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Figure 7. Links between bound & and conserved residues near the central hole of the 8 clamp. See legend to Figure 6 for a description of representations; see
text for details. (A) The structural features near the linker region between the A2 and B2 motifs within the B dimer. (B) The same view as in (A) for the 3-8
complex. (C) Side view of the B dimer region shown in (A). The inset shows how the conserved asparagine Q149-f (red) protrudes into the central hole of
the B ring roughly to the same degree as certain basic residues (blue and cyan) proposed to interact with DNA (modeled). Q149-f, which is in domain 2,
structurally corresponds to one of these basic residues within domain 1, R24-B (cyan). (D) Side view of the 3-8 complex in (B) with modeled DNA in the

center of the [ ring.

B2 and an adjacent aspartate (D150-B) that interacts with
R152-B (Fig. 7C and D). Notably, in both the B dimeric and
&P structures, Q149-f protrudes into the  clamp’s central
hole (Fig. 7C and D). Indeed, the only other residues that
protrude into the hole to this extent correspond to weakly
conserved basic residues predicted to non-specifically associ-
ate with encircled DNA (Fig. 7C inset). Furthermore, Q149-f,
which is within domain 2, structurally corresponds to one of
these basic residues within domain 1, namely R24-f.

This suggests that Q149-f is likely to sense the presence of
DNA within the B clamp’s central hole to a similar extent as
these basic residues and, indeed, perhaps more so, as
interaction of a non-basic residue with DNA backbone
phosphates would be less favorable and thus more likely to
induce a conformational change in Q149-f. Indeed, the
residue corresponding to Q149-B in non-proteobacterial
species is very often acidic (Fig. 3B), in which case any
interaction with backbone phosphates would be repulsive.

This influence of DNA on the conformation of Q149- may be
relayed back to the & binding pocket via D150-f, which is
sequence adjacent to Q149-f and which, in the 8- complex,
hydrogen bonds with R152-, a residue directly contacting &
(Fig. 7D).

A second possible structural feature for sensing of encircled
DNA centers on three residue positions (197-199) near the
N-terminal end of the motif D2 helix (Fig. 7). Two of these
residues, R197-f and G199-f, are subject to Y proteobacteria-
specific constraints (Fig. 4B), while a third residue, K198-, is
one of two conserved basic residues within the D2 helix
(Fig. 2B) that are predicted to associate with backbone
phosphates of encircled DNA (see above). Surprisingly,
within the available 8- clamp crystal structures, which are
not associated with DNA, K198-f protrudes less into the
central hole than does Q149- (not shown). Thus, it is easy to
envision that, upon association with DNA, K198- would
reposition itself closer to the clamp’s central hole. Moreover,
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because K198-f lies between R197-f and G199-B, its
repositioning—in combination with the backbone flexibility
of G199-B and the inherent affinity of R197-B itself for
DNA—may distort or disrupt both the N-terminal end of the
D2 helix and a hydrogen bond between R197-3 and the Q149-
B loop (Fig. 7). R197-B also packs up against M146-f (Fig. 7),
a 'y proteobacteria-specific conserved residue within the Q149-
loop that is adjacent to S145-B (Fig. 4B). Thus, any DNA-
associated repositioning of R197-f and Q149-f may be
propagated back to R176-B, the proposed relay to the &
binding pocket, via the F144-S145 region, which packs up
against R176-B. Other y proteobacterial-specific residues
within motif B2 (Fig. 4B) may similarly relay conformational
changes back to other d-interacting regions, such as the F241-
P242 motif (Fig. 7C and D).

These proposed structural links between the clamp’s central
hole and & binding regions might operate in either direction.
That is, either DNA sensing residues could help trigger the
release of & and closure of the clamp around DNA or binding
of & to a DNA loaded clamp could trigger conformational
changes in DNA sensing residues that may assist in unloading
of the clamp. Of course both possibilities may apply, in which
case the ATP/ADP-bound states of the clamp loader complex
(of which & is but one component) would likely determine
directionality. It should be stressed, however, that specific
aspects of such a mechanism are unlikely to apply to
organisms outside of the y proteobacteria.

Links between N320-B, the C-terminal E3 region and &
binding sites

Returning our focus again to the strategic residue N320-3, we
next examine its relationship to the C-terminal E3 region,
which contains several residues subject to strong domain-
specific constraints and which binds to & (Fig. 3C). N320-B
directly contacts one of these residues, M364-B, and, as
discussed above, both N320-f and M364-B would sterically
clash with L73-8 (Fig. 6A) were it not for &-induced
conformational changes. These changes include both unwind-
ing of the C-terminal end of &’s P-interacting helix and
repositioning of L.73-8 and F74-8 into the 3 clamp’s & binding
pocket (Fig. 6B).

Notably, M364- is sequence adjacent to R365-f3, the most
buried residue upon binding of B to 8 (155 A?). Within the 3-8
complex, R365-B’s positively charged side chain interacts
with the negative dipole moment of the restructured
C-terminus of &’s B-interacting helix (Fig. 6B). R365- also
hydrogen bonds to an aspartate (D107-8) that is highly
conserved among Y proteobacterial & subunits (Fig. 5B) and
that is linked—via similarly conserved & residues (Fig. 6B)—
to &’s site of interaction with R152-B (as discussed above).

Likewise, the two residues directly preceding M364-f,
namely M362-f3 and P363-B, also contact 8 within the d—f3
complex (as does M364-f itself) and are subject to strong
domain 3-specific constraints (as are M364-f and N320-B)
(Fig. 3C). Notably, binding of & to B places L73-0 on the other
side of M362-B (Fig. 6B) relative to the 8- model based on
the unbound structures (Fig. 6A). The M362-B residue
position nearly always contains a methionine, the most
flexible of the long hydrophobic residues (25). Thus, this
methionine may facilitate transient conformational changes
allowing it to reposition itself around and pack up against

L73-3. P363-f adds rigidity to the backbone conformation of
the E3 region, which may help precisely position the nearby
R365-B, M364- and M362-f residues and thereby facilitate
their interactions with .

Links from N320-f and the B3 loop to the  dimeric
interface

In the unbound B structure, N320-f and adjacent backbone
atoms interact both with the backbone atoms of the B3 loop
and with the side chain of R279-f (Fig. 6E), a residue within
the B3 loop that is highly conserved within y proteobacteria
families closely related to E.coli. The B3 loop also appears to
act as an N-cap (27,28) for the D3 helix. In contrast, the
corresponding regions within domains 1 and 2 form short
helices (Fig. 1C) that do not act as N-caps in either the bound
or unbound structures.

Upon binding, &’s B-interacting helix packs up against and
disrupts the B3 loop’s interaction with N320-f (Fig. 6E and
F), and R279-B is repositioned behind F278-B, a y proteo-
bacteria-specific residue (Fig. 4C) that extensively contacts
&’s B-interacting helix (Fig. 6F). This brings R279-p spatially
close to R365-P (not shown), perhaps thereby also facilitating
R365-B’s association with §, as discussed in the previous
section. This movement of the B3 region is also associated
with rearrangements between strands within the B sheet
spanning the dimeric interface between domains 3 and 1. In
particular, hydrogen bonds between the B3 strand and an
adjacent C3 strand and between the B3 loop and N296-3 are
formed (Fig. 6E and F), while other hydrogen bonds between
the C3 strand and an adjacent strand at the dimeric interface
are disrupted. Other 7y proteobacteria-specific conserved
residues, such as S274-B, N275-B and Q299-B, partake in
these rearrangements by establishing alternative hydrogen
bonds within the bound versus the unbound forms (Fig. 6E
and F).

The B3 loop conformational change also appears coupled to
the adjacent A3 helix inasmuch as the A3 and B3 regions are
covalently attached via a one-residue long backbone linker
corresponding to N275-B, one of the 7y proteobacterial
conserved residues. Notably, this linker is considerably shorter
(by five residues) than the corresponding domain 1 and 2
linkers. (Incidentally, unlike the domain 3 linker, these other
linkers protrude into the clamp’s central hole and contain
residues proposed to interact with DNA, namely R24-f and
Q149-B.) The section of the A3 helix directly adjacent to this
one-residue linker contains the conserved residues L273-f3,
1272-B and R269-B, all of which make substantial contacts at
the dimeric interface (Fig. 6E inset). Recall too that R269-3
forms a salt bridge with D304-, a conserved residue near the
end of the B strand that lies at the dimeric interface. Thus, the
B3 region’s short covalent attachment to the A3 helix, its
alternative interactions with the C3 region, and the associated
alternative interactions between 7y proteobacterial conserved
residues appear to constitute a mechanism linking &’s
B-interacting helix to conformational changes at the dimeric
interface and, presumably, to opening of the clamp.

Nevertheless, some of these conformational changes may
be artifacts inasmuch as the 8—f3 structure actually corresponds
to a mutant form of the B clamp, in which both 1272-B and
L273-B have been changed to alanines (15). Given their
locations, however, the only secondary structural features

€T0Z ‘2 |1dy uo Alorioge JogreH Buuds pjoD e /610°sjeunolpioxo reu//:dny wouy papeojumoq


http://nar.oxfordjournals.org/

within the open clamp that the 1272A and L273A mutations
seem likely to disrupt are the hydrogen bonds between 3
strands on either side of the C3 loop. The possible mainten-
ance of these strand interactions in the open wild-type clamp
suggests a more straightforward clamp opening mechanism in
which &-induced conformational changes are propagated
further, thereby leading to disruption of strand interactions
directly at the dimeric interface.

Hydrogen bonds involving side chains of conserved inter-
face residues (Fig. 6E inset) may facilitate such a mechanism
inasmuch as these interactions are more easily disrupted by
structural perturbations than are hydrophobic interactions (due
to the tighter geometric restrictions of hydrogen bonds) and
are more readily replaced by solvent interactions (due to their
hydrophilic nature).

CONCLUSIONS

The category-specific selective constraints identified here
point to key residues and structural features associated with
the B clamp’s biological functions. Although CHAIN analysis
provides no direct information on what those functions may in
fact be, it is clear from experimental analyses that they
include: formation of a clamp-like structure, binding to & and
to other clamp loader subunits, d-induced opening of the
clamp, and the release of & and closure of the clamp upon
association with DNA. Insights may thus be obtained by
considering how well these functions are explained by the
structures and chemical properties of those residues subject to
strong category-specific constraints. In this regard, the analy-
sis here provides mechanistic clues concerning (i) binding of &
to B, (ii) 6-mediated opening of the clamp’s dimeric interface
and (iii) linkage between d-associated regions of the clamp
and its central hole, through which DNA is thread. It also
points to a prominent structural feature, a stacked arrangement
of the N320-B, Y323- and R176-P residues, that appears to be
associated with all three of these functions. Further analysis
involving weaker selective constraints would likely provide
additional clues regarding residues with supporting roles, but,
for the sake of clarity, these are not discussed here.

This analysis suggests various mutagenesis studies designed
to experimentally probe specific aspects of underlying
mechanisms. Indeed, conservative replacements of key resi-
dues in one B domain can be proposed based on homology to
corresponding residues within the other B domains. For
example, the location of Q149-B within domain 2 and its
relationship to other conserved residues suggests that it plays a
role in sensing the presence of DNA within the clamp’s central
hole. The structurally equivalent residue within domain 1
corresponds to a conserved basic residue, R24-f, that also
projects into the central hole. The conservative mutation
Q149R thus might be expected to disfavor any DNA-induced
conformational change at this position by favoring continued
protrusion of the mutant lysine residue into the central hole
after loading of the clamp onto DNA. Furthermore, biochem-
ical analysis of this mutant could directly explore Q149-f’s
possible role in DNA-induced release of the clamp loader
complex. Other conservative mutations at key positions in 3
may likewise be suggested, such as: a D304N mutation to
probe the role of the salt bridge between R269-3 and D304-;
a N320D mutation to eliminate N320-B’s amino-aromatic
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interaction with Y323-B; and replacement of the short linker
between the A3 and B3 regions with the corresponding linker
between the Al and B1 or the A2 and B2 regions.

Such mutagenesis studies would aim at deciphering the
molecular meaning of the patterns of selective constraints
revealed by CHAIN analysis. Indeed, these constraints reflect
an underlying molecular logic that, in the light of compre-
hensive experimental data, may well require chemical and
structural descriptions as detailed and precise as a complex
mathematical proof to fully understand. Thus, the analysis
here merely serves as an initial crude step toward such a
molecular description.
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