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Abstract: Molecular dynamics (MD) simulations were conducted for a G—T mismatch-containing DNA
decamer, d(CCATGCGTGG),, and its Watson—Crick parent sequence, d(CCACGCGTGG),. Dynamics in
unrestrained MD trajectories were in poor agreement with prior 13C NMR studies. However, the accuracy
of the trajectories was improved by the use of time-averaged interatomic distance restraints derived from
1H NMR. Postprocess smoothing of the trajectories further improved accuracy. Comparison of restrained
and smoothed trajectories of the two DNA molecules revealed distinct differences in dynamics. The major
groove width of the mismatched oligomer was more variable over the course of the simulation compared
to its parent sequence. Greater variability in helical parameters stretch and opening for the mismatches
indicated less kinetically stable base pairing. Interbase helical parameters rise, roll, and tilt were also more
variable in certain base steps involving mismatched bases. These dynamic differences between normal
and G—T mismatched DNA reflect differences in local flexibility that may play a role in mismatch recognition
by the MutS. A potential alternate G—T mismatch binding mode for MutS is also proposed.

Introduction GC:

Mismatches in DNA, such as guanidine opposite thymidine 5-C1 C2 A3 Ca4 Gs Cs G7 Ts Gg G102
(G—T), are generally recognized by the MutS homodimer in > I 100
prokaryotes and the MutSheterodimer in eukaryotes to initiate "G10Go Tg G7 Ce G5 C4 A3 C2 C1 -

their respective mismatch repair (MMR) pathwaySince
mismatches consist of normal DNA nucleotides, recognition of
a mismatched base pair by MMR cannot rely on the detection
of covalent chemical alteration of the bases themselves. This 5" C1 Cz AsHGs Ce G7 T8 G9 G10
stands in contrast to base excision repair (BER) and nucleotide 5
excision repair (NER) pathways that recognize covalently G1oGg T8| G7| Ce Gs T4 As 02 C1
modified based. Mismatch recognition must therefore be Figure 1. Sequences of the self-complementary decar®sand GT.
achieved by detecting a more subtle difference between normalBoxes indicate mismatches @T. Although the strands are degenerate in

. . . NMR spectra, they are distinct in MD simulations. Subsequently, one strand
and mismatched DNA in the context of the double helix. Inthe  4¢ each would be renumbered 220 when referring to MD resuits.
X-ray cocrystal structure of MutS bound to a@ mismatch-
containing DNA oligomer, the DNA substrate is significantly The differences in flexibility between normal and mismatched
deformed, including an approximately 8bend into the major DNA are reflected in the internal dynamics of DNA oligomers
groove3 The bend is accompanied by insertion of a MutS side that differ by a C— T transition. We have previously solved
chain, Phe36, into the helix. Based on this observation, Lamersthe solution structures (PDB accession numbers 1KKV and
et al. suggest that MutS probes for DNA deformability and 1KKW) and described some of the internal dynamics of a
conformational flexibility at the mismatch site in order to normal and G-T mismatched DNA systefrusing*H homo-
accomplish mismatch recognition against the background of nuclear andH—3C heteronuclear NMR spectroscopy and the
normal DNA flexibility.3 model free formalism of Lipari and SzaBé.The internal
dynamics of molecule&C and GT (Figure 1), expressed as
(1) Rasmussen, L. J.; Samson, L.; Marinus, M. @MA Damage and Repair, model free order parametel¥), were similar overall. However,

Vol. 1: DNA Repair in Prokaryotes and Lower Eukaryotisiéckoloff, J. ioti i i N
A. Hoekstra, M. F.. Eds.: Humana Press: Totowa. NJ, 1098, pp-205 we observed distinct order parameter differences in the vicinity
228.

(2) Friedberg, E. CDNA repair and mutagenesi&SM Press: Washington, (4) Isaacs, R. J.; Rayens, W. S.; Spielmann, HJ.PVol. Biol. 2002 319,
D.C., 1995. 191-207.

(3) Lamers, M. H.; Perrakis, A.; Enzlin, J. H.; Winterwerp, H. H.; de Wind, (5) Lipari, G.; Szabo, AJ. Am. Chem. Sod.982 104 4546-4559.
N.; Sixma, T. K.Nature 2000 407, 711-717. (6) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4559-4570.
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of the mismatch that may be important to lesion recognition by confidence and come to important conclusions regarding the
MutS. In our previous study, we were unable to arrive at a functional effects of G T mismatches in DNA. We found that
detailed description of specific motional modes within the DNA, the groove widths oGT are more variable than those GIC,
how these modes are modulated by the introduction TG the mismatched base pairs have much greater conformational
mismatches, and how differences in internal dynamics might variability over the course of the trajectories than their parent
affect recognition by repair proteins such as MutS, due to the Watson-Crick base pairs, an@T is more prone to bending
model free nature of the NMR-derived dynamics information. than GC in ways that may relate to MutS recognition of
In this report, we have analyzed fully solvated 5 ns duration mismatched DNA.
molecular dynamics (MD) trajectories @C and GT with
respect to3C order parameters derived from NMR. This Results
approach provided a more detailed understanding of the
differences in dynamics between normal and Tomismatch-
containing DNA.

Computational simulations of DNA molecular dynamics are
a powerful complement to experimental studies. However, the

Unrestrained MD Is Inaccurate. Two approaches to fully
solvated unrestrained molecular dynamics simulation&Gf
andGT were investigated. The first was under constant volume,
constant total energy (NVE) conditions, and the second was
under constant pressure, constant temperature (NPT) conditions.

accuracy of MD trg jectories is difficult to assess in the absgnce The accuracy of the unrestrained trajectories was evaluated by
of rel_evant exper|mer_1tal data. _COnt_emporary M_D force field comparing the internal dynamics in the trajectories to those

equations are Newtonian approximations of quantized molecularCalculateol from3C NMR data

system$ and thus may not accurately reproduce fine physical )
details of atomic interactions and motions. DNA typically adopts
only the double helix structure under physiological conditibns. nanosecond fime scale. The dimensionless model free order
Hence, differences in structure and internal dynamics due to :

sequence context, base mismatches, DNA damage, drug binolingparameter$2) describes the amplitude of spatial displacement
etc. can be quite,subtle A high Ievlel of accuracy,is therefore for a particular interatomic vector with an associated correlation
required for interpretations of DNA MD simulations to be time (ze). nghgr g |mp_I|es a more ordered vector. In the
relevant to the real DNA systems they represent. We have extended version of this formalisH,two time regimes of
therefore assessed the accuracy of MD simulations oE@e motion are considered, each with its own order parameter and
andGT DNA systems by comparing the internal dynamics in asspmated correlathn time. In this mode, and « relate

MD trajectories to those derived from NMR. motion on a faster time scale thﬁ and zs. For the four-

In this study, we conducted unrestrained MD simulations of Parameter model, a composiiis calculated by multiplying
GC andGT using the AMBER 7.®suite of programs and found § and S No analysis of the internal correlation times was
many discrepancies between dynamics in the MD trajectories performed in this study, since it is unclear how the correlation

and experimentally derived dynamics. The agreement betweentimes from these fits are best interpreted in the context of the
simulation and experiment was substantially improved by adding

The model free formalism of Lipari and SzaBwsimplifies
the description of complex atomic motion on the picoseeend

complex internal dynamics of biomolecules.

1H NMR-derived interatomic distance restraints to the simula-  Experimentally S values were calculated for methine-€i
tions in a time-averaged manner that interferes less with dynamicVectors inGC andGT based ort*C relaxation measurements
motion than conventional approaches to structural refinement made vialH—13C heteronuclear NMR Since the positions of
using MD1%-15 The application of a postprocessing smoothing all atoms in an MD trajectory are known, order parameters can
operation on the restrained trajectories further improved their Pe calculated by computing the autocorrelation function for
agreement with dynamics derived froFC NMR relaxation ~ C—H vectors at increasing time intervals (eq 2) to produce an
experiments. To the best of our knowledge, this is the first report autocorrelation map to which exponential decay functions can
of MD simulations of DNA with'H NMR-derived restraints ~ be fitted by nonlinear least-squares methbd3he NMR-
that have been experimentally validated using independently derived order parameters for deoxyribosé-€t1' vectors and
derived3C NMR order parameters. the aromatic base C@&H6 (for pyrimidines)/C8H8 (for
Armed with these accurate simulations, we were able to Purines) vectors were previously reported for bG(@ andGT

analyze the internal dynamics of our DNA molecules with and were compared to the MD results. We found tBat
calculation from the unrestrained trajectories was very sensitive

(7) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M., Jr;  to the extent of the autocorrelation maps used for the fitting
Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P.

A. J. Am. Chem. S0d995 117 5179-5197. (Figure 2), suggesting that these trajectories are not stable on
(8) \S(ainglegré‘\‘/\lPrinciples of nucleic acid structureSpringer-Verlag: New the nanosecond time scale and their Su|tab|||ty for order
ork, .

(9) Case, D. A; Pearlman, D. A.; Caldwell, J. W.; Cheatham, T. E., Ill; Wang, Parameter calculation and analysis of dynamics is very limited.

J.; Ross, W. S.; Simmerling, C. L.; Darden, T. A.; Merz, K. M.; Stanton, i i
R V.. Cheng. A. L. Vincent, 4. 3= Crowley, M Tsui. V.. Gohlke, H - Also, the order parameters for—¢ vectors in the terminal

Radmer, R. J.; Duan, Y.; Pitera, J.; Massova, I.; Seibel, G. L.; Singh, U. Nnucleotides were consistently less accurate compared to experi-

C.; P. K., W,; Kollman, P. A. University of California, San Francisco, 2002. H 7 :
(10) Yao, L. . James, T.L - Kealey. J. T Santi, D. V.- Schmitz) Biomol. mental order parameters than those of interior nucleotides,

NMR 1997, 9, 229-244, whether restraints were included. Due to these persistent

(11) Schmitz, . Uyanov, N. B.; Kumar, A.; James, T.1.Mol. Biol. 1993 inaccuracies, the dynamics of the terminal nucleotides were
(12) Aramini, J. M.; Mujeeb, A_; Ulyanov, N. B.; Germann, M. \&/.Biomol excluded from the analysis.
NMR 200Q 18, 287—302.
(13) Mujeeb, A.; Kerwin, S. M.; Kenyon, G. L.; James, T.Biochemistry1993
32, 13419-13431. (16) Clore, G. M.; Szabo, A.; Bax, A.; Kay, L. E.; Driscoll, P. C.; Gronenborn,
(14) Pearlman, D. A.; Kollman, P. Al. Mol. Biol. 1991, 220, 457—479. A. M. J. Am. Chem. S0d.99Q 112 4989-4991.
(15) Torda, A. E.; Scheek, R. M.; van Gunsteren, W.JFMol. Biol. 199Q (17) Chandrasekhar, I.; Clore, G. M.; Szabo, A.; Gronenborn, A. M.; Brooks,
214, 223-235. B. R. J. Mol. Biol. 1992 226, 239-250.
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Figure 2. Sum of squared errors (SSE) compared to NMR results for com@tiedm C1—H1' vectors in nonterminal nucleotides GfT using the first
200, 500, and 1000 ps of the autocorrelation maps for nonlinear least-squares fitting. Results from the unrestrained NVE trajectory are bypgesented
bars, unrestrained NPT, by cyan bars, and NPT with time-averaged distance restraints, by red bars. Frames represent @v8i8&sférom the two-

parameter fit, (b)§* < from the four-parameter fit, and (& alone from the f

Table 1. Sum of Squared Errors (SSE) of S? Values for C1'—H1’
Vectors and C6—H6 (for Pyrimidines) or C8—H8 (for Purines)
Vectors in Nonterminal Residues of GT MD Trajectories?
Compared to Those S? Values Derived from NMR

NVE® NPT® TAR? NPT-S® TAR-S!
CI-HY 0.74 1.07 0.37 1.18 0.09
C6—H6/C8—H8 0.09 0.28 0.08 0.35 0.00

aUsing the two-parameter model and fitting to 1000 ps of the computed
autocorrelations? Unrestrained constant volume, constant total energy.
¢ Unrestrained constant pressure, constant temperétlinme-averaged
restrained constant pressure, constant temperat8raoothed NPT S-
moothed TAR.

Compared to experimental order parameters, unrestrained
simulations resulted in high sum-of-squared-errors (SSE) values
(Table 1, Figure 2ac), especially for the C+H1' groups. In

our-parameter fit, which is equivalent to fix'fazgat 1.

472 restraints were used f@C and 466 forGT. In a typical
NMR-based structural refinement, the restraints are implemented
such that any deviation of an interatomic distance outside its
dictated upper or lower bound invokes an energy penalty that
increases exponentially with the degree of violation. The
implementation of the restraints in this form is expected to
significantly dampen the normal dynamic motion that, in real
DNA, results in a particular average distance that is reflected
in the NOE buildup. In this study, we have applied our restraints
in a time-averaged manner, including the hydrogen bonding
restraints between strands. This approach allows dynamics to
occur largely unimpeded. The implementation of the time-
averaged interproton restraint applies no energy penalty as long
as the average interatomic distance remains within specified
upper and lower bounds over a particular time intéfvap

general, order parameters were underestimated for the majority(eq 1)

of C—H vectors, indicating that there is more dynamic motion
(disorder) present in the unrestrained MD simulations than is
suggested by th®C NMR-derived order parameters in the real
samples. MD-derived order parameters for aromatieHC
vectors were typically in better agreement with experiment than
those of C1-H1' groups (Table 1). Overall, both approaches
to fully solvated unrestrained MD gave average structures and
internal dynamics that were in poor agreement with features
determined from NMR experiment8.

Improvement of MD Accuracy Using Time-Averaged
Restraints. We found that including!H—'H NOE-based
interatomic distance restraints to the MD simulations signifi-
cantly improved the accuracy of the trajectories. This improve-
ment was evident in the better agreement of*iizrelaxation
derived<? values and the correspondig§calculated from the
MD trajectories (Table 1). We have previously observed
guantitative relationships between conformational features of
solution structures and corresponding order paraméférs,
suggesting that internal dynamics are dependent on local
structural and conformational features.

Complete relaxation matrix analysis of interproton NOE
volumes was previously used to calculate upper and lower
bounds for interatomic distance restraihtdydrogen bonding
restraints between base pairs were also included, with upper
and lower bounds of 2.10 and 1.74 A, respectively. A total of

(18) Isaacs, R. J.; Spielmann, H. P.Mol. Biol. 2001, 307, 525-540.

We found that inclusion of time-averaged restraints improved
the agreement of the MD trajectories with NMR-derivEQ
< results, as indicated by overall lower SSE values (Table 1).
The self-complementary nature of tC andGT sequences
was originally chosen for simplification of the NMR spectra.
However, for the MD trajectories, the consistency of results for
symmetry related nucleotides can be used as a check on the
convergence of the simulation to a stable equilibrium. The MD
2 results for symmetry related nucleotides in the complementary
strands are much more similar to each other in the restrained
trajectories than in the unrestrained trajectories. For the NVE
and NPT unrestrained trajectories@T, the average ranges in
computedS? for symmetry related €H vectors under condi-
tions described in Table 1 were 0.038 and 0.031, respectively.
The average range for the restrained trajectoi@ ©fwas much
lower at 0.007. Also, the accuracy of the order parameters
calculated from the restrained trajectories is much less dependent
on the extent of the correlation maps used for compusfg
(Figure 2a-c). These observations suggest that the restrained
trajectories have achieved equilibrium, unlike the unrestrained
trajectories. In both the unrestrained and restrained approaches,
the calculated C+H1' & was less accurate overall th&hof
the aromatic C6H6/C8—H8 groups, as compared to experi-
mental values (Table 1). This suggests that DNA backbone
motion and sugar repuckering are less well reproduced in the
MD simulations than are motions of the bases.

J. AM. CHEM. SOC. = VOL. 126, NO. 2, 2004 585
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In most cases, calculation & from the trajectories using
the simpler two-parameter fit (eq 3) produced overall more

accurate results compared to experimental order parameters

(Figure 2a) than did the four-parameter fit (eq 4) (Figure 2b).
Inclusion of the higher-frequenc&z component in the com-
positeS reported in the four-parameter results appeared to be
the main cause of their lower accuracy, sirifealone (equiv-
alent to fixing§ at 1) (Figure 2c) was more accurate than the
compositeS (Figure 2b). Thus, th«.s.}Z component is too low

for the majority of C-H vectors, which is due in large part to
nonphysical high-frequency components in the trajectories.
Examples of such nonphysical motion apparent in the trajectories
include out-of-plane motions of individual heavy atoms and
twisting in the aromatic bases.

Smoothing of the Trajectories Further Improves MD
Accuracy. The restrainedGC and GT trajectories were
smoothed by averaging atomic coordinates over a sliding 5 ps
interval, which removed some of the nonphysical high-frequency
motion and significantly improving their accuracy (Table 1).
Aromatic rings were observed to be much more planar
throughout the trajectories after smoothing. For eachHC
vector examined in the restrained trajectories, the comp&ited
was higher after smoothing than before, generally bringing them
into better agreement withC NMR-derived<. This stands in

a) H\N_H .......... o ¢R
dF\‘ N= \>—N/
G ",‘\’S\_{l—HN} /) C
SN [T H—N

\
H
b) H
N—H
dQ N=< dR
N\ N
G s A\ \>—N T
N OremessresH— N /?
o/
c)
G H\N_H . H\N _/<o T
R N= o= N—dR
\N N N —
Ky

Figure 3. Hydrogen bonding schemes for-& (a) and G-T (b) base

contrast to the results from the unrestrained trajectories, wherepairs showing the highly sheared wobble base pairing-eT@ismatches.

the & of some C-H vectors was higher after smoothing, while
others had lowere&. Smoothing only improved the overall
accuracy of the restrained trajectories, while the unrestrained

trajectories became even less accurate after smoothing (TableS

1). The poor agreement between NMR and MD results in the
unrestrained trajectories was probably due to a lack of stable
equilibrium in the unrestrained trajectories. The use of time-
averaged restraints coupled with the smoothing operation
resulted in trajectories that were more accurate than unrestraine
trajectories when compared ¥4 dynamics data derived from
NMR. To the best of our knowledge, this is the first report of
a comparison between experimental and simulated order in DNA
and methods to improve agreement between simulation and
experiment. We have shown that the use of experimentally

derived time-averaged restraints improves agreement betweer]

NMR- and MD-derived order parameters. Experimentally veri-
fied trajectories lend more confidence to the analysis of the
internal dynamics o6C andGT and how differences between
the two molecules play a role in-&I' mismatch recognition.

Discussion

Implications of Dynamics for Biological Mismatch Rec-
ognition. The utility of accurate MD simulations of DNA lies

The G-T mismatch of the DNA substrate bound by MutS in the cocrystal
structuré (c) has an unusual hydrogen bonding scheme.

moothed MD trajectories show th&T has a much more
variable major groove width tha®@C (Figure 4a). This suggests
a greater flexibility in theGT major groove that would more
easily allow expansion or compression in response to MutS
binding. The root-mean-squared deviations (RMSDs) of the

d‘ninor groove widths of5C andGT are much more similar to

each other than those of the major grooves (Figure 4b). The
minor groove width variability ofGC is also very similar to
that of its major groove, whereas the minor groove width of
GT is much less variable than its major groove. This implies a
coupling between major and minor groove widthsGg that
is absent or significantly altered @T due to the presence of
the G-T mismatches. The differences in groove width dynamics
betweenGC andGT are demonstrated in a movie available as
Supporting Information. Considering the unusual conformational
properties of the major and minor grooves in the DNA bound
by MutS in the cocrystal structure, the differences in groove
width dynamics we observe between normal andTGmis-
matched DNA may play a role in mismatch recognition by
MutS.

Another striking feature of the MutS cocrystal structure is

in the ability to characterize complex dynamics that cannot be gisryption of the G-T base pair such that the mismatched bases
discerned from static solution or crystal structures and are not gye destacked and adopt an unusual hydrogen bonding scheme
well described by NMR-derived dynamics measurements SUCh(Figure 3c) distinct from the wobble pairing typically seen in

as model free order parameters. In the MutSiGmismatched G—T mismatch structuréd®-2! (Figure 3b). Such disruption
DNA cocrystal structure, the bound DNA has a compressed jmplies that MutS recognition of and binding to the mismatch
major groove due to bending of the helix and a widened minor takes advantage of less favorable stacking interactions and lower
groove due to insertion of MutS amino acid side chais thermodynamic and/or kinetic stability of base pairing for a

our previous studyt was evident that the major groove is wider - G—T mismatch compared to a-&C pair. Previous NMR studies
in GT than inGC. This observation is inconsistent with the

idea that mismatch-containing DNA is preorganized for MutS (19) Allawi, H. T.; SantaLucia, J., JNucleic Acids Res1998 26, 4925-4934.
binding by having a more Compressed major groove than the (20) Hare, D.; Shapiro, L.; Patel, D. Biochemistry1986 25, 7445-7456.

. . (21) Hunter, W. N.; Brown, T.; Kneale, G.; Anand, N. N.; Rabinovich, D.;
nonmismatched parent DNA. However, the restrained and Kennard, O.J. Biol. Chem 1987, 262, 9962-9970.

586 J. AM. CHEM. SOC. = VOL. 126, NO. 2, 2004



G-T Mismatch Recognition ARTICLES

a) a)
_ 3.0 0.4+ %
<
D —_—
< .
S 25 & 031 ”
o e S o AN SN
s | T Tl S AN A
° g .. 4 J S, J \
2 20 L E 0.2 / S K \
.~ *, J S "\ w3
2 L ; e >
g % £ 0.1 -
S 1.5 @
S
3 0.0 —r
s S L9 @ © Lo X ,® .9 AN
R < K ¥ RSN AR OF O SRue)
3 ¢ & o F WX F PSRN
< ol Iox © 9 I
@ &
NS ) .
Base Pair b) Base Pair

N «
i C.’

n
)
Opening RMSD (°)
o

Minor Groove Width RMSD (A)

1.51
0 T o T T T
o () > >
1.0 . . ,\,Om S ‘bﬂ\ é\@\ o> <\\\ %Y:\ q,o\ 0,0\
L @ ° Q o F v X F FLO S
» el o c,<\ \0
@ O ) NS
9 A Base Pair
Base Pair

Figure 5. RMSD of the helical parameters (a) stretch and (b) opening
over the last 4 ns of restrained and smootB&2i(solid line) andGT (dashed
line) MD trajectories.

Figure 4. RMSD of the major groove (a) and minor groove (b) widths for
the middle four base pairs @&C (solid line) andGT (dashed line) over
the last 4 ns of the restrained and smoothed MD trajectories.

of G—T mismatch-containing DNA molecules found increased much higher variability in other conformational descriptors than
solvent exchange rates for the imino protons of the mismatch, their parent G-C pairs and other base pairs. The RSMDs of
and UV melting studies show that mismatches are thermo- helical parameters stretch (Figure 5a) and opening (Figure 5b)
dynamically less stable than Watse@rick base pairs in the  are much higher for the mismatched base pairs than any other
same sequence contéx® 24 However, it is unlikely that base pairs itcC andGT. This clearly is a result of more factors
thermodynamics alone direct binding of MutS to mismatches, than simply losing a hydrogen bond when going from -a@G
since G-G mispairs in certain sequence contéxigre more to G—T base pair. Although the doubly hydrogen bondedAT
thermodynamically stable than many-A rich sequences in  base pairs oGC andGT have generally higher variability in
normal DNAZ26 Thus, increased kinetic instability or flexibility ~ stretch and opening than trebly hydrogen bondedQ3pairs,

in the vicinity of mismatches may also play an important role the variability is not nearly as high as is found in the mismatched
in recognition. Previously published structures of- G mis- base pairs. Higher variability in stretch and opening reflects
matched DNA1921showed a high shear value for the mismatch. lower kinetic stability and greater flexibility for the mismatches
Although this in and of itself does not imply decreased kinetic in directions described by these parameters. The stretch and
stability, since the wobble hydrogen bonding scheme of the opening parameters of the mismatch in the MutS cocrystal
mismatch requires this high shear vaf&omparison of the structure £1.38 A and—61.5, respectively) are well outside
RMSD of helical parameters over the last 4 ns of @@ and the norm observed in B and A form DN& More flexibility in

GT MD trajectories showed that this high shear value is these parameters for a mismatched base pair, such as what we
relatively stable over time. The shear RMSDs are 0.23 and 0.24observe when comparirgC andGT trajectories, suggests that

A for the T4-G17 and T14-G7 mismatches, respectively. These the mismatch can be more easily disrupted and forced into this
values are actually the lowest of any shear RMSDGH, unusual conformation than normal base pairs as an element of
demonstrating that the wobble configuration is kinetically stable MutS mismatch recognition.

on the picosecongnanosecond time scale. The shear RMSDs  |nterestingly, all 10 base pairs @T have lower kinetic

of the corresponding €C pairs inGC are only slightly lower  stapility over the MD trajectories than the analogous base pairs
at0.19 and 0.18 A, respectively. However, the mismatches showof GC. This is evidenced by the larger RMSD in stretch and

(22) Allawi, H. T.; Santalucia, J., JBiochemistry1997, 36, 10581-10594. opening fOI’ each ba.se pair GiT cc_)mpared to .Its corresponding
(23) Patel, D. J.; Kozlowski, S. A; Ikuta, S.; Itakura, Red Proc. 1984 43 base pair inGC (Figure 5). This observation suggests that
2663-2670. iring i i i ich i
(24) Sugimoto, N.; Honda, K.-i.; Sasaki, Mucleosides Nucleotidd994 13, _overall base pal_rlng ”G_T Is not as Strong as IG’_C’ which is

1311-1317. in agreement with previous NMR results showing t&at has
(25) Peyret, N.; Seneviratne, P. A.; Allawi, H. T.; SantalLucia, JBidchemistry
1999 38, 3468-3477.
(26) Santalucia, J., Jr.; Allawi, H. T.; Seneviratne, P.Bldochemistry1996 (27) Arnott, S.; Hukins, D. WBiochem Biophys Res Commun 1972 47,
35, 3555-3562. 1504-1509.
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a lower melting temperature thaBC* and is also in accord 3 base of the step. The DNA bound by MutS in the cocrystal

with published thermodynamic studies of—-@ mismatch- structure also has values well outside the norm for these

containing DNAZ22:24 parameters in steps containing a mismatched base. For the
DNA bending, such as that resulting from MutS binding, is sequence surrounding the mismateAGG3/*TTC® (where

characterized by changes in interbase helical parameters suclnismatched bases are in bold), theG\ptep has rise, roll, and

as rise, roll, and tilt in each strad@We would expect to see tilt values of 6.76 A, 49.4, and—22.7, respectively. Phe36 of

greater flexibility (variability) in these parameters in base steps \yts is inserted into th@pT step, resulting in an even higher

containing mismatched bases over the course of the trajectoriesjse of 9.58 A. Roll and tilt values at this step are £4ad

if GT has a lower barrier to bending upon MutS binding than 45 7 - respectively. The observation that steps containing

doesGC. Indeed, certain base steps containing mismaiches have.,ismatched bases have greater variability in rise, roll, and tilt
higher than average RMSD values for local interbase rise, roll,

and tilt (Figure 6). This is especially true for C6pG7 and
C16pG17 steps oET, which contain a mismatched G as the

suggests that these stepsdit could adopt unusual conforma-
tions that are preorganized for binding by MutS.

A Potential Alternate G—T Mismatch Binding Mode for
(28) Dickerson, R. ENucleic Acids Resl998 26, 1906-1926. MutS. Although the cocrystal structure of MutS bound te-G
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mismatched DNA has provided much insight into mismatch
recognition, it is unclear whether -G mismatches in all

were generated with the AMBER “nucgen” module and solvated in a
periodic truncated octahedron of TIP3P wéteuch that the minimum

feature of the MutSDNA complex revealed by the cocrystal
structure is the insertion of Phe36 into the helix, which stacks
with the mismatched and destacked T. Presumably, Phe36 woul
also insert into the helix and stack with a purine when MutS
binds G-A and G-G mismatch-containing DNA2-20 There-
fore, MutS could potentially bind &T mismatched DNA in
such a way that Phe36 inserts into either the G or T strand.
This may depend on which strand is more susceptible to
destacking or better preorganized for insertion of Phe36 into
the helix. These conformational characteristics would in turn

depend on the sequence dependent flexibility of the two strands.

G—T mismatches in different sequence contexts have distinct
thermodynami€? and structurdl'®2! outcomes in the context
of the DNA double helix. The &T mismatch in the DNA
bound by MutS in the cocrystal structure is found in the local
sequence conteXAGG3/STTC®, while the sequence context
of the mismatch inGT is S CGT3/GTAS. Using the nearest
neighbor model, it is predicted that the MutS-bound trimer is
destabilizing to the DNA double helix, with AG at 37°C of
0.39 kcal/mol. In contrast, th&T trimer stabilizes the DNA
double helix, with aAG at 37 °C of —0.40 kcal/mol. For
comparison, theAG values at 37°C of the G-C containing
parent sequences of these trimers a®12 and—3.61 kcal/
mol, respectively. We have shown that the thermodynamic
destabilization of G T mismatches relative to-6C base pairs
is accompanied by kinetic destabilization; therefore it is expected
that the thermodynamically differeltAGG3/3TTC® and
SCGT3/PGTAS sequences will have different kinetic behaviors.
Since it is also clear that the affinity of MutS for mismatches
is sequence dependéatyiutS may interact differently with the

counterions were added iteratively via an automated routine in a shell
around the DNA using a Coulombic potential on a grid, replacing
olvent molecules where steric conflicts arose, until electroneutrality
or the system was achieved. The systems were equilibrated in stages
of 500 step steepest descent minimizations followed by 10 ps molecular
dynamics wih a 1 fstime step, electrostatics evaluated via the particle
mesh Ewald methdéland a 9 Anonbonded cutoff, constant temperature
(300 K) and pressure (1 atm) maintained via weak cou@lingh time
constants of 0.2 ps, and SHAKE (tolerarree0.0001) applied to all
bonds involving hydrogeff. Positional restraints of 1000 kcal/mol were
applied to the DNA in the first stage, those of 25 kcal/mol were applied
in the second stage, and no restraints were applied in the final stage.
After a final 500 step steepest descent minimization, a 100 ps MD run
was used to bring the systems slowly up to 300 K, followgdlb ns
production run using the end state of the 100 ps run as its initial
configuration. For constant volume, constant total energy simulations,
the volume in the 5 ns production runs was fixed at the value of the
last 100 ps run and no coupling to an external temperature bath was
used. For the constant pressure, constant temperature simulations, the
pressure was regulated at 1 atm, and the temperature, at 300 K as in
the equilibration steps, but using coupling constants of 10 ps, so as to
not interfere with dynamics more than necessary. The coordinates were
saved every 500 steps (1 ps), and only the final 4 ns of each trajectory
were used for analysis to minimize potential artifacts from the starting
conformations.

Time-Averaged Restraints.Restraints were formulated as a standard
flat-bottomed well with the edges defined by upper and lower bounds
derived from complete matrix relaxation analysis of NMR-deri%dd
NOE volumes! Hydrogen bonding restraints between complementary
bases were also included. Penalty forces were dependent on adjustable
force constants that were assigned an initial value of 32 kcal/mol and
were ramped from 0.1 to 1000 times this amount over the first 100 ps
of the production runs. The restraints were applied in a time-averaged

GT sequence than the sequence found in the cocrystal structurefashion. instead of being instantaneously employed for transient

In our previous work, we noted that the mismatched G7 of
GT was structurally perturbed and more dynamic compared to
its parent G7 irGC.* However, the mismatched T4 &T was
relatively unperturbed structurally and dynamically compared
to its parent C4 irGC. The increased dynamics of G7 are also
evident in the large RMSD of certain helical parameters
involving the G7 (and symmetry related G17) in the MD

violations. The sander module has functionality for this type of restraint
built in and computes time-averaged distances as

- t . =i g 1
r = (L/IC){ fo exp[t — t)/7] r(t) dt'} 1)
wherer is the time-averaged value of the internal coordinate (distance
or angle),t is the current timeg is the exponential decay constant,
r(t') is the value of the internal coordinate at tirfiethe average is

trajectories. The observation that C6pG7 and C16pG17 stepsyyer internals to the inverse of(we found a value of 1 to give the

of GT have, in general, greater variability in rise, roll, and tilt
than steps involving the mismatched T’s (Figures 6gimplies

best results), an€ is a normalization integral.
Smoothing of MD Trajectories. To remove some of the nonphysical

that these steps may be better preorganized for insertion of anhigh-frequency motion from the MD trajectories, the coordinate
aromatic ring between the bases. It is therefore possible thataverages from each contiguous 5 frame (5 ps) group over the final 4
Phe36 can be more easily inserted into the helix at thesens of the production runs was output as a new frame. These averaged

mismatched G-containing steps than a step involving the
mismatched T for our particulaGT sequence. This is an
alternative mode for MutS binding to-&I' mismatches in other
sequence contexts.

Experimental Section

MD Simulations. MD simulations ofGC andGT were performed
using the “sander” module of the AMBER 7.0 software package with
an improved Cornell et al. force fiefé?? Canonical DNA structures

(29) Su, S. S.; Modrich, FRroc. Natl. Acad Sci U.S.A.1986 83, 5057-5061.

(30) Kramer, B.; Kramer, W.; Fritz, H. Lell 1984 38, 879-887.

(31) Joshi, A.; Rao, B. 1. Biosci 2001, 26, 595-606.

(32) Cheatham, T. E., 3rd; Cieplak, P.; Kollman, P.JABiomol Struct Dyn.
1999 16, 845-862.

frames were reassembled into new trajectories of 3996 frames.
Calculation of Order Parameters. The autocorrelation functio@(t)
was evaluated for each C4nd C6/C8 C-H vector inGC andGT as

~ @2(#(7)#(7 +1)
0= O+ D

r

@

whereP,(x) = (3x* — 1)/2 and is the second-order Legendre polynomial,

(33) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,
M. L. J. Chem. Phys1983 79, 926-935.

(34) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.; Pedersen,
L. G. J. Chem. Physl995 103 8577-8593.

(35) Berendsen, H. J. C.; Postma, J. P. M.; Van Gunsteren, W. F.; DiNola, A.;
Haak, J. RJ. Chem. Phys1984 81, 3684-3690.

(36) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. JJCComput. Phys1977,
23, 327-341.
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u is the unit vector along a-€H bond,z corresponds to the time index  the middle four base pairs of each MD frame®E€ andGT over the

of a MD frame, and is the time between frames being compared. final 4 ns of the time-averaged restrained and smoothed production
The internuclear distanaebetween methine C and H atoms was fixed runs and for the DNA molecule of the MutS cocrystal structure were
in the simulations via the SHAKE algorith?fi The “ptraj” module of calculated using CURVES 5%83°In frames where the groove width
AMBER was used to evaluaté(t) over the course of the simulations.  could not be calculated, the frame was ignored, but these cases were

Correlation curves were fit to only a very small percentage of the total. Variability in helical
parameters and groove widths over the course of the MD trajectories
C)=F+ (1 - S) expltir) (3) was defined as the root-mean-squared deviation (RMSD).
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