

















Figure 2. 1.7A crystal structure of construct A (eCTS35-«270) with the
Leu21Pro mutation in «270. In the ribbon diagram in (A), eCTS;5 and
270 are in green and cyan, respectively, while the nine-residue linker
between the eCTS and «270 is in yellow. The location of residue 21 (in
magenta) and the N- and C-termini of 270 (M1, «T270) are
indicated. The ¢CTS;s region is fully structured from Lys211-Ala243,
and forms an o-helical segment between Thr218 and Gly237. The
additional contacts of residues Ser210 and I1e202-11e205 of &CTS
with @270 in the 2.15A structure of eCTS4—a270(L21P) are also
indicated. (B) A view in the same orientation with «270 in space-
filling representation (gray) and side chains of selected residues of
eCTS (green) shown as sticks (green). Residues Ser210 to Ala2l7
of éCTS form an extended structure that lies in a groove in «270. A
list of H-bonding and electrostatic contacts between residues in « and ¢
is given in Supplementary Table S4.

disordered, we are unable to tell if this ¢CTS tetrapeptide
derives from the same molecule to which it is bound, or
from a neighboring molecule in the crystal lattice, and the
NMR data show that this segment is inherently flexible in
solution. Although it seems probable that these additional
interactions are rather transient in the context of the full
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aef core complex, they nevertheless indicate where in
space the flexible segment of & (between Alal88 and
Ala209) is likely to reside, at least in the closed form of
the aed:B, complex during DNA synthesis (25).

The PHP domain of « in the crystal structures of con-
struct A and in «917 (10) is fully conserved structurally,
except around the site of the Leu21Pro mutation, with a
backbone RMSD of 0.532 A over 253 Ca atoms. This
allows straightforward modeling of the ¢CTS onto the
structure of a917. As discussed in detail below (see also
Supplementary Movie S1), the C-terminus of ¢ binds to «
in a position that would place the extended peptide
segment immediately preceding the C-terminal helix of &
and the exonuclease active site far from that of the poly-
merase. Its unusually remote location raises questions
about how the N-terminal exonuclease domain of ¢
gains access to a mismatched primer terminus when proof-
reading is required. Thus, we sought to obtain further in-
formation about the location in the complex with « of the
linker peptide that extends in ¢ from the CBM (i.c., from
Alal88) to the structured part in the crystal structures
above.

Photo-crosslinking to localize the flexible peptide segment
of the éCTS on «270

In agreement with the NMR evidence for high mobility of
residues prior to Ala209, the crystal structures of ¢CTS in
the two type A constructs showed consistent electron
density only from Lys211 onwards. To explore the
location of the flexible residues of the Q-linker, we
introduced the unnatural amino acid p-benzoyl-L-phenyl-
alanine (Bpa) at different sites in «270, using the orthog-
onal Methanococcus jannaschii system developed by P.G.
Schultz and co-workers, where the site of Bpa incorpor-
ation is encoded by an amber stop codon (51). The puri-
fication of the mutants was facilitated by producing the
protein in a cell-free system, which relied on purified
plasmid DNA with amber stop codons, purified Bpa-
tRNA synthetase and a total tRNA preparation that con-
tained the amber suppressor tRNA (31). Most Bpa
mutants were produced in yields of up to 1.5mgml™" in
7h without evidence of truncation at the amber stop
codon (Supplementary Figure S7A). Full-length proteins
were readily purified using a Ni-NTA spin column, as all
o270 mutants carried a C-terminal Hisg-tag. The produc-
tion of the Ala25Bpa mutant, which was initially ex-
pressed in low yields, was improved dramatically by
using the optimized (52) amber suppressor tRNA°P" and
doubling the amount of total tRNA (31).

Cell-free expression of ¢ in the presence of the purified
Bpa mutants of o270 and of separately purified 6
produced stable soluble complexes that could be purified
as shown previously for wild-type « (9). Similarly, soluble
complexes of the o270 Bpa mutants with the ¢CTSso
construct were obtained by cell-free co-expression of the
@270 mutants and of &CTSsy (Supplementary Figure
S7B and C).

UV  irradiation (312nm, 1min) effects photo-
crosslinking of Bpa to nearby residues (<3 A) (53). SDS-
PAGE revealed crosslinking with full-length ¢ when Bpa
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was located in positions 19, 21, 23, 25 and 229 of 270, but
no crosslinks were observed with Bpa at positions 4, 75
and 106 (Supplementary Figure S7B and data not shown).
Mass spectrometric analysis of in-gel tryptic digests con-
firmed that the crosslinks were with the ¢CTS rather than
the globular N-terminal domain of ¢. Additional experi-
ments were carried out with the eCTSs9 construct to elim-
inate the need to exclude binding to the N-terminal
domain of . Bpa mutants at positions 175, 229, 234 and
237 displayed crosslinks with ¢CTSse (Figure 3;
Supplementary Figure S7C). The wide distribution of
crosslinking sites across the surface of 270 confirms the
NMR observation of high flexibility in the linker segment
of ¢ before the C-terminal «270-binding region. Most
interestingly, the Lys229Bpa mutant readily crosslinked
with a peptide segment preceding GInl96 in eCTSsg
(Supplementary Figure S8), although Lys229 is located
on the opposite face of the PHP domain compared to
the binding site of the C-terminus of &. Therefore, the
Q-linker region of the ¢CTS readily wraps around the
PHP domain of « but is not poised for specific binding
interactions with the PHP domain.

Photo-crosslinking experiments between «270 and the
eCTS were also conducted with an ¢CTS construct that
was extended at its C-terminus by Bpa-Hiss. MS analysis
of a tryptic in-gel digest of the cross-linked complex
revealed linkage to the segment of residues Ala31-Lys52
in « (data not shown). This result is in agreement with the
crystal structure, which positions the peptide linker
between the ¢CTS and @270 within 11 A of the peptide
identified by MS.

The ¢CTS Q-linker remains flexible in the ac0:$, complex

The ¢ subunit harbors a CBM immediately following the
exonuclease domain (i.e., residues 182—187) (25), and «
also contains a CBM between residues 920 and 924 (24).
Although each binding interaction is individually weak,
the cooperativity of binding of « to one subunit of the
B> dimer and of ¢ to the other maintains the integrity of
the web:B, replicase complex with DNA during highly
processive DNA replication (25). The questions remain
whether such a binding arrangement is compatible with
the available structural information on the replisome
subunits and whether the ¢CTS can accommodate this
arrangement. To investigate the structural confinement
of the eCTS in the wed:B, complex, we studied the NMR
spectrum of the agper0: 8> complex, where oGy and & are
mutants of o and ¢ with improved binding affinities to 8,
(Figure 1A and D); in addition to strengthening mutations
in the CBM (as in o) (25,26), agy also contains an add-
itional mutation (Val832Gly; spg-2) (25,54) that by itself
strengthens binding of «ed to B> (S.J. and Thitima
Urathamakul, unpublished). For example, a peptide
with an optimized CBM as in ¢ interacts about 500-fold
more strongly with 8, than the wild-type CBM of ¢ (25),
while the o; mutations (A921L, M923L) in the CBM of «
strengthen binding to B, 120-fold (26). For NMR meas-
urements, a0 was made with uniformly I>N-labeled &
and mixed with a 3-fold excess of B,; the stoichiometric

Figure 3. Sites in @270 where Bpa residues were introduced for photo-
crosslinking with ¢ to detect proximity to residues for which no struc-
tural information was obtained by the crystal structure in Figure 2. The
location of the éCTS determined by the crystal structure is shown in
yellow, with the nine-residue linker peptide in green. The CB atoms of
residues at sites leading to efficient, less efficient or no crosslinking are
highlighted in red, magenta and cyan, respectively.

agre b: B> complex was stable enough to be isolated by gel
filtration (Supplementary Figure S1).

The molecular mass of the agref and agref:6
complexes is so high (165 and 245 kDa, respectively) that
only highlg/ mobile peptide segments can generate cross-
peaks in ""N-HSQC spectra. Remarkably, almost all the
cross-peaks that could be observed for the agrerf
complex (Figure 4A and Supplementary Figure S5B)
could also be observed in the presence of 8, (Figure 4B
and C), although with generally decreased intensity as
expected for the slower overall tumbling rate of the
agrerd:Br complex (Supplementary Figure S9). The
peaks did not arise from complexes with sub-stoichiomet-
ric amounts of B,, as they were observed even in the
presence of an excess of f,. Assignments for many of
these resonances (residues Glul90-Thr201 and Arg204)
were obtained b?f comparison with spectra of «270 in
complex with '°N-labeled ¢CTS (Figure 4B), and
indicate that the Q-linker is clearly still mobile when the
CBM of ¢ is tied to the B, clamp.

The ¢ subunit interacts with f, only through the CBM

Identification of the role of the CBM just following the
structured domain of ¢ in DNA replication (25), when
combined with the structure of the ¢CTS in complex
with the «-PHP domain (Figure 2) enables us to position
the proofreader between the 8, clamp and PHP domain of
a in the aeb:8,:DNA complex in the polymerization mode
of DNA synthesis (25). We have previously shown by
NMR that ¢186 does not interact, even weakly, with «
(9), and we now asked if ¢ contains a second site for
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Figure 4. A large segment of the ¢CTS remains flexible in the agyéep0:8, complex. The mutant subunits oG and ¢ were used in the complex to
avoid dissociation of 8, during purification using the N-terminal Hisq tag on agr. (A) "’N-HSQC spectrum of the agrée 6 complex with '*N-labeled
&1.. Only amides from mobile residues are observable in the 165kDa complex. (B) "’N-HSQC spectrum of the e 6:8> complex with '*N-labeled .
Resonance assignments obtained by comparison with spectra of 270 in complex with 'N-labeled ¢CTS are indicated. Most if not all of the
observable peaks can be attributed to the ¢CTS. The same set of amides from mobile residues is observable in the purified 245kDa complex as
in (A). The spectrum was recorded using a 0.1 mM solution of the complex at 25 C. (C) Superimposition of the spectra in (A) and (B) demonstrates

that most chemical shifts remain conserved.

interaction with B, that orients it precisely in the wef:8,
complex. To do this, we made a new truncated version of ¢
we call ¢193 (residues 2-193), that contains all of the
structured  exonuclease domain and the CBM
(Figure 1A). We first used cell-free synthesis to prepare,
in the presence of excess unlabeled 6, a sample of €193
(27 uM) that was '°N-labeled only with amino acids that
comprise the CBM (Gln, Thr, Ser, Met, Ala and Phe), and
assigned these residues in the '’N-HSQC spectrum of the
whole €193 protein as described in Materials and Methods
section. Addition of 8, to 30 uM led to disappearance of
signals corresponding to all residues of the CBM (GIn182—
Phel87), but no significant changes to the spectrum of the
structured proofreading domain or of Alal88 and Thr193
in the region beyond the CBM (Figure 5). These data are
the first to directly show the interaction of the CBM in ¢
with B, at single-residue resolution.

We also isolated the complex of uniformly in vivo
15N,13C-1abeled ¢193 with unlabeled 6, and recorded its
N-HSQC spectra (at 34pM) in the absence and
presence of B, at 34 and 68 uM (data not shown). Once
again, the only cross-peaks broadened beyond detection in
the €193 spectrum were those in the region of the CBM;
peaks throughout the remainder of the spectrum did not
shift and were only broadened at the highest concentra-
tion of B,, consistent with the exonuclease domain being
freely mobile in the complex with B>, except in the CBM

that interacts directly with the clamp. In further support
of the conclusion that ¢ contains no site of interaction with
B> beyond the CBM, we were unable to detect any signifi-
cant changes in the '’N-HSQC spectrum of '°N,"*C-¢186:6
(100 pM) on addition of up to 400 pM B,.

Structural modeling of the Pol III replicase complex in
the polymerization mode

The 3D structures of many components of the Pol III
replicase complex are known from different bacterial
sources, including three crystal structures of Pol IIT «: of
E. coli @917 (10), and of full-length Tag « alone (11) and in
complex with primer-template DNA (55). The DNA-free
protein structures are remarkably similar and reveal an
open state that closes on binding primer-template DNA
(discussed in 25). In addition, the crystal structures of an
E. coli B:dsDNA complex (23), €186 (12) and the
e186:HOT complex (13,14) are known, as well as the
NMR structure of the ¢186:0 complex (16).

Combining these atomic-resolution structures with
the present structure of the w270:éCTS complex and the
identification of CBMs in « (24,26) and ¢ (25), we initially
built a compact model of the replicase complex in the
polymerization mode with the ¢186 and 6 domains in
available space between the B clamp and the B-binding
domain of « (Figure 6A, Supplementary Movie S1 and
Supplementary Pymol Session File S1; model building
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Figure 5. Tsotope labeled €193 in complex with purified unlabeled 6 interacts with 8, only through the CBM. Superimposition of '*’N-HSQC spectra
of uniformly in vivo "N,"*C-labeled £193:unlabeled 6 (black spectrum, selected resonance assignments in black) and of £193:0 (27 uM) labeled
specifically in 193 with '’N-glutamine, threonine, serine, methionine, alanine and phenylalanine in the absence (blue spectrum) and presence (red
spectrum) of B, (30 uM). Resonances were assigned as described in Materials and Methods. Cross-peaks were observed for 52 of 59 Gln, Thr, Ser,
Met, Ala and Phe residues in the structured ¢186 domain, and all were unaffected by addition of B, (selected signals labeled in purple); those of Ser2
and Thr3 in the disordered N-terminus could not be assigned, while Alal00, Thr128, Ser144, Alal64 and Thrl179 had low intensity even in the
absence of B,. Signals in the CBM that broaden beyond recognition in the presence of B, (red spectrum; i.e., GIn182, Thr183, Ser184, Metl85,
Alal86, Phel87) are labeled in green, while assignments for flexible residues at the N- and C-termini (Ala4, Alal88 and Thr193) that are unaffected

by B, are labeled in orange.

is described in Supplementary Methods). This model
fulfils all the known restraints, including the current
results that the Q-linker region in ¢ is flexible and at
least transiently close to Lys229 in « (Figure 3), and that
residues 202-205 of ¢ are transiently close to His183 and
Asp252 of @ (Figure 2). In the model, the CBMs of @ and ¢
bind to different subunits of B, and the exonuclease
domain of & readily approaches the DNA, while the
conformational space available to the Q-linker of ¢ is
sufficiently large to allow high mobility (Figure 6A).
Since we have been unable to detect an additional point
of contact of ¢ with either « (9) or 8 (above), it may be that
either (i) the globular €186 domain remains mobile in the
complex (it can still rotate in its position in this model
without clashing with 8, or «) or it is held in a fixed
position through transient electrostatic contacts with
the double-stranded portion of the primer-template
DNA. Its precise position could potentially be defined
by further crosslinking studies, but we note that as with
our Bpa data, all crosslinking methods are inherently
unsuitable for precise definition of positions of compo-
nents of intrinsically dynamic complexes; they dem-
onstrate where subunits can be, not where they
necessarily are.

A third possibility is that the exonuclease domain
remains much more freely mobile in the complex during
DNA synthesis, and is reoriented to an appropriate
position during proofreading. The structured region of
€186 ends at Glyl180 and GInl82, the first residue of the
CBM, is bound in the protein-binding groove of f,.
Although the closeness of these residues restricts the
space that can be occupied by &6, it is still possible for &6

to rotate away from «:8, to produce less compact and
more mobile structures.

Assessment of structural models using SAXS data

The a;e10:8, complex, with both the CBMs in « and ¢
strengthened, has been observed to be stable by ESI-MS
under native conditions (25), and as with the correspond-
ing complex containing agp, it can be isolated chro-
matographically (see Supplementary Methods). To assess
whether the o1 subunit in this stabilized replicase complex
has a closed structure similar to that in our model
(Figure 6A) even in the absence of primer-template
DNA, we collected real-time gel-filtration SAXS data on
the ape10:8, complex at a synchrotron source (Figure 7)
and compared it with predicted scattering curves for
various structural models.

Analysis of the data showed good agreement with the
overall dimensions of an initial docking model with a
closed « conformation, but indicated too compact
packing of the ¢f subunits to the « chain (Figure 7B).
An ensemble of 1000 alternate structures was generated
by allowing free rotation around the backbone dihedral
angles of Glyl80-GInl82 in ¢ while disallowing steric
clashes with a:8, (Figure 6B, Supplementary Movie S2
and Supplementary Pymol Session File S2). Averaging
over the ensemble resulted in a markedly improved fit
of the SAXS data at Q-values in the range of
0.07-0.12 A~" (Figure 7), which suggests that &0 is not
restrained in a single conformation in the stabilized
agl:f, complex, at least in the absence of primer-
template DNA.
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Figure 6. Models of the wef:8, complex with primer-template DNA in
the polymerization mode. Color coding: « (blue), with the PHP domain
of the crystal structure superimposed in red, ¢ (yellow), 6 (orange) and
B> (subunit in cyan contacting the CBM of ¢ and that in magenta
contacting the internal CBM of «). (A) Compact structure of a form
of the ‘closed’ complex (25) with &0 sandwiched between the g clamp
and the PHP domain of «. Multiple conformations are displayed for
the 22-residue linker segment connecting the a-bound portion of the
eCTS with the globular exonuclease domain of ¢ (¢186) that was pos-
itioned to bring its CBM in proximity to the protein-binding groove of
B. All conformations of the linker segments are sterically allowed,
explaining the high mobility observed in this segment experimentally.
(B) It is possible to rotate ¢ out of the complex into a more open
structure while maintaining its contacts with the PHP domain of «
and B,. Multiple (other) sterically allowed exonuclease domain (&)
conformations are displayed; these represent a subset of the structures
used to back calculate scattering curves in Figure 7. The view on the
left is the same as in (A); that on the right is rotated 90 as indicated.

DISCUSSION

The crystal structure of the «270:6CTS complex solved in
the present work allows, for the first time, the building of
informed models of the wef:B, replicase complex with
primer-template  DNA in the polymerization mode
(Figure 6A). The high-affinity binding site of the ¢CTS
on the PHP domain of « turned out to be surprisingly
remote from the active site of the polymerase. The long
Q-linker of ¢ was found to be highly mobile even in the
context of the wef:B, complex, readily accommodating a
conformation that allows the CBM located in ¢ near the
C-terminus of the globular exonuclease domain (25) to
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Figure 7. SEC-SAXS measurement of «yé&0:8, complex. (A) Elution
profile showing the A,g9 (black continuous line) and SAXS data
including the forward scattering intensity /(0) (green-dashed line) and
R, (in blue) calculated by Guinier analysis of five-exposure bins; values
of I(0) vary linearly between 0.0007 and 0.0105cm'. To obtain the
experimental SAXS pattern, exposures were averaged in the region of
R, stability (bounded by vertical red bars) before data reduction and
buffer subtraction. (B) Experimental SAXS data for the e 6:8;
complex (scatter plot), for which the pair distance distribution (not
shown) indicates R, =488 £0.2A and maximum dimension of
152.5A. For comparison, the averaged theoretical scattering of 1000
aeb: B> models generated by free backbone rotation in segment £180-182
(Figure 6B) is shown in red; these models have mean R, = 47.6 A and
mean envelope diameter of 154.2A. The theoretical scattering of a
typical aef:8, model with a more open (loose) orientation of &6 is
shown in blue; R, = 48.3 A, envelope diameter = 152.9 A, and that of
an aef:f, model with a compact orientation of & is shown in green;
R, = 46.8 A, envelope diameter = 151.5A.

bind to the well-established protein-binding site of 8. It
is intriguing to speculate that the exonuclease could
swing a long distance from the DNA when its CBM is
released from the B, clamp. Release of the ¢ CBM from
B> would be a requirement for entry of other B-binding
proteins, including repair and translesion polymerases
(56) into the replicase complex, and might also occur in
the transition from polymerization to proofreading
modes (25). The distance between the polymerase and
exonuclease active sites in all model structures in
Figure 6 is >70 A (average of 92.3 A for the ensemble
in Figure 6B); that this distance is so large suggests it is
very likely that the ¢ contact is broken during transi-
tion to the proofreading mode, to allow « to assume a
more open structure and access of ¢ to the mismatched
primer terminus. To compensate for the loss of binding
affinity of the CBM, the conformational change in «
could expose a cryptic-binding site for the ¢186 domain
(or 6), such that the exonuclease site is appropriately
positioned for proofreading. In this scenario, binding of
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€186:0 to either the B, clamp or to o would present a
switch between the two modes that is fundamentally dif-
ferent from that observed in simpler polymerases with an
integrated proofreading domain, where the transition
between polymerization and proofreading modes
requires protein-mediated transfer of the 3’ end of the
primer over a distance of 20-30 A between the polymer-
ase and exonuclease active sites (29,30). In contrast, re-
positioning of the exonuclease domain of Pol III over a
sufficiently large distance is perfectly conceivable, as the
€186 domain does not interact to any appreciable degree
with the &CTS, « or, as shown here, to B (9).
Proofreading would still require disengagement of the
mismatched primer-template from the polymerase active
site and sliding back of the ds DNA portion through the
B> clamp to allow access of the 3’ primer terminus to the
exonuclease active site.

On a technical note, cell-free protein synthesis proved to
be a decisive tool in this project, as @270 folded into a
defined conformation when expressed by cell-free synthe-
sis but not when it was produced in vivo. Furthermore,
overexpression of full-length ¢ in vivo leads to insoluble
protein, which in the past could only be solubilized by a
denaturation and refolding protocol (57). Cell-free synthe-
sis of ¢ in the presence of its natural-binding partners 6 and
«, however, circumvented this problem, readily yielding
the stable ternary wef complex (9). Similarly, eéCTSsq
when expressed by itself was insoluble, but soluble
complexes with @270 and mutants thereof were readily
obtained by cell-free synthesis. Furthermore, this
approach allowed efficient '"N-labeling of individual
proteins in selective (58,59) and combinatorial (38,39)
labeling schemes, providing a route to NMR resonance
assignments of samples of limited solubility and stability.
Finally, the cell-free approach is uniquely suited for the in-
corporation of unnatural amino acids (31), in the present
work affording the facile incorporation of the unnatural
amino acid Bpa for photo-crosslinking. This method may
present a useful tool to probe structures of larger
replisomal complexes in the future.

CONCLUSION

The extraordinarily long flexible tether by which the
globular domain of the proofreading exonuclease is
attached to the polymerase subunit raises the expectation
of large conformational changes involved in the transition
from the polymerization to the proofreading mode.
Future studies may attempt to probe this by single-
molecule fluorescence resonance energy transfer (FRET)
experiments.
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