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The basis for the remarkably high processivity of DNA poly-
merases that duplicate long chromosomes appears quite similar
in prokaryotes and eukaryotes. In each of these cell types, the
replicative polymerase has several accessory proteins which endow
the polymerase subunit with its speed and processivity. The
replicative polymerases of the well studied systems of bacterio-
phage T4, E.coli (DNA polymerase III holoenzyme) and humans
(polymerase 6), contain accessory proteins which form a 'sliding
clamp' on DNA that acts to tether the polymerase to the DNA
for rapid and highly processive synthesis (1-4). In the E.coli
system this sliding clamp has been shown to be a dimer of the

subunit, which is in the shape of a ring encircling the DNA
(5). The functional homologue of ,B in the T4 system is the product
of gene 45 (g45 protein) and in humans it is the proliferating cell
nuclear antigen (PCNA). These proteins are homologous in
function, and although they show no homology at the amino acid
sequence level, a case has recently been made for a structural
similarity of : to PCNA and to the T4 g45 protein on the basis
of sequence using the crystal structure of a as a guide (5).
These replicative polymerases each require several other

accessory proteins to assemble the sliding clamp around the DNA.
A list of these proteins is presented in Table I. The requirement
for more than one protein in this reaction may reflect a need for
several functions, including recognition of a primed template,
the opening and closing of the ring shaped clamp protein around
the DNA, and the coupling of this process to ATP hydrolysis.
In the E. coli system this 'clamp loader' is the 5-protein -y complex
(,y6b'x^), in humans it is the 5-protein Activator 1 (Al), also
referred to as RF-C, and in phage T4 it is the 5 subunit g44
protein/g62 protein complex (the g44/62 complex).
The mechanism of the 'clamp loader' in these three systems

may be similar. The sites of binding to the primer-template
junction are similar for the E. coli -y complex and ,3 subunits, the
human A1 and PCNA, and the g44/62 and g45 proteins (8-11).
In the case of E. coli, the loading of the subunit forms a

'preinitiation complex', dependent upon ATP hydrolysis, that can

be isolated by gel filtration (12,13). The action of the ey complex
in this reaction can be substituted by pairs of the subunits, 'y8,
or T6' (14). The preinitiation complex assembled by the yeast
or human Al and PCNA and dependent upon ATP hydrolysis
can also be isolated by gel filtration (7,15). The complex
assembled by the T4 proteins on primed DNA differs, in that
while it can be cross-linked to the DNA, it is not stable enough

GenBank accession nos*

to be isolated after gel filtration; a complex containing the g45
can only be isolated by gel filtration if the DNA polymerase (g43)
is present with the g44/62 and ATP (9,16).
The ATPase activity of the multisubunit complex in each of

the three systems is required to assemble the 'sliding clamp' and
the polymerase onto the template, but is not required for the
subsequent replication of long stretches of the template in vitro.
This indicates that ATP hydrolysis by the accessory protein
complex is not required for translocation by the polymerase, at
least along a template unencumbered by other bound proteins.

Recently, the genes encoding most of these subunits have been
identified. Comparison of the amino acid sequences in Fig. 1
shows several of these subunits are truly homologous between
E. coli, humans and phage T4, especially in one region toward
the middle (110-160), implying for the first time that the
functional similarity among these systems has its basis in an
evolutionarily conserved structure. Presumably all these proteins
evolved from the same ancestral gene.
The homology between these protein subunits actually starts

near the amino terminus, continues through the ATP-binding
domain which starts approximately at the site of the 'GKT' box,
and extends for about two hundred amino acid residues toward
their carboxyl termini. All these proteins have a strictly conserved
'SRC' sequence of unknown function at residues 157-159. The
presence of the four amino-acid 'DEAD' motif in three of the
human protein subunits represent an unusual occurrence of this

Table I.

E.coli Eukaryotic phage T4

DNA Pol III core pol a g43
polymerase (aeO)t (pol e)*
Accessory -y complex Activator 1 (Al) g44/62
complex (.06&"x) (aslo called RF-C)
Accessory (3 PCNA g45
protein
clamp

tThe 10th subunit ofE. coli DNA polymerase holoenzyme, r, binds together two
molecules of pol m core (24, 25) presumably for coordinated synthesis of both
strands of duplex DNA.
*Pole is a different molecule from pol5 and it is also activated by the eukaryotic
accessory proteins (6,7).

*L04577, L07540, L07541
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sequence in proteins not having RNA-dependent ATPase or
putative RNA helicase activities. However, as mentioned above,
ATP hydrolysis by these protein complexes is not required for
translocation along the DNA template by the polymerase.
An interesting feature to emerge from the sequence

comparisons is the similarity among subunits present within one
polymerase accessory factor. In E. coli, the 6' subunit shares 27%
identity to the -y and r subunits; -y and r are derived from the
same gene and therefore have identical sequences (a translational
frameshift produces -y (47 kDa) which is 24 kDa shorter than
r, ref. 23). The gene encoding 6' (holB) also produces two
subunits, 6's.au and 6' large, which differ by 520 da. 6' snall is
the product of the full gene and therefore 6' large is produced by
a modification, possibly a translational frameshift. In humans,
four subunits of the Al are highly homologous to one another.
Hence, the 'clamp loader' complexes of E. coli and humans
appear to contain a family of subunits of similar structure within
them. Although the phage T4 g44 protein is not homologous to
g62 protein, the subunit composition of the g44/g62 complex is
4:1 (g44-to-g62) (17). Thus, the g44/62 complex also has
structural redundancy and may be compared to the case of the
human proteins, in which four different proteins having
homology, the 40, 38, 37, and 36 kDa subunits, are present in
the complex with one additional subunit, of 145 kDa, that has
little homology to the other four.
Why there is such structural redundancy witiin these complexes

is unclear at present. However, these sequence alignments
underscore the basic similarity in structure and function of the
cellular replicase accessory proteins across the evolutionary
spectrum.
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