
amenable to the type of genetic analysis that greatly
facilitates a direct approach to the study of loosely
associated multienzyme complexes. However, it
seems likely that, once we have a solid understanding
of the various protein machines that function on DNA
in other organisms, we will be able to proceed by
analogy to a successful study of the similar machines
that are certain to exist in higher eukaryotic cells.
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