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Abstract

DNA sliding clamps are rings that tether certain enzymes to DNA. How clamp proteins slide on
DNA has remained a mystery. A new crystal structure, together with molecular dynamics and
NMR studies, has revealed how the human PCNA clamp slides on DNA.

Most of the central enzymes needed to duplicate DNA were found within a decade or two
after the discovery of the double helix [1]. These were: the helicase to unwind duplex DNA
strands; DNA polymerases that copy the separated strands into new duplexes; and RNA
primase that makes RNA primers that give a start site for the DNA polymerases [2]. But it
took a further 20 years before the functions of two other core proteins essential for
replication in all cells were elucidated. One of these core protein is the Escherichia coli 3
clamp, the first protein known to encircle DNA [3,4]: its function is to bind DNA
polymerase 11, the £. colireplicase, and slide behind the polymerase, holding it to DNA for
processive incorporation of thousands of nucleotides in one binding event. The human
equivalent is the PCNA ring that is structurally superimposable with the £. coli § clamp [5].
The other core component is the clamp loader, a pentameric complex that uses ATP to open
and close the clamp around DNA, and is ubiquitous in all cells [3,6]. Sliding clamps are now
known to be used in many processes beyond replication, including repair, cell cycle control,
and nucleosome assembly [7]. Because of the unusual nature of the clamp interaction with
DNA, the actual mechanism by which these clamps slide along DNA has remained largely
unknown.

A recent study [8] has illuminated the clamp sliding process along DNA and the findings are
fascinating. A crystal structure of human PCNA encircling a 10 base pair duplex DNA has
been solved to high resolution, and the architecture of the clamp-DNA interface is now clear
(Figure 1). The inner diameter of the clamp is about 30 Angstroms in diameter, compared to
20 Angstroms for duplex DNA, and the DNA is tilted about 30° relative to the inner channel.
This is similar to the tilt observed in the crystal structure of the £. colip clamp bound to
primed DNA, except the B clamp was not caught in a sliding mode because the primed site
was held in the protein binding pocket which acts as a placeholder to keep the clamp at the
3’ terminus when the polymerase is not present [9]. In contrast, the PCNA-DNA complex
shows a remarkable alignment of basic residues that line the central channel and they track
along just one strand of the duplex. The PCNA trimer, like the B dimer, contains 12 a
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helices that line the central channel, four per subunit. The DNA tracking residues are lysines
that lie on the surface of the a-helices and spatially define a pitch similar to B-form DNA
(Figure 1). In g and PCNA clamps, the a helices are arranged perpendicular to the DNA
backbone, and thus to track a DNA helix the six tracking lysines are strategically spread out
over 5 different a helices.

NMR studies and molecular dynamics simulations revealed that the lysines walk along
successive backbone phosphates of one DNA strand during sliding [8], and predict a sliding
rate far faster than the DNA polymerase, consistent with single-molecule measurements of
rapid clamp diffusion on DNA [10]. The fast rate of clamp diffusion on DNA ensures that it
will not hinder the DNA polymerase rate. The molecular dynamics simulations also
concluded that clamps mainly spiral when they diffuse along DNA [8,11]. The simulations
show that the 30° tilt of DNA to the central axis of the clamp is maintained during sliding,
such that when viewed from the side, a tilted clamp that runs along one DNA ‘rail’
propagates the tilt in a helical fashion and gives the appearance of alternating between
forward and backward tilts every one-half turn of DNA (Figure 2A). This is the natural
consequence of sliding on a helical substrate, and De March et a/. [8] refer to this sliding
process as ‘cogwheeling’ along the DNA. They point out that certain biochemical studies of
mutant proteins suggest that polymerases and clamp loaders are specific for the particular tilt
that PCNA has adopted at the point that it is positioned at a primer terminus [12,13].

The tilt of PCNA at the 3’ terminus may therefore define protein binding specificity of the
clamp for different factors that interact with the clamp. Presumably the clamp loader,
replication factor C (RFC), places the clamp on the DNA at the correct tilt for interacting
with DNA polymerase 8, a polymerase that functions at a eukaryotic replication fork with
PCNA. Interestingly, human DNA polymerase & often dissociates from PCNA during
synthesis and must reassociate to finish replicating the DNA, a finding that would seem to
contradict the usual processive actions endowed on polymerases by a sliding clamp tether
[14]. Polymerase & requires PCNA for activity, and the way polymerase & rapidly finds its
way back to active status is explained by the cogwheel diffusion process. While the PCNA
clamp is expected to diffuse away from the primer terminus whenever the polymerase
dissociates from the clamp, the rapid cogwheel diffusion process enables the “active’ tilt to
be maintained during clamp diffusion on DNA. During rapid clamp diffusion the clamp will
frequently resample the primer terminus, and upon its arrival it will be in the proper tilt
specified for activity with the DNA polymerase (Figure 2A). In other words, the
cogwheeling of PCNA during sliding will maintain the correct tilt when it samples the 3’
terminus, and thereby facilitate repairing of a productive clamp-polymerase interaction for
continued synthesis.

There are times when different proteins must act on the same clamp, either in succession or
while bound to the clamp at the same time [15]. The homotrimeric structure of PCNA
provides it with multiple DNA tracking sites per PCNA trimer. Furthermore, because the
clamp tracks using only five of its 12 a helices, the clamp can conceivably ‘switch’ from
one tracking site to another and thereby change the tilt relative to a 3" terminus (Figure 2B).
This tilt switching process could alter the specificity of PCNA for an interacting partner.
Studies of PCNA diffusion show that this type of switching does occur, but not as frequently
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as cogwheel diffusion [11]. It is speculated that this switch may be useful for proofreading
by DNA polymerase &, which has a 3’5" exonuclease site in a separate location from the
polymerase site that removes nucleotides that are incorrectly placed into DNA by the
polymerase [8]. Therefore, if the polymerase accidentally incorporates a wrong nucleotide
into DNA, the polymerase—-PCNA may switch between different DNA tracking sites and
reposition the primer terminus from the polymerase site to the exonuclease site. Indeed, a
particular tilt of PCNA with DNA has been documented by Morikawa’s group [16,17] for
Pyrococcus furiosus (Pfu) PCNA on DNA with polymerase B or DNA ligase, and
computational studies suggest the switch from polymerase to exonuclease sites may occur
by a direct switch of this tilt as indicated in Figure 2B [18]. Although speculative, another
useful discrimination between active and inactive tilts could occur during the switch between
a high fidelity DNA polymerase that encounters a DNA lesion and low fidelity specialized
translesion DNA polymerases that are specially constructed to traverse lesions [19,20].
Thus, we speculate in Figure 2B that the translesion DNA polymerase might function with
PCNA when it is in a tilt that is not active with a high fidelity polymerase, and this may
facilitate and regulate the switching between them. Alternatively, the two polymerases could
interact with the same tilt and trade on and off the clamp in two separate events.

It is quite gratifying to see the inner workings of this beautifully symmetrical PCNA ring,
and how nature has been able to sculpt it to satisfy the requirements of the many different
enzymes that use DNA sliding clamps. Through this recent study [8] we can now finally
visualize how PCNA slides along DNA and the manifestations of the movements and protein
dynamics that occur as it does so.
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Figure 1. Human PCNA-DNA crystal structure
(A) Front view of the PCNA trimer—DNA (PDB 1D 5L7C) in space-filling representation;

each subunit is a different shade of grey. The a helices lining the central chamber are in
ribbon representation. In pink are the helices that interact with DNA (the blue strand), and in
green are the remaining a helices (the six lysine side chains that interact with DNA are in
pink space-filling representation). DNA is in blue and orange. (B) Cut away side-view of
PCNA-DNA. The representation and colors of the protein and DNA are the same as in (A).
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Figure 2. The PCNA tilt on DNA may function in different ways
(A) The PCNA tilt is maintained during diffusion on DNA, causing it to spin during

diffusion along DNA. As it spins, the tilt will alternate between a forward and then
backward tilt every five base pairs. If polymerase & requires a specific tilt of PCNA on DNA
for active synthesis, this type of diffusion will enable PCNA to maintain the specific tilt
during diffusion, such that when PCNA samples the 3" terminus it will be in the correct tilt
for activity with polymerase &. (B) Top: the PCNA inner chamber is lined by 12 a helices;
five a helices carry the charged residues that track one strand of DNA. Thus there are two
sites in one circular clamp and this could enable a ‘tilt switch” in one step without diffusion.
The middle diagram illustrates the use of this type of switch for bringing the exonuclease
site into the correct orientation for removal of a mismatched nucleotide at the primer 3’
terminus. The bottom diagram illustrates a speculative case in which a translesion DNA
polymerase may require a different PCNA tilt for activity relative to polymerase 6. In this
case, a direct switch in tilt could alter specificity of PCNA for a replicative polymerase 6 or
a translesion DNA polymerase.
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