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ABSTRACT. Sequence-dependent structures of DNA duplexes in solution can be reliably determined using
NMR data if care is taken to determine restraint bounds accurately. This entails use of complete relaxation
matrix methods to analyze nuclear Overhauser effect (NOE) spectroscopic cross-peak intensities, yielding
accurate distance restraints. NMR studies of various DNA duplexes have suggested that there may be
some limited internal motions. First, it is typically not possible to reconcile all vicinal proton coupling
constants in deoxyribose rings with a single conformer. In addition, with the increased accuracy of
interproton distance measurements afforded by the complete relaxation matrix algorithm MARDIGRAS,
we find inconsistencies in certain distances which can most readily be ascribed to limited conformational
flexibility, since conformational averaging is nonlinear. As basegar interproton distances depend on

both sugar pucker and glycosidic torsion anglenotion involving these structural variables should be
reflected by experimental data. Possible motional models have been considered to account for all of the
data for three DNA duplexes. Analysis of intraresidue baseyar interproton NOE bounds patterns
suggests a motional model with individual sugars in equilibrium betweeri-&n(®) and N (3-endg
conformations, with S being preferred. As sugar repuckering is correlated with changes in glycosidic
torsion angley, different sugar conformers imply different values fotbut this is insufficient to account

for all data. A two-state jump between anti and syn glycosidic conformers was considered, but it was
incapable of accounting for all data. However, a model with restricted diffusion (rocking) about the
glycosidic bond in addition to sugar repuckering was capable of accommodating all experimental data.
This motional model is in qualitative agreement with experimefi@kelaxation-derived order parameter
values in a DNA duplex.

The nuclear Overhauser effect (NGHjas been widely  exchanging conformers (typically 1000 Hz), only one set
used to investigate the three-dimensional (3D) structure of of NOE peaks is observed in the spectrum. The intensity
biologically relevant macromolecules in solution. In atypical of these peaks is a weighted average of the intensities given
two-dimensional NOE (2D NOE) experiment, the dipole by the atoms in each of the conformers. Complicating the
moments of two hydrogen atoms within a distance of ca. 5 situation, the manner in which NOE intensities are averaged
A will couple, yielding an off-diagonal peak in the spectrum. depends (a) on the relative population of conformers, (b) on
To a first approximation, the intensity of this cross-peak is the rate of exchange between conformers, which can be
inversely proportional to the sixth power of the distance alternatively viewed as internal motion, and (c) on the angular
between the two atoms involved. NOE intensities are often fluctuations if the exchange is extremely fast.
used to calculate distances between hundreds to thousands gq, purposes of structure determination, a single rigid

of pairs of hydrogen atoms; these distances are then used t@onformation is assumed, so a single distance corresponding
restrain the structure during structural refinement procedures.iq each NOE intensity is naturally derived. The averaging
NOE intensities may also be affected by conformational in any case is obviously not a simple geometric average of
fluctuations that occur during the time of the NMR experi- distances in the different conformers. When the internal
ment. In the case of exchange faster than the largestmotion is faster than the overall correlation time for
chemical shift difference of a particular proton in the various molecular tumbling, the measured distance is subjeit fa]
averaging and depends as well on angular dispersion; in this
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time but fast compared to the relaxation time, the apparent !
distance is subject tai—®Caveraging over individual proton
positions, so the apparent distance may be strongly distorted
from the geometric average position.

It will be recognized that a Karplus relationship between
vicinal scalar coupling constants and torsion angles is also
not linear, so torsion angles are not geometrically averaged
by conformational fluctuations. Even with perfect data and
with careful analysis, with such nongeometric averaging, the
individual distance and torsion angle restraints will be
internally inconsistent. However, such inconsistencies en-
code information about the ongoing conformational equi-
librium and, in principle, could be used to study it.

To infer anything from sets of inconsistent distances
derived from NOE intensities, it is essential that they be
determined with high accuracy. Our distances are calculated
by use of the program MARDIGRAS3(-5), which is based ] ) ) ) _
on complete relaxation matrix analysis. Consequently, m(g“;:sle: aﬁ dngt'oa”r ?]f gr‘geg’éyggonﬁg gﬁg'%%t]jﬂienw'igrﬁgﬁ“[‘ag (I)gs
MARDIGRAS is able to account for network relaxation and andy. garhydrog 9 9
multispin effects and, hence, to calculate pretpnoton
distances with greater accuracy than the commonly employedsyctural variables should also be reflected by the experi-
two-spin or isolated spin-pair approximation. mental data. Thus, to justify bassugar interproton dis-

Previous NMR studies conducted on DNA duplexes show tances fully, we need to consider the effect of sugar
that certain classes of distances are inconsistent with othergepuckering and glycosyl bond flexibility simultaneously.
(6). Indeed, some are inconsistent with the duplexes This approach offers new insights for DNA structure analysis
possessing structure in either the B or A family of structures, since, so far, sugar repuckering gntlexibility have mostly
i.e., those which one would imagine are energetically most been considered independently.
reasonable. We have also observed that a single conformer
will rarely account for all coupling constants measured via MATERIALS AND METHODS
detailed simulation and fitting, but reasonable fits are

obtaineq with a two-state model representing a rapid inter- NOE-derived distance bounds from three independent DNA
conversion bet\(veen S a_nd N—typ§ sugar pgck@@)( duplexes are consideredt) the Pribnow box octamer with
The current investigation examines possible causes forsequence d(GTATAATGH(CATTATAC) (12); (Il) the
these inconsistencies, focusing on the likelihood that internal octamer motif found in both the promoter and enhancer
motions are responsible. In our studies, we will consider regions in immunoglobulin genes which is contained in a
inconsistencies involving intraresidue base-to-sugar distancespna decamer with sequence d(CATTTGCATG|GAT-
Consequently, we will be concerned with flexibility involving GCAAATG) (13); and (Il) the ¥ consensus sequence
(a) sugar pucker, which is described by the phase angle P,ngecamer d(GCATATGATAGH(CTATCATATGC) (To-
and the amplitudeé of pseudorotation, and (b) rotation about ajji et al., unpublished results).
the glycosyl bond CT-N (described by the torsion angl All proton—proton distance bounds for these three DNA
within the same residue (Figure 1). This entails a relatively duplexes were calculated from 2D NOE experiments by
simple subset of conformational space, whose members canaARDIGRAS (3-5) and were previously reported; the
be almost fully described by two variables, P gnangles, protocols used to determine these distances were also
with the sugar pucker amplitud® being allowed to vary — gescribed. It will be noted that the bounds for to
only within a narrow range. Furthermore, from an NMR ¢onsensus sequence are broader. This is due to a very
point of view, itis a well-defined system, with-® hydrogen  conservative approach used in determination of bounds;
atoms depending on which residue we are studying. Interac-jngeed, to account for integration error and spectral noise,

tions among these atoms give NOE cross-peaks that can bgne RANDMARDI version of the software has been utilized

Interproton Distances Deved from 2D NOE Spectra.

used for our structural studies. (5).

Two principal low-energy sugar conformations have been  Of all the distances that were calculated and used for
described in nucleotide structures: '@dowith 0° < P < structure refinement, only base-to-sugar intraresidue bounds
36° (in the “north” of the P circle, or N) and Czndowith are analyzed in the present paper. In particular, we focus

14# < P < 190 (*south”, or S). As for they angle,  our attention on H6/8H1', H6/8—H2', H6/8—H2", H6/8—
crystallographic®) and NMR data0) indicate thatthe base  H3', and H6/8-H4' intraresidue distances. The HSugar
can adopt two orientations relative to the sugar moiety, called proton distances of cytosines and methsligar proton
syn (¢ angle values 19627(°) and anti (46-90°). A good distances in thymine residues manifest a behavior similar to
correlation between the glycosidic angl@nd the torsional  that of H6/8-sugar but will not be discussed further in this
angled, which is strongly correlated with the sugar pucker, paper.
has also been demonstrated)( Molecular Models. Distances corresponding to those
Since basesugar interproton distances depend on both measured from 2D NOE data were obtained from various
sugar pucker angtorsion angle, any motion involving these molecular models, including canonical DNA structures (A-



11480 Biochemistry, Vol. 37, No. 33, 1998 Tonelli and James

and B-DNA). These canonical models were generated by and S sugar puckers, with S being the favored conformation,
AMBER (14). The canonical models were also used as and considering that the experimentally derived distances are
starting models for MARDIGRAS calculations and structure biased toward the conformation with the shortest distance.
refinement as described in the original papers. Base-H2' bounds are consequently longer and similar to

To generate a larger pool of conformers capable of standard B-DNA distances (S sugar pucker) because the
accommodating most of the experimental NMR data, we major conformer has S pucker and a shorter bat®
utilized molecular dynamics with weighted time-averaged distance; baseH3' bounds, on the other hand, are shorter
restraints (MD-tar). MD-tar permits a broader search of than B-DNA and further shifted toward A-DNA, because
conformational space in a restrained molecular dynamicsthe N pucker has the shortest ba$t3' distance. As noted
(rMD) simulation, as the calculation does not demand that earlier, the presence of a S/N sugar repuckering equilibrium
the measured value of the distance be satisfied exactly atlS also suggested by scalar coupling-based analys2
every single step of the simulation as in standard rMD 23), and LaPlante et al. have proposed a repuckering process
calculations {5). MD-tar simulations of the octamer Prib- to account fof*C chemical shift data in DNA duplexe24).
now box have been described alreadg)( The MD-tar Finally, we were able to reproduce bad¢2' and base
simulations result in a very large number of structures, eachH3' experimental data by back-calculation of the NOE
of which may fit a different subset of the experimental intensities using a mixture of A- and B-DNA model
interproton distance restraints. Monte Carlo simulations were structures (Donati and James, unpublished results) using the
also carried out on a DNA dimer with sequence d(€E)G) algorithm in CORMA (). We note also that we have
with the program DNAminiCarlo7, 18). No restraints developed another method, termed PARSE, that generates
were used in the Monte Carlo simulations in order to produce an ensemble of conformers with an assessment of the
some structures broadly covering conformational space. Theprobability of each conformer, using cross-relaxation rates
expanded pool of conformers is used in the present study tosimulated by CORMA, by consideration of a much wider
explore the conformational space accessible to duplex®NA pool of conformers which includes structures resembling A-
to examine whether the reproducibly inconsistent experi- and B-DNA ). We have found in simulated data sets that
mental distances can be reconciled by conformational PARSE is able to select the few correct interconverting

exchange. conformers from a much wider pool (hundreds) of conform-
ers @5).
RESULTS AND DISCUSSION Similar considerations can be made for bask" and

_ _ , _ base-H4' NOE bounds. However, these distances seem to

In this section we analyze the interproton distance bounds pe affected by other factors as well, so we will discuss them
for three different DNA duplexes previously investigated in |gter in the paper.
our laboratory. It is evident in Figure 2 that the bounds for  gse-to-H1 Distances Are Shorter Than in either A- or
the o* consensus sequence undecamer (dufilex were B-DNA: Two Possible Motional ModelsSince the in-
determined in an extremely conservative fashion (Tonelli et 5residue H6/8H1 distance is a direct function of the
al., unpubllshed res_ults), taking Into account numerous glycosidic torsion angle, we expect the value of this distance
potential errors ranging from uncertainties in overall rota- 5und to reflect any motion about the glycosidic bond.
tional correlation time to peak integration and spectral noise cgnonical DNA structures, A and B, have similar H6/H8
contributions ). We will formulate two plausible motional 41’ gistances (3.63.7 A for pyrimidines, 3.8-3.9 A for

models entailing motions about the glycosyl bond to explain purines in both A- and B-DNA), even withtorsion angles
the data. Further examination of the NOE bounds and MD- differing by about 60. Surprisingly, NOE bounds are

tar simulation data will lead us to favor one of these models. consistently shorter than either A- and B-DNA distances

This inclination will be further strengthened by analysis of (Figure 2a). This observation is also in agreement with
the pool of structures generated by Monte Carlo calculations. previously reported date2).

Base-to-H2and Base-to-H3Distances Deried from 2D The simplest explanation is that the H6/81' distances
NOE Data Indicate Sugar Repuckering MotionBirst, let  are being systematically underestimated because of errors
us consider H6/8H2" and H6/8-H3' NOE distance bounds.  in the MARDIGRAS treatment. This results from the strong
These distances are dramatically affected by sugar puckercontribution of spin diffusion to these particular NOE
in A- and B-DNA: (a) H6/8-H2' is about 1.7 A shorter in  intensities via the H2and H2' pathway, especially at higher
B-DNA, and (b) H6/8-H3' is about 1.4 A shorter in A-DNA.  mixing times. However, it has been shown in model

The effect of sugar pucker on these distances has beersimulations §) that the error resulting from spin diffusion
investigated by several groupd(( 18—21). Lane has in the average distances calculated by MARDIGRAS is smalll
proposed the presence of a fast N/S repuckering equilibriumand is compensated by a wider scatter of individual distances,
to rationalize NOE datal@, 20). In fact, by comparison of  such that the correct distances are always found within the
experimental NOE data to canonical A- and B-DNA models, calculated bounds. The same type of conclusions can be
it is evident that these distances cannot be reconciled with adrawn from analysis of the bounds calculated by MARDI-
single conformation: baseH2' bounds are consistently GRAS at four different mixing times (70, 130, 200, and 270
somewhat longer than standard B-DNA but not too close to ms) for thec® consensus sequence (data plots not shown).
A-DNA (Figure 2b), while baseH3' distance bounds are Taking into account the size of the molecule, we expect the
consistently shorter than found in B-DNA and closer to NOE intensities to be affected negligibly by spin diffusion
A-DNA (Figure 2d) than are baseH2' bounds. This at 70 ms, while being dominated by spin diffusion at 270
apparent contradiction can be justified by the presence of ams. It was observed that, while the average distance value
conformational equilibrium with fast exchange between N decreases by about 0.1 A going from 70 to 270 ms, the scatter
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H6/8—H1' distances on the standard deviation assuming a normal distribution gfttrsion angle about an average value of 28%

pyrimidines and 255for purines. The distance value read at O standard deviation represents theH16stance when no restricted

rotational motion ofy is occurring. In both (a) and (b), distances were calculated assuming sixth root averaging of distances for a single
conformer. The shaded areas represent the ranges of fraction of syn conformer (a) and standard deviation (b) that are required to match the
experimental baseH1' NOE upper bounds of all nonterminal residues in all three duplexes.

of individual distances increases. In the end, this small Moreover, neither of these two models is physically
decrease was well within the bounds ultimately used in unreasonable. Experimental data from X-ray crystallography
structural calculations. and NMR indicate that both anti and syn conformers can be

The second explanation considers the possibility that abpresentin ohgonuqleotldes. On the other hand, Drew et al.
dynamic process occurring at theangle is responsible for ~ (27) reported that in many cases the sugar ring appears to
short H6/H8-H1' distances. It has been observed that P€ rocking about the glycosidic bond. Establishing whether
intraresidue baseH1' distances change sinusoidally with ©One or the other of these motions is occurring in our DNA
torsion angley (10), such that the distance in canonical A- duplexes in solution is our task in this paper.
and B-DNA lies on either side of the top of a sinusoidal ~ Assuming that distances are averaged as the sixth root by
curve. Thus, any fluctuation of theangle from the value  fast motion (vide supra), (1) for the two-state jump diffusion
of standard A- and B-DNA must lead to a shorter H6/H8  model, we calculated the fraction of the syn conformer that
H1' distance. On this basis, two plausible internal motion needs to be present at equilibrium in order to explain the
models have been proposed to explain the experimental dat&xperimental data, and (2) for the restricted diffusion model,
(26): (1) the jump diffusion model, which describes the assuming a normal distribution of thetorsion angle with
effect of a jump between two stable conformations (syn and an average value of 255or purines and 235for pyrim-
anti); (2) the restricted diffusion model, which allows idines (typical of B-DNA), we calculated how broad this
restricted rotation about the glycosidic bond between the distribution should be in order to shorten bastl’ distances
anglesy + Ay, wherey is a value in the anti conformational by the observed amount. We found that the experimental
region. In the first model, the syn conformer has a much NOE data can be satisfied by (1) less than 10% of syn
shorter baseH1' distance (about 1.3 A shorter) than the anti. conformer at equilibrium for either purines or pyrimidines
In the restricted diffusion model, rocking about the glycosyl (Figure 3a) or (2) a normal distribution with a standard
bond produces conformers with shorter basi’ distance. ~ deviation of 28-40° for purines and even higher for
In either case, because of the distance weighting of NOE pyrimidines (56-60°) (Figure 3b).
intensities, the NOE-derived distances will be shorter than  While the percent of syn conformer calculated is in
either A- or B-DNA, in accord with experimental data. agreement with what has been previously estima2éy] the
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standard deviation values we found are a bit larger than (1) torsion angles appears to be more dispersed compared

expected, especially for purines [Gaudin et &6)(found
that aAy of 28° could best explain their relaxation data].
This may be the result of oversimplification in our calcula-
tions. We reserve discussion of this issue in more detail
later in the paper. At this point let us just conclude that
analysis of the H6/8H1' NOE distances alone does not
allow us to favor unequivocally one model over the other.
Consideration of All Intraresidue Bas&ugar Distances.

So far, we have only analyzed H6/H812', H6/H8—H3'
distances and H6/H8H1' distances independently. Now,

to what has been seen in regular rMD, (2) the syn conformer
at the glycosidic bond is only found in terminal residues and
in one subterminal residue (adenine 15), (3) the sugar rings
are jumping between N and S conformations, with the S
conformer dominant, (4) the change in P is associated with
a smaller, but consistent, change in gh®rsion angle value.
This is in agreement with the previously observed correlation
between the glycosidic torsion angle and the backbone/sugar
torsion angle) (11), sinced is strongly related to the sugar
pucker. Recapitulating, for individual residues during MD-

let us consider all the base-to-sugar distances, includingtar simulations two interchanging conformations with dif-

distances to H2and to H4 that we have not discussed yet.
While a base-H1' distance depends directly only on the
glycosidic torsion angle, the other baseigar protor-proton
distances are determined by both theangle and sugar
pucker.

Intraresidue distances to Mdike those to H2 are shorter
in B-DNA than in A-DNA. We might therefore expect the
corresponding NOE bounds to behave alike. However, if
we look carefully at the experimental values, we notice that,
while base-H2' bounds are mostly in agreement or longer
than in B-DNA (Figure 2b), baseH2" bounds are consis-
tently shorter than in standard B-DNA (Figure 2c). In a
similar way, comparing baseH3' with base-H4' distances,
we note that they are both longer in B-DNA than in A-DNA,
but the NOE bounds for bas#l4' are systematically shorter
and closer to A-DNA than are basel3' bounds (Figure
2d,e).

Sugar repuckering, which accounted for bak®' and
base-H3' bounds observations, cannot fully explain what
we see with bounds to H2and to H4. There must be some
other variable that is affecting bassugar distances differ-
ently. This causes bounds to Hand H4 to be shorter than
those to H2 and H3, respectively. Since the only other
structural variable directly affecting these distances is the
torsion angley, motion about this angle must be responsible
for these observations.

We conclude that any motion about the glycosyl bond that
is responsible for short basé&i1’ bounds is also shortening
base-H2" and base H4' distances, while it is not affecting
base-H2' and base H3' distances. Of the two previously
proposed motional models involving theangle, we will
find out that only one can explain this behavior.

Feasible Internal Motional Models: Analysis of MD-tar
Trajectories. To help explain the observed NOE bounds,

we analyzed structures generated during MD-tar simulations.

The trajectories we used were run on the Pribnow box
octamer duplex 16). In MD-tar simulations, the experi-

ferent P ang values exist. These are characterized by sugar
puckers in the N and S regions. The syn conformer is
populated only for the terminal residues of the duplex.

Finally, in our aim to explain the observed NOE bounds,
we plotted basesugar interproton distances against the
glycosidic torsion angle value for each snapshot of the
trajectory. This allows us to see directly any dependence
of the distances on variations pf Figure 4 shows all base
sugar distances ysangle plots for adenine 5. It is evident
for those distances that change significantly between N and
S sugar puckers (base H812', H8—H2" and H8-H3' in
particular), two interchanging populations corresponding to
conformers with S and N sugar pucker. The two curves
shown in the plots represent how the distances change with
the y angle in standard A and B adenine residues. These
curves were obtained simply by measuring the-td8gar
distances while “manually” changing starting with two
standard A and B adenine residues. This entire range is, of
course, physically not very realistic; however, it helps in
understanding the plots.

Now, let us reconsider the two proposed motional models
of motion about the, angle: the jump diffusion model and
the restricted diffusion model. Using the plots in Figure 4,
we will try to justify the NOE patterns observed for all H8
sugar distances using first one model and then the other. To
simplify our analysis when trying to explain the effectyof
flexibility, we will focus our attention on the major popula-
tion with S sugar pucker. The minor N conformer is used
to analyze the effect of sugar repuckering.

The jump diffusion model describes the effect of a jump
between syn and anti conformers. These structures have
preferredy regions from 190 to 270 (anti) and from 40
to 9 (syn) (L0). The MD-tar structures (Figure 4) reflect
the experimental HBH1' NOE bounds (Figure 2a) which
are shorter than in A- or B-DNA, both being in the anti
region. The syn conformer has H811' distances about 1.3

mental restraints and the associated penalty function areA shorter than the anti conformer. Thus, the presence of

monitored as a running average with exponential weighting
to emphasize more recent steps during an rMD simulation.

small amounts of a syn conformer in equilibrium with the
anti conformer can explain the observed short values. Base

As the interproton distance restraints are enforced as aH8—H2', H8—H2", H8—H3, and H8-H4 bounds are
running average rather than at every snapshot as in the usuatlirectly affected by sugar pucker as wellyaangle. Sugar

rMD simulations, MD-tar has proved to explore conforma-
tional space more efficiently. This allows MD-tar to account
better for any molecular flexibility encoded in the experi-

repuckering with S/N equilibrium can partially explain the
experimental NOE values. However, we noticed that H8
bounds to H2 and to H4 are relatively shorter when

mental data which cannot be satisfied by a single conforma-compared to both A- and B-DNA than are bounds td H2

tion.

First, we examined how thg torsion angle and the
pseudorotation angle P change during the simulation. In
agreement with the original papet6], we observed that

and to H3, respectively (see Figure 2). We attributed this
difference togy flexibility (vide supra). In the syn conformer,

all these distances have about the same value as in the anti
conformer, or in some cases, they are longer. Thus, the jump
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Ficure 4: Correlation between H8sugar proton distances and the glycosidic torsion angle for adenosine 5 in the Pribnow box octamer
duplex d(GTATAATG)-d(CATTATAC) obtained from MD-tar simulations<900 structures, green). The plots also show how-ki8yar

proton distances change wighangle in adenosine residues with either S (blue) and N (red) sugar pucker. These curves were obtained
simply by measuring the base H8ugar proton distances while manually changirggarting with two standard A and B adenosine residues.

diffusion model does not explain shortening of H8 NOE same arguments hold for H6 protons in pyrimidines as for

bounds to H2 and H4 relative to those to H2and H3, purine H8.

respectively. Thus, of the two proposed models fpiflexibility, only
The restricted diffusion model allows restricted diffusion the restricted diffusion model, combined with S/N sugar

about the glycosidic bond between the angles Ay, with repuckering, is able to justify the observed basegar

an averageg value of about 255for adenines with S sugar ~ bounds patterns.

pucker. This model can explain the observed base HB Analysis of a Pool of Conformers Generated by Monte
short bounds, since deviations pfrom the average value Carlo Calculations. So far, we have analyzed structures
decrease the distance to 'H1Base H8-H2' and H8-H3' being generated by MD-tar simulations. One could argue

distances fall in a valley of the sinusoidal curve, whileH8  that biases affecting this method may also prejudice our
H2" and H8-H4' distances lie on a slope of the curve. conclusions. Consequently, we decided to analyze a pool
Consequently, experimental distances of H8 td bd to of conformers generated by the Monte Carlo module of the
H3' will increase whery oscillates around the center position. DNAminiCarlo program. Unrestrained energy minimization
Instead, distances to M2and to H4 will increase whery calculations were previously carried out on a two-base-pair
changes upward and decrease wpenoves downward the ~ DNA fragment with sequence d(CA)TG). Improved
slope. Since NOE distance bounds are biased toward shorsampling of conformational space was achieved by applying
values, we conclude that rocking about the glycosidic bond the “scanning procedure” described elsewhédrg (8).

can justify short H8-H2" and H8-H4' bounds, while This pool of conformers was analyzed in a fashion similar
bounds to H2and H3 are little affected. Obviously, the to that of the MD-tar trajectories described in the previous
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Ficure 5: Correlation between H8sugar proton distances and the glycosidic torsion angle for adenosine 2 in the dimer duplex d(CA)
d(TG) obtained from unrestrained energy minimization performed by the Monte Carlo modules of the DNAminiCarlo program. Covering
of conformational space was achieved by applying the “scanning procedure” that has been described elsévill@re (
section. Figure 5 shows the dependence of intraresiduemore clearly defined in the DNAminiCarlo plots. This may
base-sugar distances on theangle value for the adenine appear somewhat surprising if we consider that the Monte
residue. As for MD-tar, it is easy to notice the presence of Carlo simulations were run free of experimental restraints.
two populations corresponding to conformers with S and N However, it can be easily understood since, in DNAmini-
sugar pucker. Carlo, sugar pucker amplitudes are allowed to change only
Two main differences can be pointed out: (1) the torsion within a small range, while there are no restrictions in MD-
angley is shifted toward smaller values, and (2) there is a tar simulations. In fact, in the MD trajectories, it is easy to
narrower range of distances in the pool of conformers find conformations with unrealistic sugar pucker amplitudes.
generated by the Monte Carlo method. The shift inthe  These are often the result of inconsistencies in the NOE data
angle value probably results from the NOE restraints being enforced during the simulation.
applied during MD-tar but not during DNAminiCarlo With the differences being taken into account, the
calculations. In particular, short H8H2' and H8-H2" DNAminiCarlo plots support the same type of conclusions
bounds are pulling the torsion angle to higher values during we draw from analysis of MD-tar simulations. Specifically,
MD-tar simulations in order to satisfy the restraints. Second, the existence of a S/N sugar pucker equilibrium in tandem
because of the narrower ranges of distances, the twowith restricted rotation about the glycosidic bond best
populations corresponding to N and S sugar conformers areexplains the NOE patterns.
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CONCLUSIONS Existence of such a fast internal motion, faster than the
overall tumbling time of the duplex, will reduce cross-
relaxation rates and, consequently, NOE intensities. Model-
free analysis indicates that motional averaging of distances
will change from aii~%(dependence to & x I~¢0). Thus,
distances calculated from NOE intensities will be overesti-
mated if we do not take into account the contribution from
fast internal motion. However, our intensities, calculated
fluctuates around an average value, as described by &Y MA_RDIGRAS' were nc_)rmalized against fixed distgnces
restricted diffusion model. Thus, sugar repuckering accounts (Cytosine H5-H6 and thymine methytH6 distances). Since
for (a) base H8/H6H2' and H8/H6-H2" bounds which are @l C—H vectors in DNA were found to have order
longer than in typical B-form DNA conformation and (b) Parameters around 0.8, we expect all pretproton pairs
H8/H6—H3 and H8/H6-H4' bounds which are shorter than {0 have similar order parameter values as well. Normaliza-
in standard B-DNA and closer to A-DNA. On the other tion of the NOE intensities should minimize any contribution
hand, restricted rotation about the glycosidic torsion angle from fast internal motion as long as the internal motions are
justifies () H8/H6-H1' bounds shorter than in both A-and ~ comparable for all proton pairSQ).

A Motional Model for Duplex DNA: Sugar Repuckering
and Glycosidic Torsion Angle Flexibility.Analysis of
intraresidue basesugar interproton NOE bounds patterns
suggests a motional model with S/N sugar repuckering, with
S being the preferred conformer. Associated with repuck-
ering, there is a small, but consistent, change in the glycosidic
torsion angley. In addition to this, they torsion angle

B-DNA and (b) H8/H6-H2" and H8/H6-H4' bounds Studying molecular flexibility through analysis of proten
relatively shorter than for H8/H6H2' and H8/H6-H3' proton distance values offers an advantage, compared with
bounds, respectively, when compared to standard A- andthe heteronuclear relaxation parameter studies alone, of
B-DNA values. yielding a realistic picture of the type of motion in the context

Even if we cannot exclude the presence of small amountsof known structural information. Our model describes two
of syn conformer at equilibrium with the anti conformer in  types of motion: restricted rotation about an average position
our analysis, it is clear that the jump diffusion model cannot of the glycosidic torsion anglg and N/S sugar repuckering
fully explain the experimental data. Hence, this model is associated with a shift of the averag®alue by about 60
not required. It is reasonable to argue that these two motions occur on a

We pointed out earlier that the standard deviation estimateddifferent time scale, with sugar repuckering being slower,
for the restricted diffusion model is broader than what has since it involves transitions between different energy minima.
being previously estimated. However, our calculations were If this is the case, then the value &f found by the model-
performed assuming a single Gaussian distribution centeredfree analysis of relaxation parameters, should reflect the time
about theg angle value typical of S sugar pucker. Our study scale of the fastest motion, i.g.angle fluctuations. While
also suggests the presence of a smaller percent of Nthe time scale for sugar repuckering is not truly known, it is
conformer with shiftedy torsion angle. The reasoning for likely to be in the nanosecond range and, consequently, to
variations in H8/H6-H1' distances with restricted angle  be difficult to distinguish from overall molecular tumbling
diffusion on the S conformer also applies to the N conformer. put to have nonnegligible effects on cross-relaxation rates.
S'\’/Loreg;/f; rr?cc))rtg s'c\:/la?t:?é daé}(sjtr:?)':'éio\orglglfcarlo Izlmlilr?él?\lns In recent years, methodology development has permitted
cog?ormer Thus. the presence of a g:g'l? percent of N us to determine quite well the Fime-aver_age,_ sequence-
conformer.with a t;roadeg angle distribution should further dgpendent structure of (_jouble hehcgl nucleic aCIdS'- Key to
diminish the measured distance. Of course, this implies athls hgs bee_n the use of interproton distances determined from
narrower distribution for theg anglé intheSco’nformer By twp—dlmensmnal nuclear Qverhau_ser effect spectroscopy

. . S o using the complete relaxation matrix approach embodied in
repeating our calculations considering twangle distribu- . X :
. . the software MARDIGRAS. However, with the increasing
tions corresponding to the N and S conformers, we could number of studies conducted in our laboratory, it has become
estimate the size of the distributions, but this would entail . . e ) .
nearly as many parameters as observables. clear th_at certain classes of d|stance_s are inconsistent with
. . others in each of the structures studied. Indeed, some are

Finally, we need to consider the effect that random rota- . . . . o

inconsistent with the duplexes possessing structure in either

tional molecular motion has on NOE intensities. In the the B or A familv of structures. i.e.. those which one would
model-free approach of Lipari and Szal3d)(the information . . yors o
imagine are energetically most reasonable.

on internal motions is specified by two model-independent
quantities: an order parame®®rwhich is a measure of the The current investigation has examined possible causes
spatial restriction of the motion and an effective correlation for these inconsistencies, focusing on the likelihood that
time 7. which is a measure of the rate of the random internal internal motions are responsible. It has been demonstrated
motion. Kojima and James (unpublished results), using the that repuckering of the deoxyribose ring, which scalar
model-free analysis on six relaxation parameters measuredcoupling-based spectroscopy results suggest occurs, cannot
on a'C-labeled DNA duplex d(CATTTGCATGCY(GAT- reconcile all the NOE data. However, restricted rotational
GCAAATG), estimated internal motions in the picosecond diffusion about the glycosidic bond, together with sugar
time scale (16-40 ps), with an order paramet8t ~0.8 for repuckering, does account for the NOE data, indicating that
C—H vectors in both bases and sugars. Using a simple this is a general phenomenon as it has been observed in each
wobble-in-a-cone modeRg) gives some physical perspec- of the DNA duplexes studied in our laboratory. A more
tive to an order parameter; a value of 0.8 means thatBlC  complete description of the dynamic nature of the duplex
vector can rapidly reorient up to an angle of’44Similar accounting for repuckering and glycosidic bond diffusion will
relaxation data have also been described by other gr@éps (  require an analysis using more sophisticated modeling and
29). additional data.
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