












research papers

1196 Oakley et al. � DNA polymerase III � subunit Acta Cryst. (2003). D59, 1192±1199

inserted at the HpaI site of vector pND201 (Elvin et al., 1990).

This provided dnaN with a ribosome-binding site perfectly

complementary to the 30 end of the 16S

ribosomal RNA and placed its tran-

scription under the control of tandem

heat-inducible bacteriophage � pR and

pL promoters. On treatment of cultures

of E. coli AN1459/pND261 at 315 K, �
accumulated over several hours to

extraordinarily high levels; it was found

to comprise >85% of proteins in the

soluble fraction following lysis of the

cells using a French press (Fig. 2, lane I;

Table 2). The protein was puri®ed from

this fraction in yields of over 100 mg

per litre of culture (Fig. 2; Table 2)

by a simple procedure beginning with

ammonium sulfate precipitation and

followed by anion-exchange chromato-

graphy in buffer containing 0.15 M

NaCl to remove contaminating nucleic

acids that otherwise affected resolution

in the next chromatographic step. After

dialysis to remove salt, � was applied to

the same resin, from which it eluted in a

sharp peak following application of an

NaCl gradient. Traces of contaminating proteins, including a

protease that degraded � during long-term treatment under

the conditions of its crystallization, were then removed by

passage of this fraction through a column of hydroxyapatite.

The puri®ed protein was fully active in complementing the

other subunits of Pol III holoenzyme in DnaA protein-

dependent conversion of a single-stranded phage DNA

template to its double-stranded replicative form (Table 2).

SDS±PAGE analysis of samples containing equal activity from

the various puri®cation steps indicated that the protein

remained fully active during puri®cation (Fig. 2). The subunit

mass of � determined by ESI±MS (40 588� 2 Da) agreed with

that calculated from its amino-acid composition (40 586.7 Da).

3.2. Crystal structure of the b sliding clamp

The structure of the � sliding clamp is of high quality as

judged by electron-density maps, R and Rfree factors, devia-

tions from ideal geometry, the root-mean-square deviations of

B factors between bonded atoms and the Ramachandran plot

(Table 1).

The high-resolution structure is similar to the previously

published model in most regards. The protein is a toroid-

shaped dimer of identical subunits, each consisting of three

repeats of the conserved �-clamp structural domain (Fig. 3).

One loop, spanning residues 21±27 in the A monomer, has

been built differently in comparison with the previous struc-

ture. Examination of the electron density of this loop suggests

that it is poorly ordered and our observation of a different

conformation in each of the two monomers is probably a

re¯ection of its inherent ¯exibility.

Features not previously observed for the � subunit are

present in the new model. These include ordered solvent

Figure 3
Orthogonal views of the �-clamp dimer as drawn by WebLab Viewer (Accelrys, San Diego, CA,
USA). The two monomers are shown as green (monomer A) and cyan (monomer B) ribbons. Water
molecules are shown as red spheres. The three �-clamp domains in each monomer are labelled I, II
and III. Arrows indicate the residue 21±27 loops.

Figure 4
(a) Plot of average B factor versus residue number. (b) Differences in C�

position of superimposed �-clamp monomers versus residue number.



molecules (the model contains 665 water molecules) and

alternate conformations for 18 (of 742) residues. These are all

hydrophilic residues on the surface of the protein.

4. Discussion

One of the advantages of high-resolution data is that they

allow the analysis of subtle differences between non-

crystallographic symmetry-related molecules. Some asym-

metry between the monomers of the � sliding clamp was

observed (Fig. 4). Overall, there is less deviation in the C�

position in the ®rst domain compared with domains II and III.

The differences are in general subtle and are mostly less than

1 AÊ in distance. The only exception to this is found with

residues 21±27 on the inside surface of the ring, which are

poorly ordered in both monomers.

The 
 clamp-loading complex binds to and opens the �
clamp though interactions of the � subunit with domains II and

III, such that the interactions of domain III of one monomer

and domain I of the other are disrupted (Jeruzalmi, Yurieva et

al., 2001). Superposition of domain I of the structure

presented here on that of the corresponding domain of

(monomeric) � in its complex with � (not shown) con®rms the

observations of Jeruzalmi, Yurieva et al. (2001). Consistent

differences in C� positions occur in domain II and greater

differences are seen in domain III. These are a consequence of

whole-domain movements about inter-domain linkers (for

both domains II and III) and of further movements of some

loops and �-strands (most marked in domain III). In parti-

cular, the regions spanning residues 272±280 and 294±304 are

shifted by contact of � with �. Residues 294±304 do not contact

� directly, but move as a result of shifts in the region spanning

residues 272±280. Binding of � to domains II and IIII results in

straightening of the crescent-shaped � monomer, presumably

leading to opening of the ring-shaped clamp.

Of the residues known to be involved in binding to �,
Met362 appears to be particularly ¯ex-

ible. Its side chain is located differently in

the A and B monomers and in the B

monomer it is present in two con®gura-

tions. Moreover, binding of � to � results

in further movement of this residue. The

other side chains involved in binding to �
(Gly174, His175, Leu177, Pro242, Val247,

Val360, Pro363 and Arg365) are never-

theless relatively well ordered.

Many structured water molecules,

most of which were not observed in the

earlier structure of the � clamp, are found

in this model (Fig. 3). The central channel

features many water molecules engaged

in hydrogen-bond interactions with the

basic and hydrophilic residues that line

the cavity. Since the nascent double-

stranded DNA passes through the

channel, these water molecules are likely

to be important mediators of interactions

of the � clamp with DNA. The transient

nature of water±protein and water±water

interactions is doubtless conducive to the

sliding action of the clamp as it passes

along DNA. Although many water

molecules are also observed to bind to

the outer surfaces of �, only ®ve of them

need to be displaced upon binding to �.
Nevertheless, many other water±protein

interactions would probably be destroyed

as the aforementioned loops are shifted

as a result of contacts between � and �.
There is evidence that many of the

basic residues lining the inside of the

channel in the � torus are highly ¯exible.

Many of these have high B factors and in

some cases (e.g. Lys12, Arg73, Lys198)

the side chains are completely disor-
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Figure 5
STAMP alignment of representative �-clamp domains from the bacteriophage RB69 sliding clamp
(PDB code 1b77), HSV UL42 protein (1dml) and S. cerevisiae PCNA (1plq). Each protein was
divided up into separate domains, which were numbered consecutively. Each sequence is named
according to its PDB code, except for the E. coli �-clamp domains, which are designated pol-1 to
pol-3. Residues that show structural similarity (Pij > 0.5) are capitalized. All other regions are in
lower case. Residues involved in hydrophobic clustering (as determined by ClusterOne) are
highlighted in yellow. Basic residues that could interact with DNA are represented in blue. The
DSSP designation of the secondary structure of domain I of the E. coli � clamp is shown below the
sequences. These designations are H, 4-helix (�-helix); B, residue in isolated �-bridge; E, extended
strand, participates in �-ladder; G, 3-helix (310-helix); T, hydrogen-bonded turn; S, bend. Residues
in � that interact with � are shown in red. Residues involved in inter-monomer interactions are
underlined.
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dered. The temperature factors for such residues typically

range from about 24 AÊ 2 for the C� atom to over 40 AÊ 2 for the

terminal side-chain atom. Moreover, multiple conformations

are observed for some of these residues (e.g. Arg176, Arg205,

Arg279) and several adopt different conformations in the A

compared with the B monomer (e.g. Arg24, Arg80, Lys198,

Arg205). The ordering of these residues upon interaction with

DNA backbone phosphate groups would be entropically

unfavourable. However, since the � clamp must slide along

double-stranded DNA, the predominantly electrostatic inter-

actions of these basic residues with DNA would seem to most

likely be transitory. This notion of a lack of speci®city is

reinforced by the observation of poor conservation of basic

residues in the various clamp domains (Fig. 5). Although all of

the domains feature some basic residues on the inner surface

that are presumed to form transient contacts with DNA, the

residues vary both in number and in physical location.

Dissociation of � from DNA can only take place following a

ring-opening event, which requires major structural changes in

the protein (Jeruzalmi, Yurieva et al., 2001). Electrostatic

attraction of the basic residues to the DNA backbone prob-

ably increases the lifetime of the � clamp on the DNA by

helping to keep the ring closed.

Structures are known of several DNA polymerase-

associated sliding-clamp proteins related to �. These include

the sliding clamps from bacteriophages RB69 (Shamoo &

Steitz, 1999) and T4 (gene 45 protein; Moare® et al., 2000),

PCNAs from yeast (S. cerevisiae; Krishna et al., 1994), human

(Gulbis et al., 1996) and an archeon (Pyrococcus furiosus;

Matsumiya et al., 2001), as well as HSV UL42 protein (Zuccola

et al., 2000). Subunits of all of these proteins contain either

three (in �) or two (in the others) repeats of a structurally

related �-clamp domain and all except HSV UL42 form

toroidal oligomeric structures containing six such domains.

Although there is no signi®cant sequence identity among

representative �-clamp domains from the three families (e.g.

from E. coli �, yeast PCNA and HSV UL42), there are several

regions that align closely (Fig. 5). These correspond to several

of the �-strands and one of the two helices. Although the ®rst

helix appears to be structurally conserved in all protomers, the

second is not. For example, in HSV UL42 the second helix in

both domains does not align well with the helices from the

other sliding-clamp domains. The signi®cance of the structural

conservation of helix 1 but not helix 2 needs further investi-

gation.

Analysis with ClusterOne shows that the clustering of

hydrophobic residues in the cores of all of the �-clamp

domains are similar (Figs. 5 and 6). This may indicate a

common evolutionary origin for the �-clamp domain even

though no `memory' of this (in terms of sequence identity) is

retained. In particular, there is a pattern of two hydrophobic

residues (separated by three residues) in helix 1 that appears

to be conserved in all cases. These residues are located on the

same side of the helix and probably represent an essential

`hydrophobic staple' that tethers this helix to the core of the

protein. Less well conserved are the patterns of alternating

hydrophobic/hydrophilic residues that make up the �-strands,

although all possess hydrophobic side chains on alternating

residues that contribute bulk to the cores of each domain.

While residues corresponding to the second helix tend to be

hydrophobic, the patterns of hydrophobic clustering are less

well conserved than for helix 1. This observation helps explain

the lack of structural conservation in helix 2.

The separate domains of the � clamps are joined in part

through a hydrogen-bond ladder linking the �-sheets of each.

This applies to inter-monomer interactions as well as inter-

domain interactions. Additional hydrophobic contacts are

used to maintain the interactions between adjacent domains

within the monomers, but this does not extend to the inter-

Figure 6
Orthogonal views of the �-clamp domain I from E. coli in ribbon format
as drawn by WebLab Viewer. The ribbon is coloured red (�-strand) or
green (�-helix) in accordance with the DSSP output. Side chains of
residues identi®ed by ClusterOne as forming hydrophobic clusters are
represented in ball-and-stick representation in yellow, while basic
residues lining the inside of the �-clamp are represented similarly in
blue. These residues potentially interact with the phosphate backbone of
DNA via transient salt bridges.



monomer interactions (Fig. 5). Although hydrophobic

contacts do exist between monomers, they are not as extensive

as those of intra-monomer domain interactions. This obser-

vation can be reconciled by considering the function of the 

clamp-loader complex, which must disrupt the inter-monomer

interactions. Too extensive a buried hydrophobic surface

would make clamp opening entropically unfavourable.
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