DNA conformations in mismatch repair probed in
solution by X-ray scattering from gold nanocrystals
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DNA metabolism and processing frequently require transient or
metastable DNA conformations that are biologically important but
challenging to characterize. We use gold nanocrystal labels com-
bined with small angle X-ray scattering to develop, test, and apply
a method to follow DNA conformations acting in the Escherichia
coli mismatch repair (MMR) system in solution. We developed
a neutral PEG linker that allowed gold-labeled DNAs to be flash-
cooled and stored without degradation in sample quality. The
1,000-fold increased gold nanocrystal scattering vs. DNA enabled
investigations at much lower concentrations than otherwise possi-
ble to avoid concentration-dependent tetramerization of the MMR
initiation enzyme MutS. We analyzed the correlation scattering
functions for the nanocrystals to provide higher resolution inter-
particle distributions not convoluted by the intraparticle distribu-
tion. We determined that mispair-containing DNAs were bent more
by MutS than complementary sequence DNA (csDNA), did not pro-
mote tetramer formation, and allowed MutS conversion to a sliding
clamp conformation that eliminated the DNA bends. Addition of
second protein responder MutL did not stabilize the MutS-bent
forms of DNA. Thus, DNA distortion is only involved at the earliest
mispair recognition steps of MMR: MutL does not trap bent DNA
conformations, suggesting migrating MutL or MutS/MutL com-
plexes as a conserved feature of MMR. The results promote a mech-
anism of mismatch DNA bending followed by straightening in
initial MutS and MutL responses in MMR. We demonstrate that
small angle X-ray scattering with gold labels is an enabling method
to examine protein-induced DNA distortions key to the DNA repair,
replication, transcription, and packaging.

NA is frequently considered a passive component in inter-
actions with proteins involved in DNA metabolism. Despite

this view, many proteins use DNA structural features to mediate
catalysis and identify damaged DNA through the effects of
damage on DNA rigidity and conformation (1-6). The view of
DNA as a passive element is therefore at least in part due to
a paucity of robust tools to examine dynamic DNA conforma-
tional states during multistep reactions. Gold-labeled DNA
enables measurement over length scales sufficient to accommo-
date several proteins to identify cooperative effects on DNA.
Because X-rays scatter predominantly from electrons, using
heavy atom labels (7-11) provides high contrast relative to or-
ganic molecules. By using labels of moderate size (~5 nm), the
scattering from gold nanocrystals dominates all other scattering
signals by three orders of magnitude, thereby reducing analysis
complexity while minimizing nanocrystal influence on biological
macromolecules. Importantly, small angle X-ray scattering (SAXS)
provides global information on conformations adopted by a popu-
lation of macromolecules in almost any solution condition (12-14).
Mismatch repair (MMR) is an evolutionarily conserved pro-
cess that corrects mismatches generated during DNA replication
(15, 16). Despite the importance of MMR in recognition and
excision of mispairs introduced by replication errors or chemical
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damage to avoid genome instability and cancer (17), key mech-
anistic steps remain incompletely understood. In both prokaryotes
and eukaryotes, MMR begins when the enzyme MutS or
a MutS homolog dimer recognizes mispairs in a nucleotide-free
or ADP-bound state. In Escherichia coli, the protein MutL is then
recruited to activate downstream steps leading to the excision of
the mismatched base and surrounding bases and resynthesis of the
strand to complete repair (15). The crystal structures of MutS
and homologs bound to mispaired DNA substrate bent the
DNA by ~60° from linear at the mispair (2, 4, 18). Mispair-
dependent exchange for ATP, which allows conversion of MutS
into a sliding clamp form and binding to a MutL dimer, is re-
quired for downstream MMR processes (19-22). Although
structural aspects of latter states have been inferred by indirect
probing of MutS (21, 23-25), decades of research have led to
multiple hypotheses regarding the function of DNA bending and
the importance of MutS sliding. These DNA states that are thought
to be crucial to MMR in vivo have proven resistant to analysis
at atomic resolution (26). Consequently, the role of DNA con-
formations in damage signaling and repair protein recruitment has
remained enigmatic (15).

Significance

We developed and applied nanogold labels for DNA complexes
with proteins examined by small angle X-ray scattering (SAXS)
to follow DNA conformations acting in error detection by the
mismatch repair (IMR) system in solution. This technique can
examine short or long pieces of DNA and in most solution
conditions, including those closest to cellular environments.
Thus, we expect the technique to be useful for many biologically
important systems involving DNA complexes and conformations.
Specifically, we reveal DNA bending followed by straightening
by the repair protein MutS at the site of a mismatch as a suitable
mechanism for error detection and signaling needed to avoid
mutations and cancers and to control microbial stability and
evolution in response to environmental stress.

Author contributions: G.L.H., G.J.W., C.D.P,, R.D.K., and J.A.T. designed research; G.L.H.,
C-LT, S.AC, M.L.M,, JMS,, GJW., AJM., AP.A, CD.P, RD.K., and J.AT. performed
research; G.LH, C-LT, SA.C, M.LM, JMS, GJW., AP.A, CD.P, RD.K, and JAT.
contributed new reagents/analytic tools; C.D.P., R.D.K., and J.AT. analyzed data; and G.L.H.,
C.D.P,, RD.K., and J.AT. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Freely available online through the PNAS open access option.

"Present address: California Nanosystems Institute and Department of Chemistry and
Biochemistry, University of California, Los Angeles, CA 90095.

2present address: Whitehead Institute for Biomedical Research, Cambridge, MA 02142.
3present address: Life Technologies, Foster City, CA 94404,
“To whom correspondence should be addressed. E-mail: jat@scripps.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1308595110/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1308595110


mailto:jat@scripps.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308595110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308595110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1308595110

L T

/

1\

=y

To characterize DNA conformational changes acting in MMR
quantitatively, we herein build upon previous SAXS studies of
naked DNA with gold nanocrystal labels (9-11). Our results show
MutS bending of mispair-containing DNAs is greater than for
complimentary sequence DNA (csDNA), that the ATP-mediated
conversion of MutS to a sliding clamp involves loss of the DNA
bend, and that MutL does not function to stabilize a MutS-
mediated bend, in contrast to some MMR models. SAXS with
gold labels has accurately measured properties of DNA (9-11). As
used here, SAXS with gold labels is a promising method for the
study of DNA processing by cooperative enzymes where solution
conditions, long distances, low concentrations, substoichiometric
populations, and short time scales are of importance.

Results

High Scattering Power and Dominant Signal of Gold Nanocrystals. To
examine DNA conformations in solution by SAXS, we selected
gold nanocrystal labels with a nominal diameter of 5 nm. Gold
atoms are electron rich and densely packed in the nanocrystal
(19.3 g/cm?), and thus have an electron density over 10-fold that
of protein (4.6e-/A> for gold nanocrystals vs. 0.43 and 0.55¢-/A>
for protein or DNA, respectively). Because the scattering power
is weighted by the square of the difference in electron density,
Ap, between solvent and particle, adjusting the average electron
density of the solvent to match the density of protein can further
magnify the relative increase in scattering by the gold nano-
crystal. In water, the measured scattering of a gold nanocrystal
with a 5-nm diameter was 200-fold higher than that of a 172-kDa
protein and 5,400-fold higher than that of 31-bp dsDNA (S
Appendix, Fig. S1). Thus, measured scattering in mixed systems
containing gold nanocrystals, nucleic acids, and proteins is
dominated by the gold signal, whereas protein, DNA, and DNA/
gold scattering cross-terms are insignificant.

Synthesis of Gold-Labeled DNA for Reproducible and Accurate Distance
Determinations. The challenge of using commercially available gold
nanocrystals for synthesizing gold-labeled DNA was to ensure
compatibility of the nanomaterials with the biological macro-
molecules. Several gold nanocrystal ligands were investigated for
compatibility with DNA and the Escherichia coli MutS. An anionic
carboxy-terminated PEG ligand for the nanocrystal labels proved
problematic because the measured distance between two nano-
crystal labels placed on both ends of the dsDNA molecule de-
creased 15% with increasing NaCl concentration (SI Appendix,
Fig. S2). We found, however, that gold nanocrystals coated with
a neutral PEG ligand provided invariant distances when conju-
gated to both ends of dsDNA within the salt concentrations tested
(0-200 mM NaCl) and did not precipitate MutS; thus, this ligand
was used in the bulk of our studies.

Determination of the Correlation Scattering Factor and Analysis of
the X-Ray Scattering from Labeled DNA. As in previous studies (9-
11), we collected scattering data from isolated labels and from
labeled dsDNA molecules (Fig. 1). Gold nanocrystals dominated
the scattering, so we could directly analyze the scattering profiles
of the labeled DNA using the Debye approximation for systems
of equivalent particles as previously reported (11). For two labels,
the total scattering I(g) is the sum of scattering from individual
labels G(q) and a correlation term, which is a Fourier transform
of the distribution of distances between labels, P(D;;) (27):

N
I(q) = ZG((]) + ZG((]) ZP(DiJ)sin(quJ)/(quJ).
ij

The correlation scattering factor (CSF), which is a Fourier
transform of P(D;;), oscillates about zero and can be extracted
from the experimental data by rearranging the Debye approxi-
mation (9-11):

Hura et al.

CSF(q) =1(q)/kG(q)) -
Nominally, the value of the parameter & is 2; however, the param-
eter was influenced by experimental factors, such as the amount of
unconjugated labels due to contamination or radiation-induced
cleavage. Thus, the parameter was fitted during the CSF calculation
(SI Appendix, Fig. S3).

To calculate the CSF, we determined the scattering term from
individual labels, G(g), by fitting the scattering of a solution of
nonconjugated gold nanocrystals because we found that noise in
the experimental scattering from labels introduced artifacts in
the CSF. Homogeneous spheroid models of the gold nano-
crystals fit the SAXS profile poorly; the nanocrystal labels have
a size distribution and unequal axis lengths as revealed by
transmission EM (TEM) (SI Appendix, Fig. S4). Fitting the
scattering using homogeneous ellipsoids of rotatlon had excel-
lent agreement to the uncon]ugated label with a e % value of 1 for
the scatterlng over the critical region of ¢ < 0.1 A™!, and thus did
not require generation of distributions of atomic models for this
purpose (Fig. 1). Batch-to-batch variation in the size of gold
nanocrystals was observed. For example, nanocrystals used to
label the 31-bp dsDNA were best fit by an ellipsoid of rotation
with semiaxis dimensions of 28 x 28 x 41 A, and nanocrystals
used to label the 71-bp dsDNA were best fit by an ellipsoid with
semiaxis dimensions of 27 x 27 x 38 A (SI Appendix, Fig. S1B).
Examination of TEM images for labels yielded mean largest and
smallest semiaxis dimensions of 32 with an SD of 4 A and 29 with
an SD of 4 A, respectively. Agreement between SAXS and TEM
is within the expected limits, because ellipsoidal particles will not
uniformly present themselves with their longest axis perpendic-
ular to view, making them appear more spherical. As expected,
the CSF functions calculated for unconjugated labels and
dsDNA molecules with a single label had a featureless CSF be-
cause the scattering was dominated by the form factor of a single
gold label. In contrast, the CSF functions from dsDNA mole-
cules with two labels had a decaying oscillatory behavior (Fig. 1).
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Fig. 1. Sensitive SAXS measurements on DNA: Analysis of a gold nano-

crystal (Au), end-labeled 71-bp DNA with a single gold nanocrystal (M1), and
doubly end-labeled 71-bp DNA (M2). (A) Diagram of samples analyzed. (B)
Scattered X-ray intensity from Au, M1, M2, and the fit of Au to an ellipsoid
(a=b=26.8A, c=38A). (C) CSF was derived from the scattered intensity
and the fitted ellipsoid. (D) P(r) function was calculated from /(g) by the GIFT.
(E) P(D;;) function was calculated from the CSF by the GIFT.
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Fig. 2. SAXS similarity maps from 31- and 71-bp DNA. SAXS profiles from
doubly labeled DNA substrates with a mismatch (M2) and complementary
(C2) in the presence of MutS (S), MutL (L), ATP, and combinations are scored
for pair-wise agreement and assigned a gradient color (12) ranging from
high similarity (blue) to low similarity (red).

The distributions of distances between the centers of mass of
the gold nanocrystal labels, P(D;;), were derived from the CSF by
the generalized indirect Fourier transform (GIFT) method (28).
In contrast to the pair-distribution function, P(r), which is gen-
erated by applying the GIFT to I(g), the P(D;;) derived from the
CSF lacks intraparticle information, and hence is robust to small
amounts of unconjugated gold labels (Fig. 1). The maximum
values of the P(D;;) distribution on the doubly labeled 31-, 50-,
61-, 71-, and 91-bp dsDNAs were 181, 228, 269, 292, and 346 A,
respectlvely These give an average increase in length per base
pair of 2.8'+ 0.2 A. The reduced length per base pair relative to
the crystallographic average rise per base pair of 3.32 + 0.19 A
(29) is in agreement with previous time-resolved fluorescence
resonance energy transfer, double-electron spin resonance, and
SAXS (10, 11). As reported previously (11), the measured
shorter distance per base pair subsumes DNA bending and the
effective distance is consistent with crystallographic values in
a worm-like chain model for DNA calculated with a persistence
length of 50 nm and a 3.4-A rise per base pair. The trans-
formation of the CSF by the GIFT algorithm also effectively
quantified samples containing subpopulations with differing
gold-to-gold distances in experiments where 31- and 61-bp
dsDNAs were mixed in defined ratios (SI Appendix, Fig. S5).

The theoretical P(D;;) distribution of a perfectly rigid and
homogeneous population is an infinitely sharp peak at a single
distance. In practice, the P(D;;) distributions are broadened by
the nonsphericity of the gold nanocrystals, the distribution of gold
nanocrystal sizes, flexibility of the DNA-label linker, bending of
the DNA, and approximations in the GIFT construction of the
P(D;) distribution. For the dsSDNA molecules investigated here,
we did not observe a trend for increasing width of the peaks at the
half-maximum value with increasingly long DNAs, suggesting that
the width of the peaks at half-maximum, ranging from 44 to 67 A,
was dominated by factors other than DNA bending.

MutS Bends Mispaired DNA More than Fully csDNA. MutS binds and
bends mispair-containing DNA molecules in the absence of ATP
(2, 4, 18, 30). MutS, however, only has a 10- to 20-fold dis-
crimination of mispair-containing DNA to fully csDNA (17), and
atomic details of interactions of MutS on csDNA are not avail-
able, although deuterium exchange and single-molecule experi-
ments have suggested that MutS and the MutS homologs bind
csDNA as a weakly bound ring (24, 31-33). We thus probed the
effects of MutS binding dsDNA molecules with two gold nano-
crystal end labels either with (M2) or without (C2) a central G/T
mispair. The available crystal structures of E. coli MutS and
homologous proteins indicate that ~20 bp are contacted (2, 4, 18,
30); thus, we investigated substrates that were 31 or 71 bp long.
Comprehensive views of SAXS were examined in a structural
comparison map (12) derived directly from comparing CSFs
(Fig. 2). The small changes induced by MutS on csDNA relative
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to mismatch are demonstrated by the all blue (similar) C2
quadrant compared with the differences observed in the lower
left quadrant for both substrate lengths.

E. coli MutS forms tetramers, with a reported Ky for the dimer/
tetramer equilibrium ranging from 210 to 2,200 nM™" (34, 35),
that could complicate the analysis of the P(Di’j) distributions
if mixed populations of dimers and tetramers were present. Use
of the gold nanocrystals, however, allowed us to make mea-
surements at protein concentrations as low as 50 nM, well below
the Ky. To test if tetramers were present during mismatch DNA
recognition under our conditions, we bound MutS to 71-bp
dsDNAs conjugated to a single gold label with (M1) or without
(C1) a central G/T mispair: We did not observe a signal in the
CSF or a peak in the P(D;;) distribution (SI Appendix, Fig. S6).
Moreover, we repeated the experiments with doubly labeled
substrates with the MutSA800 mutant protein, which lacks the
C-terminal domain required for tetramerization, and the MutS-
R840E mutant protein, which disrupts tetramerization (36, 37).
The CSFs from the modified protein were identical to within
noise for each condition. These results show that tetramers of
MutS simultaneously bound to two DNA molecules were not
present at significant concentrations, suggesting tetramer for-
mation is not a response to binding mismatch DNA.

MutS had little or no effect on the scattering of the 31- and
71-bp C2 substrates, which lacked a central mispair (Fig. 3 4
and C), whereas it strongly affected the scattering of the 31- and

AF —=mc2’ ] —3102
8r —31C28 | 25 —31028
g‘_ == 31C2S ATP oL -=31C2:SATP |
é [2): S 1
2r T 1
4 Sk _ 4 1
B 0 002 004 006 008 041 O 100 200 300
10_ T —‘31M2| ] 3 T '—31M2 T
8 —31M2:8 25} —3IM2S -
6r --3IM2SATP ] f -=31IM2S ATP |
ot
8 2 5t
2F T
4F 5
-6F : A .
Cmo 002 0.04 ooe 008 o g 100 200 300
sk T =162 ] ' ' '
— 71C2:8 25r = 7102 1
6F == 71C2:SATP ] ol = 71C28 , ]
o Ar ] == 71C2:S ATP A
@ 2r 51 8
ok
2r T ]
4F i S :
6 ¥ i ; i b \ i
D1UU 002 004 006 008 0.1 g 100 200 300
ot mp N ey ST
6f - Mes — 71M2:8 i
L4 TIMZSATPY _ of == 7AM2SATP -
8 2 & 25 I\
aF 1r 1
4t 0.5- .
6p 0 i i i ] A )
0 002 004 006 008 0.1 100 200 300
q(A") D,A)

Fig. 3. MutS bends mispaired DNA much more than csDNA, as shown by the
CSF and P(D; ) distributions from doubly labeled DNA in the presence of MutS
and ATP. (A) Fully complementary, doubly labeled 31-bp DNA. (B) Doubly la-
beled 31-bp DNA with a single centrally located G/T mismatch. (C) Fully
complementary, doubly labeled 71-bp DNA. (D) Doubly labeled 71-bp DNA
with a single centrally located G/T mismatch. All DNA substrates were collected
alone (black) in the presence of MutS (red) or MutS and ATP (green dashes).
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71-bp M2 substrates, which had a central G/T mismatch (Fig. 3 B
and D). For the 31-bp C2 substrate, MutS binding decreased the
position of the P(D;;) peak by 7 A (Fig. 34 and Table 1), which
corresponds to the DNA being bent by 32° from linear, assuming
that the bend was centrally located. A shift was not observed for
the 71-bp C2 substrate (Fig. 3C and Table 1), although DNA
binding was confirmed by EMSA (SI Appendix, Fig. S7). In
contrast, MutS strongly affected the scattering of both doubly
labeled dsDNAs containing a central G/T mismatch (Fig. 3 B
and D). Addition of 600, 1,200, or 2,400 nM MutS to a 30-nM
solution of the 31-bp M2 substrate produced indistinguishable

CSFs (SI Appendix, Fig. S8). The maximum of the MutS-bound
31-bp M2 P(D;;) distribution shifted from 181 to 159 A (Fig. 3B
and Table 1), corresponding to a centrally located bend of 58°
from linear, supporting and extending data from crystal struc-
tures by solution measurements (2, 4, 18, 30). The peak had an
asymmetrical distribution, which suggests multiple static bend
angles or dynamic flexing of MutS-bent DNA, and thus supports
and extends single-molecule fluorescence experiments (38). Us-
ing the low half-maximum values, the bending was as large as 90°.
The 110-A shoulder in the P(D;;) distribution approximated the
contact distance between two gold nanocrystals coated with
PEG. We also titrated MutS at concentrations between 42 and
360 nM against a 6-nM solution of the 71-bp M2 substrate (S
Appendix, Fig. S8). Changes in the P(D;;) distribution appeared
to saturate at 180 nM of MutS. The peak of the MutS-bound
71-bp M2 P(D;;) distribution shifted from 289 to 265 A with an
asymmetrical distance distribution (—62 A, +24 A at half-maxi-
mum) (Fig. 4D). Assuming that changes were solely due to
bending at the mispair, the DNA bending was 48° from linear
(62° using half-maximum values).

Sliding Clamp Form of MutS Does Not Bend DNA. ATP binding by
mispair-bound MutS is thought to trigger the conversion of MutS
into a sliding clamp, which rapidly dissociates from free DNA
ends but not from ends blocked by protein/DNA complexes (21,
22). Because the gold labels used in SAXS are larger than the
protein/DNA complexes used to trap the sliding clamp form of
MutS on DNA, we used our substrates to analyze what effect the
sliding clamp had on the conformation of substrate DNA. Ad-
dition of ATP to the 31-bp or 71-bp C2/MutS complexes had
little effect, shifting the peak in the P(D;;) distribution from 175
to 177 A for the 31- bp C2 substrate and negligibly for the 71-bp
C2 substrate (Figs. 2.4 and C and 3 and Table 1). In contrast,
ATP addition to M2/MutS complex caused substantial changes

Table 1. DNA end-to-end distributions
Half-max Half-max Mean Peak

Condition Peak max (A) Low (A) High (A)  Position (A)
31 Q2 182 157 207 181
31C2S 175 151 199 171

31 C2S ATP 177 149 203 173

31 M2 181 155 207 179

31 M2 S 159 110 186 150

31 M2 S ATP 176 146 201 168

31 M2SL 159 108 184 149

31 M2SLATP 184 161 207 180

61 C2 269 235 302 258

71 C2 287 261 313 285
71C2S 286 260 312 284

71 C2 S ATP 287 264 310 286

71 M2 289 265 309 284

71 M2 S 265 227 289 251

71 M2 S ATP 296 278 314 296
71M2SL 254 208 289 242

71 M2 S L ATP 300 280 319 298

Max, Maximum; L, MutL; S, MutS;

Hura et al.

(Figs. 2 B and D and 3 and Table 1). For the 31-bp M2 substrate,
ATP shifted the peak in the P(D;;) distribution from 159 to
176 A, which was almost the distance observed for the unbound
substrate. A small subpopulation at the 110 A contact distance
was persistent. Addition of ATP to the 71-bp M2/MutS complex
shifted the distance from 265 to 296 A (Fig. 3D), indicating that
ATP eliminated the MutS-induced bend. Retention of MutS on
the gold-labeled DNA was confirmed by EMSA (SI Appendix,
Fig. S7). Interestingly, in the presence of both MutS and ATP,
the measured distance for 71-bp C2 was 7 A longer than for free
DNA, which suggests a decrease in DNA flexibility caused by
loading multiple MutS homodimers, as also seen in surface
plasmon resonance experiments (21, 22). Together, these data
indicate that under conditions that generate the sliding clamps of
MutS, DNA was not substantially bent.

MutL Does Not Trap Bent Conformations of DNA. MutS bound to
mispair-containing DNA recruits MutL under conditions similar
to sliding clamp formation, and this recruitment is required for
MMR progression. We therefore investigated the effects of
MutS and MutL on the DNA conformation by adding equivalent
and excess amounts of MutL to preformed M2/MutS complexes
in the absence or presence of ATP. MutL previously had been
shown to bind to DNA/MutS complexes where the DNA was as
short as 46 or 60 bp but not as short as 37 or 42 bp (39-41); thus,
we investigated both 31- and 71-bp substrates. In the absence of
ATP, where MutL is not expected to bind M2/MutS complexes,
the P(D;;) distributions are similar to the M2/MutS complex
alone for both the 31- and 71-bp substrates (Fig. 4 A and B).
Upon adding 100-fold excess ATP relative to MutS, the peak of
the P(D;;) distribution shifted to distances 3 and 11 A longer
than unbound DNA for both 31- and 71-bp substrates, re-
spectively (Table 1). These distances were slightly longer than
the distances measured under conditions under which MutS
forms sliding clamps. In the case of the 71-bp substrate, we ob-
served that 25% of the P(D;;) distribution did not shift upon
addition of ATP. Given that MutL has a tendency to aggregate,
this component of the shorter distribution might be due to a
MutL-mediated association between multiple DNA substrates.
We tested this by adding combinations of MutS, MutL, and ATP
to a 71-bp singly labeled DNA with a central mismatch (M1).
CSFs for the 71-bp M1 only had features in the presence of
MutL (Fig. 4C), revealing that the short distance correlations
were between nanocrystals on different DNAs rather than be-
tween nanocrystals on the same DNA. Thus, these data indicate
that MutL recruitment does not stabilize MutS-induced bends on
DNA but can lead to a MutL-mediated association between
multiple DNAs on the 71-bp substrate consistent with the fact
that the 71-bp substrate is long enough to support an interaction
between MutL and MutS.

Discussion

Despite the available crystal structures of MutS and MutS ho-
mologs bound to mispair-containing DNAs (2, 4, 18, 30), bio-
chemical and genetic evidence suggests that crucial aspects of the
function of MutS involve conformational states that have yet to
be characterized at an atomic level (21, 22, 24, 42, 43). Here, we
demonstrate the compatibility of PEG-coated gold labels on
DNA with proteins and follow the effects of MutS conforma-
tional states and MutS/MutL association on DNA conforma-
tions. For these studies, the increase in scattering power of the
gold nanocrystals robustly enabled challenging measurements
that involved low protein concentrations, long but biologically
relevant distances, and buffer conditions optimized for MutS
binding to DNA. Additionally, the scattering power would also
enable time-resolved SAXS studies with millisecond exposures.
This gold nanocrystal technique provided insights into MMR
initiation and shows potential to analyze DNA conformations in
transcription, replication, and repair processes that would be
otherwise difficult to characterize.
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Fig. 4. MutL recruitment does not stabilize MutS-induced bends on DNA
but can lead to a MutL-mediated association between DNAs based upon the
CSF and P(D;)) distributions from doubly and singly labeled DNA in the
presence of MutS, MutL, and ATP. (A) Doubly labeled 31-bp DNA with a
single centrally located G/T mismatch. (B) Doubly labeled 71-bp DNA with
a single centrally located G/T mismatch. (C) Singly labeled 71-bp DNA with a
single centrally located G/T mismatch. Shown are DNA substrates alone
(black) in the presence of MutS and ATP (green dashes), MutS and MutL
(red), and MutS MutL and ATP (blue). The fit of the P(D;)) distribution from
the singly labeled 71-bp DNA with MutS, MutL, and ATP is shown (C, gray).

In the absence of nucleotide or when bound to ADP, MutS
recognizes and stably binds mispair-containing DNAs with ~10 to
20-fold increased relative affinity to csDNA (44, 45). Our SAXS
data indicated that MutS binds and bends mispair-containing
DNAs from linear by ~50-60°, supporting and extending data
from crystal structures (2, 4, 18, 30). In contrast, the reduction
of distances was far smaller for csDNAs. Observations of MutS
bending of csDNA by atomic force microscopy (AFM) have been
used to argue that bending is equivalent for both csDNA and
mismatch-containing DNA (46). Binding of MutS along the en-
tire length of a complementary substrate would reduce the ob-
served bend angle and would be consistent with the smaller effect
of MutS binding on the 71-bp C2 substrate than on the 31-bp C2
substrate; however, the estimated bend predicted by this model is
still larger than the bend angles observed here. Thus, our data
indicate that the equilibrium bending of csDNA is less than that
of mispair-containing DNA and suggest that interactions with
a solid surface in AFM might stabilize transient MutS/DNA
conformations.

Challenging mispair-bound MutS with ATP induces a confor-
mational change into a sliding clamp that readily moves along
DNA but becomes trapped on DNAs with blocked ends (21, 22,
39, 42). The measured P(D;;) distributions for these samples show
that the MutS-induced bend observed on mispair-containing
DNAs was lost, indicating that the sliding clamp involves a con-
formational change that eliminates the interaction of the mispair
with the mispair-binding domain. This mispair release explains
the increased accessibility of these residues in deuterium ex-
change experiments (24) and the rapid motion of Msh2-Msh6 in
single-molecule optical microscopy (31, 32). Surprisingly, the 71-
bp M2 substrate had measured label-to-label distances that were
7 A longer than the unbound M2 substrate, whereas a similar
increase was not observed with the 31-bp M2 substrate. The
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loading of multiple MutS homodimers or MutS homologs under
conditions under which sliding clamps can be formed has been
experimentally observed (21, 22, 42). By combining an atomic
model of the DNA/MutS complex (2) with our P(D;) distributions,
the change in the flexible bent form to the more rigid form
adopted in the presence of ATP is shown in Fig. 5. The re-
duction of DNA flexibility by the binding of multiple MutS
homodimers explains the increase in label-to-label distances
with the 71-bp M2 substrate and the lack of increase with the 31-bp
M2 substrate, as this substrate is too short to bind multiple MutS
homodimers.

An unobstructed DNA helix is critical for subsequent steps in
MMR (26); yet, sliding clamp formation could be an abortive
MutS reaction in the absence of MutL. MutL homologs have
been reported to increase the affinity and residence time of MutS
homologs to heteroduplex DNA (39, 47), and a proposed mech-
anism for MutL recognition of MutS involves stabilization of a
MutS-bent mispair containing DNA rather than protein move-
ment along the DNA (15). Our SAXS results provided no evi-
dence that MutL binding involves stabilization of a bent form of
the DNA substrate. Our data, which indicate that DNA bending
only acts in initial mispair recognition, support models in which
MutL or MutS/MutL. complexes migrate along unbent DNA
after MutS recognizes a mispair and binds ATP (21, 22, 48, 49).
The eukaryotic system is likely similar, given that mutant Msh2
and Msh6 proteins, whose only clear biochemical defect is an
inability to form sliding clamps, cause in vivo MMR defects (50).

Combining gold nanocrystals and SAXS has key advantages
generally applicable to DNA/protein interactions. Label size
can be adjusted to match the desired time scale or concentration
regimes in solution. Probed length scales exceed distances
measurable by fluorescence resonance energy transfer (51) or
spin coupling (52). Importantly for DNA/protein interactions,
SAXS with gold nanocrystals provides information on the dis-
tribution of distances and not just the average distance, allowing
visualization of ensembles and identification of potential sub-
stoichiometric fractions (like those observed for MutL; Fig. 4B)
of a population possessing different interlabel distances. Con-
formational changes of DNA, mediated by complex cascades,
as observed here in MMR, are likely properties of DNA tran-
scription, replication, recombination, and repair. We therefore
anticipate related strategies will aid studying these and other
complex systems, which cannot be robustly examined by classical
techniques. Looking forward, examining DNA with gold labels as
single molecules or in fluctuation scattering experiments from a
few molecules enabled by next-generation light sources with fluxes
many orders of magnitudes brighter has significant potential.

150 A

Fig. 5. Mismatch DNA bending by MutS and straightening in the
presence of ATP. Contour plots of the distribution of DNA ends are
visualized by placing the structural information from the crystal
structure of MutS/DNA (2) on the same scale as the distance and pop-
ulation information from the P(Dij) distributions. The P(Dj) distributions
from 71-bp DNA in the presence of MutS (A) and the presence of MutS and
excess ATP (B) set contour levels. The widest part of the distribution is the
width of the gold nanocrystal. DNA of the crystal structure has been ex-
tended to 71 bp for the MutS/DNA complex and replaced by straight DNA
for the ATP model.
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Methods

Synthesis and Purification of DNA with Gold Nanocrystal Labels. Details of the
generation of the gold nanocrystal labels are provided in S/ Appendix, S/
Methods. Briefly, citrate-conjugated gold nanocrystals were converted to
bis-(p-sulfonatophenyl) phenylphosphine-liganded nanocrystals. These were
then conjugated to DNA oligonucleotides with 5 monothiol or 5’ trithiol
modifications. A neutral thiolated PEG ligand was then liganded to the gold,
and the products were purified. Purified products were then annealed to
generate labeled dsDNA substrates.

Expression and Purification of E. coli MutS and MutL. His6-MutS and His6-MutL
were overexpressed in BL21 cells containing plasmids pTX412 and pTX418
(gifts of Malcom Winkler, Indiana University), respectively, and were purified
as described previously (36, 53). Briefly, the His-tagged proteins were puri-
fied over a nickel column followed by a Mono-Q column. Proteins aliquots
were frozen in liquid nitrogen and stored at —80 °C.
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pendix, SI Methods. Briefly, all SAXS experiments were collected at the SIBYLS
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from the experimental scattering profile by fitting of the gold label scattering
G(q), by an ellipsoid of revolution in the low g region, and by fitting a constant
to ensure that the CSF oscillated about zero. The CSF was then transformed
using the GIFT method (28) to derive P(D;)) distributions.
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