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ABSTRACT. The three-dimensional structure of d(GCATATGATAGICTATCATATGC), from the
promoter region of a gene regulating sporulatioBacillus subtilismother cells, was determined utilizing
two-dimensional nuclear Overhauser effect (2D NOE) and double-quantum-filtered COSY (2QF-COSY)
spectra. To minimize the effect of methods used to obtain restraints and refine structure, several variables
were studied. Interproton distance bounds were calculated very conservatively by running the complete
relaxation matrix program MARDIGRAS hundreds of times using 2D NOE spectra for exchangeable and
for nonexchangeable protons at different mixing times, assuming different overall correlation times and
different starting structures. The 435 distance restraints were used with two different structural refinement
methods: restrained molecular dynamics (rMD) and restrained Monte Carlo calculations (rMC).
Refinement using different procedures and starting structures resulted in essentially the same structure
(<0.8 A rmsd), indicating that the structure is defined by experimental restraints and not the refinement
method or variables usedR factors indicate the structures fit the experimental NOE data very well.
Some helical parameters, notably large negative X displacement, are characteristic of A-DNA, but others
are characteristic of B-DNA. As with T&A steps in other duplex DNA sequences studied in our
laboratory, the two TECA steps have a positive roll, with T6-G7 exhibiting the largest, and consequently

a bent helix axis. The converged structure represents a time-averaged structure. However, multiple
conformations, especially in deoxyriboses, were evident from vicinal coupling constants obtained from
guantitative simulations of 2QF-COSY cross-peaks and from persistent inconsistencies in experimental
distances due to nonlinear conformational averaging.

Many important biological or pharmacological processes 1000-10000 times stronger affinity for transcription factors
are affected by specific interactions of DNA with other than do random sequencey.( In duplex DNA, major and
molecules, e.g., proteins, RNA, mutagens, or drugs. It hasminor grooves provide the topology and there are sequence-
been observed that such interactions can be significantlydependent variations in the patterns of hydrogen bond
affected by changes in the sequence of DNA. Indeed, effectsacceptors and donors. There is little distinction in the
are manifest even when mutated residues are not directlyhydrogen bond pattern in the minor groove, but there is
involved in contacting the protein, but the mutation induces significant variation in the major groove. The major groove
conformational distortions in the DNA moleculé)( In also exhibits nonpolar patches in the C5 region of pyrim-
particular, the three-dimensional arrangement of hydrogen-idines with an obvious difference even between C and T.
bonding sites, bases, and helix geometry are structuralThe strength and kinetics of specific binding of a ligand to
features of DNA molecules specifically recognized by a double-stranded DNA depend on the ligand matching these
proteins. For example, specific promoter sequences exhibitand other contacts in a “direct readout” of the sequefge (
However, the sequence-dependent conformation of DNA
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bound. With binding, there is undoubtedly a favorable extracted by simulation of COSY cross-peak patterns with
entropy change upon displacement of counterions, but somethe programs SPHINX and LINSHALQ).

of that entropic advantage could be lost by the gain in entropy  The DNA sequence d(GCATATGATAG)-

of the DNA itself upon complexation. If the free DNA (CTATCATATGC) studied in this paper is found in the
structure closely resembles that of the bound state, therepromoter region of the gengerE which is expressed in
would be little entropic price to pay upon binding. In Bacillus subtilismother cells during sporulatiol{). Gene
addition, conformational flexibility of the double helix at expression irB. subtilisis a hierarchical cascade of at least
specific sites may play an important role in recognition by four temporally controlled gene sets. The first three each
proteins, perhaps by providing loci with a propensity for contain a regulatory gene that governs expression of the next
conformational change which is then manifest upon protein gene set in the pathway. Tl RNA polymerase (carrying
binding. transcription factooX) has been shown to transcribe in vitro

While the overall folding geometry of proteins and RNA from gerE and at least three other genes involved in
is often the goal of structure studies, when DNA duplexes sporulation. The promoter regions of these genes each
are being studied, the question that should be addressed isontain sequences similar to CATA— —TA at about
how the conformation varies with sequence. Since theseposition —10 relative to their transcription start sites,
sequence-dependent structural variations are very subtle, theuggesting that this particular sequence is important for
structure must be determined with high resolution and high recognition of the promoters by RNA polymerase. A
accuracy. A better understanding of the rules governing related sequence is also found in the promoter region of genes
sequence-dependent structural heterogeneity in DNA couldtranscribed bys® RNA polymerase. Thus, this undecamer
some day contribute to the “rational design” of new drugs DNA molecule contains the consensus sequence for promot-
targeted to interact directly with a gene (DNA) rather than ers recognized by RNA polymerases carrying the sporulation
a gene product (protein). o factors.

Recently, the quality of DNA structures determined via  This study also continues our investigation of the structural
NMR has improved sufficiently to provide an alternative. qualities of alternating purine-pyrimidine sequences, espe-
The methodology for determination of structures with cially A- and T-rich sequences. Previous studies of DNA
sufficient resolution has not been easily achieved, but the duplexes in our laboratory have produced clear sequence-
ability to determine an accurate, high-precision structure of dependent variations in the geometry which has been
nearly any DNA duplex with a length of 15 base pairs is  Statistically analyzed1@). Interestingly, two of the se-
now possible with sufficient care and effod)( Especially quences studied exhibit a noticeable bend of the global helix
useful NMR experiments are two-dimensional nuclear Over- axis at each of three TGA steps. However, in each of the
hauser enhancement (2D NOEpectroscopy and, to a lesser three cases, the T was preceded by a pyrimidine. The DNA
extent, double-quantum-filtered correlated (2QF-COSY) molecule investigated in this paper contains a TG step,
spectroscopy which are used for extracting pretproton with a preceding A, in the middle of the sequence interrupting
distances and sugar torsion angles, respectively. Thesean alternating series of AT steps. Certainly, the high-
NMR-derived parameters are subsequently used as structurafesolution structure of this molecule will prove to be valuable
restraints in refinement methods such as restrained moleculain elucidating conformational variations related to DNA
dynamics (rMD) calculations, which search conformational sequence.
space to find structures consistent with the experimental data.

Other refinement methods are also available; in particular, MATERIALS AND METHODS

distance geometry algorithms are commonly used for protein
structural refinement, and restrained Monte Carlo (rMC)
calculations have occasionally been used. The two DNA undecamers, d(GCATATGATAG) and

Improvements in structure determination have also beend(CTATCATATGC), were synthesized on an Applied Bio-
realized by developing methods for increasing the accuracysystems, Inc., model 380B synthesizer and purified via
and the number of structural restraints, such as, extractionreverse-phase HPLC as described previousdy. (The DNA
of interproton distances from 2D NOE intensities via a duplex was prepared for NMR by titration of one undecamer

Sample Preparation

“complete relaxation matrix approachB)(and the determi-  in phosphate buffer solution (pH 7.0) with a similar solution
nation of sugar torsional angles from protgoroton coupling of the complementary strand, monitored via 1D NMR. The
constants by applying optimized Karplus equatiods§). resulting solution [20 mM sodium phosphate, 0.1 M NacCl,

MARDIGRAS (matrix analysis of relaxation for discerning and 0.1 mM EDTA (pH 6.9)] was about 2.5 mM in duplex.
geometry of aqueous structures) is the algorithm we use toFor experiments with exchangeable protons, the sample was
calculate reliable distance bounds from NOESY spe@ya (  lyophilized and the dried product dissolved in 90%CHA

On the other hand, accurate coupling constants can bel0% 2H.0.

1 Abbreviations: NMR, nuclear magnetic resonance; 1D NMR, one- NMR Spectroscopy

dimensional NMR; 2D NMR, two-dimensional NMR; 2D NOE, two- 1 :
dimensional nuclear Overhauser effect; 2QF-COSY, double-quantum- H NMR experiments were run at 600 MHz on a Bruker

filtered correlation spectroscopy: TOCSY, total correlated spectroscopy; AMX600 spectrometer. All 2D NMR measurements were
EDTA, ethylenediaminetetraacetate; FID, free induction decay; rMD, taken at 25C except for 2D NOE experiments in,@8 which

restrained molecular dynamics; rMC, restrained Monte Carlo calcula- ywere also run at 5 and 1TC.

tions; MD-tar, molecular dynamics with time-averaged restraints; rmsd, L . ]
root-mean-square deviatioR?, sixth-rootR factor; P, pseudorotation For quantitative analysis, four 2D NOE spectreffiyO
phase angle. were recorded at mixing times of 70, 130, 200, and 270 ms.
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The experiments were carried out using exactly the samepoints in thet, dimension, and a spectral width of 8000 Hz
conditions without removing the sample from the magnet. in each dimension, resulting in about 13 and 53 ppm spanned
Quadrature detection ia was achieved by TPPL4) of the in the proton and carbon dimensions, respectively.

pulse immediately preceding the increment petioith 90° 13C T, values were measured using a pulse sequence that
steps along witit,. Low-power continuous-wave irradiation  includes a double DEPT transfer of magnetization figin
was applied to the residual water signal during recycle and to 13C and then back again 1, after being labeled by
mixing delays. A spectral width of 6024 Hz was used with of 13C, for detection 20). This pulse sequence had been
the carrier frequency set to the HDO resonance frequency.modified to use gradients instead of homospoil pulses. Due
A total of 1024 FIDs of 4K real data points were collected to the low sensitivity of this method on an unlabeled sample
in t; with 32 scans at eadhvalue. The delay between scans like ours, a large number of repetitions were required to
was 2.5 s. obtain a useful signal, precluding two-dimensional experi-

2D NOE spectra in kD were acquired with a-11 echo  ments. Five 1D spectra, each with 8K data points and an
excitation pulse centered on,®. Data were collected for 8000 Hz spectral width, were acquired with relaxation delays
a spectral width of 12 500 Hz, and the excitation maximum of 2, 10, 100, 200, and 500 ms and were used to estifate
was set to the imino proton region at 13.2 ppm. Spectra values. To minimize experimental error and increase the
were recorded with a 158 ms mixing time at 5, 10, and 25 sjgnal-to-noise ratio, each spectrum was acquired twice and
°C. Atotal of 512 FIDs of 2K real points were collected in  the sum of corresponding spectra used to deterfijne

t, with 64 scans at each value. _ 13C{1H} NOE experiments were carried out in a similar
2D NOE spectra were processed using TRIAD, the NMR fashion, with the pulse sequence modified to measure NOE
software within the Sybyl software package of Tripos, InC. jnstead ofT; values. Again, due to the low sensitivity of
(St. Louis, MO). A Gaussian window function was used the method on an unlabeled sample, 1D spectra were obtained
for resolution enhancement in both dimensions. Prior t0 rather than 2D spectra. Thus, 1D spectra with 8K data points
Fourier transformation, the FIDs were zero-filled to give a znd an 8000 Hz width were acquired with and without NOE
final 2K x 4K data set with a digital resolution of 1.5 Hz/  transfer being allowed. Each experiment was repeated twice
point inw, and 2.9 Hz/point inw; in the case of the spectra  gnd the sum of the corresponding spectra used. "be
recorded in"Hz0. With the larger spectral width, spectra {14} NOE was determined by the difference of correspond-
acquired in HO had a lower final resolution: 3.1 Hz/point  jng peak intensities acquired with and without allowing NOE

in w2 and 6.1 Hz/point inv. transfer between atoms.
Pure absorption 2QF-COSY data were recorded using the

TPPI scheme, with 1024 FIDs of 4K points collectedtin Analysis of NMR Spectra

and 48 scans for eathdelay. Acquisition times were 340

and 85 ms irt, andty, respectively, with a repetition delay Model Structures.Several structures were generated to
between scans of 2.5 s. The spectral width was set to 60240€ used as starting models for running MARDIGRAS,
Hz. The averaged FIDs were apodized using a squared sindccORMA, molecular dynamics simulations, and Monte Carlo
bell function, shifted by 39 in both dimensions and zero- ~calculations. Three different molecular modeling programs

filled to a final data matrix of 1Kx 4K points. Digital ~ Were used to generate all-atom models with all hydrogen
resolution of the processed spectrum was 1.47 Hz/point in &toms explicitly included: the module NUCGEN of AMBER
w, and 5.88 Hz/point inw1. version 4.0 21), Sybyl 6.0 (Tripos), and the program

The total correlated spectroscopy (TOCSY) data were DNAminiCarlo (2'2)'Which allows genergtion of DNA duplex
acquired by standard method&5( 16). A 4K x 1K models by specifying generalized helical parameters. Stan-
spectrum was acquired with 32 transients at eactalue. ~ dard A- and B-form DNA models23, 24) were created with
The spectral width was set to 6024 Hz in both dimensions. €ach of the programs mentioned above. All structures were
This spectrum was processed to yield a 2KIK spectrum  then energy-minimized by the three programs using their
using a sine-square apodization function shifted by 70 different empirical force fields.

applied in both dimensions prior to Fourier transform. Extraction of Protor-Proton Distance Bounds from 2D
Measurement ofH spin—lattice relaxation timed; was NOE Spgctra.ZD NOE mten_smes were measured using the
performed by the inversierarecovery method. Spinspin locally written NMR-processing program package SPARKY.

relaxation timesT, were determined using the Hahn spin- Intensities were determined by line fitting the cross-peaks
echo method. Imino proton exchange rates with bulk water to a Gaussian function and subsequent integration of the
at 5, 10, and 25°C were determined by analyzing the theoretical curved5). With the 2K x 4K spectra, good
exponential decay of imino protons, while a spin-lock field fitting was achieved even for weak cross-peaks, allowing
was applied selectively to the water signav,(18). extraction of all intensities solely by line fitting. Final
IH-detected*C NMR spectra were acquired at 26 on intensities were obtained by averaging corresponding cross-
a Varian Unityplus 600 MHz spectrometer equipped with a peaks on both sides of the diagonal. In the few cases where
triple-resonance probe and actively shielded gradient coils.the two cross-peak intensities were significantly different,
These spectra were all processed and analyzed in the usudhe most reliable was taken. Cross-peaks involving ex-
way with the locally written programs STRIKER and changeable protons were integrated from 2D NOE spectra
SPARKY (Day and Kneller, University of California at San recorded in HO and scaled to take into account the excitation
Francisco, 1995). ThtH-detected heteronuclear multiple-  profile of the -1 echo sequence.
quantum coherence (HMQC) spectrui®) was recorded Proton-proton distances were calculated from 2D NOE
using an unlabeled sample and the following parameters: 256cross-peak intensities using the complete relaxation matrix
FIDs in thet; dimension, 64 repetitions for each FID, 2048 approach implemented in the program MARDIGRAZ)(
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A single correlation time for the whole molecule (isotropic restraints (rMD) and restrained Monte Carlo calculations
motion) was assumed with no internal motion. For methyl (rMC).
groups, a three-state jump model was ug).( The overall Generation of Restraints for Structural Refinemeiihe
isotropic correlation timer, was estimated by three inde- restraints used during molecular dynamics simulations and
pendent methods (vide infra). To cover conservatively all Monte Carlo calculations included interproton distances
uncertainty in the results, three sets of MARDIGRAS runs, derived from experimental NOE data and Wats@rick
with three different correlation time values (2.0, 3.0, and 4.0 hydrogen bond distances and angles. Sugar torsional angles,
ns), were performed. Experimental intensities involving from 2QF-COSY analysis, were not used, since the sugar
nonexchangeable protons from four 2D NOE spectra ac- conformation appeared to be well-defined by interproton
quired with 70, 130, 200, and 270 ms mixing times were distance restraints alone. The structural insights derived from
used. Prior to the calculation of the distances, the experi- scalar coupling data can be used as an independent monitor
mental intensities were normalized with the theoretical ones of the structural results.
by considering only intensities involving protons at fixed The restraint term introduced into the potential energy
distances, i.e., H5H6 in cytosines, methytH6 in thymines, function to enforce the experimental restraints takes the
and H2—H2" proton—proton distances. A total of 11  quintipartite form of a flat-well potential with flat, parabolic,
models were used as starting structures to run MARDIGRAS and linear parts. The exact form of the restraint term used
(standard and energy-minimized A- and B-DNA generated by AMBER has been previously described0). Upper and
by AMBER, Sybyl, and DNAminiCarlo; energy-minimized lower bounds from the MARDIGRAS analysis delimit the
A-DNA by Sybyl was not used, refer to the model structure flat region of the potential. In the flat region, no energy
section above) for a total of 132 runs. penalty is applied. The force constant for the experimental
To calculate distances involving exchangeable protons, adistance restraints terrkyog, was set to 20 kcal mot A2
single set of intensities acquired with a 158 ms mixing time at 300 K. This value was increased when the temperature
was used, together with two starting models and three was raised during rMD and rMC calculations.
estimates of correlation time. To account for experimental ~ Restraints for hydrogen bonds were added for Watson
errors, the RANDMARDI algorithm implemented in the Crick base pairs. These include distance restraints and flat
MARDIGRAS software was applied). angles between the three atoms forming the hydrogen bond.
For each proton pair, average values for distances andThe values used are consistent with crystallographic Gaja (
upper and lower bounds were calculated as well as standard@nd have been previously used in NMR structure refinement
deviations. The corresponding standard deviations were(30). Use of WatsorCrick hydrogen bond restraints is
added and subtracted from the average distances, and th&specially important for preventing the two strands of the
resulting values were compared to the average upper ancdduplex from flying apart when the temperature of the system
lower bounds. Then, the two values that resulted in the largeris raised during simulations. The force constant for Watson

width were chosen as upper and lower bounds for structure Crick hydrogen bond distance restraints was always lower
refinement. than that for experimental restraints throughout the simula-

tions.

Restrained Molecular Dynamics SimulatiorRestrained
molecular dynamics calculations were performed using the
module SANDER of AMBER version 4.®2() on a cluster
of Hewlett-Packard 735 computers. Molecular dynamics
simulations were performed using energy-minimized A- and
B-DNA as starting models. These structures were generated
by the NUCGEN module of AMBER and energy-minimized
(vide supra). Prior to minimization, large (hydrated) sodium
ions (radius of 5.0 A) were added along the DNA backbone,
5 A from the phosphorus atoms, to neutralize the phosphate
negative charges; they were subsequently free to move. All
MD simulations were run in vacuo with optimized parameters
previously used to refine duplex structures in our 18, (

32, 33).

When we started from B DNA, rMD simulations were
run for 50 ps at a constant temperature of 300 K. No restraint
Erces were applied during the first 200 steps of the run.

rom step 201 to 1000, the restraint force constant was
gradually increased to its final value (20 kcal moA—2)
which was then maintained through the rest of the simulation.
When A-DNA was used as the starting structure for MD
runs, an annealing protocol was used to overcome local
energy barriers. The temperature of the system was gradually
raised to 900 K during the first 2000 steps of the run. The
system was then kept at this temperature for the next 10 000

Two different methods were used for structure refine- steps and gradually cooled to 300 K. The temperature was
ment: simulation of molecular dynamics with experimental not changed for the last 10 000 steps of the simulation. The

In the same fashion, the program CORM28| was run
to simulate NOE intensities from a model structure and to
compare these intensities to the corresponding experimenta
intensities by calculating convention& factors R and
sixth-root R factors R (5). A 3.0 ns overall correlation
time value was used for all models.

2QF-COSY Simulation2QF-COSY cross-peak patterns
for deoxyribose protons were simulated using the programs
SPHINX and LINSHA @0). A six-nuclei spin system,
including H1, H2', H2", H3, and H4 protons as well as
31P bound to the '30, was considered. Weak coupling was
assumed between all sugar protons except for the strong
coupling between H2and H2'. Deoxyribose coupling
constants were extracted by matching experimental and
simulated cross-peak patterns along the better resabged
dimension 25). Then the conformation of the sugar rings
was estimated by matching our experimental coupling
constants to values calculated assuming a two-state mode
with rapid N—S interconversion for the sugar pucker. A
graphical method described elsewhe8gwas used to find
the best match. The protemroton coupling constants
determined by Rinkel and Altona for specific deoxyribose
conformers were use@9).

Structure Refinement
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restraint force constant was increased to 100 kcat bt 1 2 3 4 5 6 7 8 9 10 1

when the temperature was raised to 900 K and then decreased,. G C AT AT G AT A G -
to its final value of 20 kcal moft A-2 when the temperature
was lowered to 300 K. ¢ 6T AT ACT AT C ¥

Restrained Monte Carlo CalculationsTo assess the 2 21 20 19 18 17 16 15 14 13 12
dependence of the final geometry on the refinement method ] )
used, we also calculated the DNA undecamer structure by Nonexchangeable protons were assigned by following
restrained Monte Carlo methods with the protocol we |r_1tranucleot|de and sequer_mal NOE connectivities typ|ca_l for
previously reported34). The DNAminiCarlo program, run Qght—handed DNA 88, 39) in 2D NOE spectra recorded in
on the Cray C90 computer at the Pittsburgh Supercomputing”Hz20. 2QF-COSY, TOCSY, and natural abundarikie-
Center, uses generalized helical parameters as independentC HMQC experiments were used to aid in assignments.
variables to generate DNA structures. For our undecamer,Due to severe peak overlap, few Hand most H5-H5"
we had 10 subsets of six variables defining each of the 10ésonances were not assigned.
steps, and 11 subsets of 10 base pair variables, with the sugar Exchangeable protons could be easily assigned by fol-

puckers defined by the phase angle of pseudorotafion lowing well-established strategie$j. Unfortunately, chemi-
(assuming a pucker amplitude 6135°). cal shift degeneration between H3 in T9 and T15 and in T4

Two DNA structures were generated by DNAminiCarlo and T18 prevents assignment of most am'ino proFons for A5,
with helical parameters typical of standard A- and B-DNA A19, A8, and Al4. Moreover, the guanine amino proton
and energy-minimized by the same program. The same'€Sonances were not observed under the conditions employed.
Monte Carlo simulation protocol (Markov chain) was used
starting from both A- and B-DNA, consisting of a single
cycle of simulated annealing. Starting at 100 K, the  The proton homonucle&dyz, 3Jyz, 323, 3323, and3Jyy-
temperature was gradually raised to 600 K in six steps 100 coupling constants were extracted by simulation of 2QF-
K apart. The NOE force constamog, was increased from  COSY cross-peak patterns with the SPHINX and LINSHA
5 kcal molt A=2to a maximum value of 80 kcal mdi A2 programs T, 10). Unfortunately, due to severe peak overlap,
at 500 K and this value maintained when the temperature a significant number of residues were not analyzed; A3 and
reached 600 K. The temperature dgde were kept constant  A14, A5, A8, A17, and A19, and T4, T18, and C12 give
for 1000 iterations before proceeding to the next fragment fully or partially overlapped cross-peaks. Moreover! Hid
of the Markov chain. Each iteration was defined when all H2" of C12 are isochronous.
independent variables defining the DNA undecamer were  To obtain pseudorotational parameters, which describe the
Changed. The last structure generated during each fragmengeometry of the sugar moiety, experimenthk;oup"ng
was used as the starting point for the following one. The constants were compared with theoretical values using a
molecules were kept at 600 K for 5000 iterations to allow graphical methodd). To match experimental values, we
crossing of conformational energy barriers. The system wasneeded to assume a two-state model with rapietS
then gradually cooled to 300 K in three steps of 1000 jnterconversion, withs being the major conformer. Table
iterations, each step being 100 K apart. Simultaneously, the1 shows the fraction of the& major conformerfs, the
force constant was decreased to its final value of 20.0 kcal pseudorotation angles, and the amplitudés that gave the
mol~* A~2, Finally, the temperature was maintained at 300 pest match for each analyzed residue. For the mMor
K for 10 000 iterations. To ensure proper base pairing, the conformer, Py was kept fixed at 9 and sugar pucker
force constant for the WatserCrick hydrogen bond term  amplitudes were assumed to be the same for Bathd N
was maintained at half the value used kapg, except for conformers ¢ = ®9). Except for the C12 terminal sugar,
the last 10 000 iterations where a value of 5 kcal Thél 2 the fraction of minomM conformer was less than 25%. As
was used. expected, terminal residues have an increased population of

All DNA-independent variables from the last Markov the N conformer, undoubtedly due to fraying of the duplex
chain fragment at 300 K were averaged, and the mean valuest its ends. Only for T13 was it possible to match the
were used to construct the final structure. This was then experimental coupling values by using only tt&conformer
restraint-minimized with thé&oe set to 20 kcal moit A2 (fs = 1.0). Also, for some residues, matches were found

Structure Analysis and Displayvalues of the atomic root- ~ With different amplitudes ofbs.
mean-square deviation (rmsd) between model structures were In conclusion, our analysis of 2QF-COSY cross-peaks
calculated by the program CARNAL (written by W. S. Ross). suggests that sugars in DNA duplexes in solution are flexible,
Sugar puckers, torsion angles, and helical parameters wergindergoing fast exchange betwdéandS conformers, with
calculated with the programs CURVESSY] and Dials & Sbeing the favored conformer. Only well-resolved residues
Windows @6). Values calculated by the two programs were have been studied. However, 2QF-COSY pattern similarities
quite similar. All structures were visualized using Midasplus suggest that overlapped sugars behave in a manner similar

Sugar Conformation from Analysis of 2QF-COSY Spectra

(37) and/or Sybyl (Tripos). to that of the well-resolved ones.
RESULTS MARDIGRAS Calculations
Proton Resonance Assignments To refine the structure of our DNA undecamer at high

resolution, we need to calculate accurate and, preferably,
For the residues of the undecamer duplex, the following precise distance restraints. This is accomplished in our
numbering scheme was used: laboratory by using the program MARDIGRAS which solves
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Table 1: Phase Angle of Pseudorotati®s, Pucker Amplitude s,
and Fractionfs, of the SType Conformer in
d(GCATATGATAG)-d(CTATCATATGCy

residue fs Ps (deg) s (deq)
Gl 0.85-0.94 175-194 40
T6 0.85-0.9 145-171 30
G7 0.86-0.91 16+179 35
0.85-0.95 179-194 40
T9 0.85-0.91 139-173 30
0.79-0.88 1306-149 35
Al10 0.9-0.95 165-186 40
G11 0.770.8 139-163 35
0.76-0.8 136-145 40
C12 0.45-0.56 163-198 35
0.5-0.6 169-212 40
T13 0.9-1.0 157-184 35
T15 0.75-0.8 122-133 40
C16 0.8-0.9 155-183 30
0.65-0.83 139-169 35
T20 0.770.85 132-151 35
0.75-0.8 122-130 40
G21 0.806-0.95 155-175 40

aPy was assumed to beéf 9and®y = ®sin the analysis.

the complete relaxation matrix, thus incorporating all network
relaxation and multispin effects2§). To construct a
complete intensity matrix, MARDIGRAS first combines
experimental intensities with intensities calculated from a
starting model by the CORMA algorithm28, 41). The
experimental intensities must be normalized prior to con-
struction of the hybrid matrix.

Previous studies have shown that the initial model used
to construct the hybrid matrix has little effect on the distances
calculated by MARDIGRAS. However, in our system, we

have noticed that some distances depend on starting geometr
more than others. Such dependency may reflect ambiguity
in calculating the distances under the conditions used, so

we decided to run MARDIGRAS using several starting

models and to generate distance bounds by combining the

results from all MARDIGRAS runs. Then, any ambiguity

in distances calculated should be reflected in wider distance
bounds. Eleven structures were used as initial models for

MARDIGRAS. These structures were constructed using
different molecular modeling programs to represent A- and
B-DNA conformations; some differences were found be-
tween corresponding conformations generated by separat
programs, so all models were used to run MARDIGRAS.
Estimation of Qerall Correlation Time .. Another

important parameter in calculating proteproton distances

is the molecular motional model that is assumed, since
motion can affect the value of the NOE intensities. For a
hydrated undecamer duplex, the overall molecular tumbling

can be considered isotropic and, hence, is well-approximated.

by a single correlation timerz.. The value ofr. was
estimated using various methods.

The simplest method for deriving. is from the proton
spin—lattice relaxation timd; and spir-spin relaxation time
To:

2 /3T,

=%
Cc
oy T,

wherewy, the proton Larmor frequency, is given bytiz,,

e

Table 2: T;, T,, andz. Values for Most H6-H8 and Some H2
Protons

atom T1(s) T2(s) 7c (Ns)
Al4 H8 2.70 0.0432 2.42
A3 H8 2.21 0.0254 2.86
A17 H8 1.92 0.0208 2.95
A5 H8, A19 H8 2.09 0.0190 3.21
A8 H8, A10 H8 2.22 0.0476 2.09
A3 H2 3.60 0.0615 2.34
C2 H6 1.22 0.0833 1.17
C22 H6 1.67 0.0258 2.46
C16 H6 2.23 0.0185 3.36
G7H8 1.93 0.0465 1.97
T6 H6 1.75 0.0234 2.64
T9 H6 2.69 0.0303 2.89
T13 H6 1.25 0.0308 1.95
T20 H6 1.56 0.0272 2.32

overall tumbling at 600 MHz is in the slow motion limit,
where (ut)?> > 1. T, and T, values were measured for
resolved adenine H2 and H®&18 protons at 25°C. The
calculatedr. values are reported in Table 2 together with
the correspondingd; and T, values.

7. Was also estimated from natural abundat€zT; and
3C{H} NOE values which were calculated from the height
of broad overlapped peaks in the Hggion of 1D spectra
at 25°C. 7. values were extracted using equations describing
the variation of'®C T; and3C{'H} NOE with 7. (42), with
all constants set to match experimental conditions. 7he
values, 3.2-4.7 ns estimated frorfC T, values and 0.65
1.4 ns from'3C{'H} NOE, are not strictly consistent. They
both, however, lay in the same range found by the proton
T, and T, method described above. Possible contributions
from internal motion were ignored in all calculations.

y Finally, it is also possible to utilize the iterative relaxation
matrix calculations for an estimation of the correlation time
with the assumption that the best fit for the experimental
intensities is obtained for the “correct” correlation time.
Unfortunately, this endeavor is not straightforward since the
necessary normalization for experimental and model intensi-
ties obscures that effect. An independent normalization
factor that must be kept constant whgiis varied is required.
This type of normalization is made feasible by adding the
total intensities for 2D NOE slices of isolated protons,
including the contribution from the diagonal peak, and
determining the total intensity for a proton accordingly. Then,
normalized theoretical intensities for these isolated proton
slices can be compiled with MARDIGRAS using different
correlation times. For the undecamer, results for diagonal,
H6—methyl, and H2-H2" intensities fell into a range
between 2 and 4 ns, which is quite similar tp values
derived fromT; and T, relaxation parameters. However,
inconsistent results were obtained for cytosineHb cross-
peaks, where only the intensities obtained at short mixing
times could be reproduced with reasonable correlation times,
which were still larger (3-6 ns) than those obtained for the
other protons.

In conclusion, the uncertainty in evaluatingoy different
methods prompted us to run MARDIGRAS calculations
using three different values for the overall isotropic correla-
tion time: 2, 3, and 4 ns.

Calculation of Nonexchangeable ProteRroton Dis-
tances. MARDIGRAS calculations were performed on four

vy being the precession frequency in hertz and assuming thatsets of experimental intensities recorded at four mixing times
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Table 3: Total Number of Nonexchangeable and Exchangeable However, the exact width depends on the nature of the two
Proton-Proton Distances Calculated by MARDIGRAS protons involved. The width of our bounds is larger than
the average width of bounds previously used to refine DNA

distance . . .
PP — T - ” arstrand structures in our laboratory. The effect of having such wide
“m(ms) _ total  intraresidue interresidue interstrand - y,,nq4s on structure determination will be discussed later in
130 409 225 162 14 ) "
200 438 237 174 16 _ Problems with a Short _Repetmon Delayll NOE spectra
270 445 236 185 15 in 2H,O were acquired using a relatively short repetition delay
i‘gémb 4;‘; 233 1982 2106 (2.5 s) that does not allow for complete relaxation of all

proton longitudinal magnetization between scans. The major
# The number of intraresidue, interresidue, and interstrand distanceseffect is that cross-peak intensities will depend differentially

are also showrf Distances between nonexchangeable protons only. upon the delay time. varving most for peaks involvin

¢ Distances involving exchangeable protons extracted from 2D NOE P . y e ying P . 9

in Hs0. protons with very differenT; values, such as H2 protons in

DNA molecules. The effect of a short repetition delay on

NOE intensities of DNA duplexes has been previously

(70, 130, 200, and 270 ms), using 11 different structures aS.discussedz(CS). To test for such an effect, we corrected our

starting models and with three different correlation time intensities with the program SYMM4@' The d|sta_nc_es
values (2.0, 3.0, and 4.0 ns) for a total of 132 runs. When calculated from such intensities were in all cases within the

the results from all these different runs were combined, a original bounds, indicating that our conservative approach

total of 447 unique protonproton distances were obtained. already accounted for any error deriving from incomplete
Table 3 shows the number of distances calculated from relaxation. ) .

intensities at each mixing time, specifying how many MARDIGRAS (_Z_alculatlons Entailing Exchangeable Pro-
intraresidue, interresidue, and interstrand distances weretons. NOE intensities from 2D spectra recorded isgCHwere
found. Due to uncertainty in the stereospecific assignment corrected to account for the excitation profile of the 11

of H5' and H5' protons, all 41 cross-peaks involving these €cho water suppression sequence used.

atoms were not used for structure refinement, as well as five MARDIGRAS calculations were performed with experi-
cross-peaks implying protam—methyl (0 + 2) interactions, mental NOE intensities acquired at 2@ with a 158 ms
due to spin diffusion. Ultimately, a total of 399 distances mixing time, using three different estimates of correlation
from nonexchangeable protons, i.e., about 18 per residuetime (2.0, 3.0, and 4.0 ns) and two different initial models
were used for structure determination. (energy-minimized A- and B-DNA structures generated by

Overlapped Peaks in 2D NOE Spectrall corresponding AMBER). Nonexchangeable distances were fixed to the
nonexchangeable protons in residues A5 and A19 were foundvalues previously calculated frofhi,O data; the MARDI-
to be overlapped as well as all corresponding sugar protonsGRAS complete hybrid intensity matrix was constructed by
in residues T4 and T18. As a result, no isolated intraresidue combining the normalized experimental exchangeable proton
cross-peaks for A5 and A19 and only a few T4-A5 and T18- intensities with intensities calculated from initial model
A19 interresidue cross-peaks could be found. This overlap distances and “known” nonexchangeable distances. The
can be justified by noting that residues T4-A5 and T18-A19 lower bounds of distances involving exchangeable protons
are located in the center of a self-complementary segmentwere corrected to account for the loss of magnetization
of the DNA sequence; residues-Z and residues 621 through exchange with the bulk watek7( 18, 33). To be
have the sequence CATATG. Consequently, these residuegonservative, the largest determined exchange rate (§.0 s
must have very similar chemical environments, suggestingwas used for all amino and imino protons. Finally, to
nearly identical three-dimensional structures. We can safelyaccount for the contribution to distance error from noise in
divide by 2 the volume of overlapped cross-peaks and assignthe spectra and integration errors, the RANDMARDI algo-
each half to the degenerate proton pairs. By doing this, we rthm was applied%). Upper and lower bounds were chosen
were able to obtain 24 experimental restraints, which are from the wide set of distances yielded by the calculations.
included in the above-mentioned 399 nonexchangeable A total of 36 new protorproton distance restraints
bounds. These restraints are very important (Figure 1), sinceinvolving imino and amino protons were calculated (Table
they belong to a region of the molecule with otherwise few 3). These bounds are especially important because they
or no restraints. For example, A5 and Al19 have no include 20 interstrand restraints (Figure 1).

intraresidue restraints if we ignore the overlapped cross- Comparing Distances Calculated by MARDIGRAS Using
peaks. Different Querall Correlation Times. Due to some discrep-

With overlapped cross-peaks included, the experimental ancy in correlation time values estimated using different
restraints are well-distributed along our DNA undecamer methods, three different sets of MARDIGRAS runs were
sequence with 1520 distance restraints for each residue performed assuming. = 2.0, 3.0, and 4.0 ns. Since this
(Figure 1). range is somewhat larger than that previously used in our

Estimation of Distance Error Bounds for Molecular laboratory, we investigated the effect of correlation time on
Dynamics Simulations.With the conservative approach calculated distances. To summarize, we found the deviation
employed (vide supra), the average width of our calculated between distances calculated with the differentalues is
bounds is 0.77 A for 447 total distances. For most proton always <10%, usually much less. The MARDIGRAS
pairs, the bound width increases with the absolute value of normalization scheme eliminates most, but not all, of the
the distance; i.e., longer distances have wider bounds.error introduced by uncertainty i.
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Ficure 1: Distribution of NOE-derived distance restraints for the DNA undecamer duplex. Bold numerals indicate the sequence order.
Plain numerals indicate the number of intraresidue, sequential, and interstrand restraints with placement implying attribution. Where two
numbers are reported, the first one gives the number of restraints involving only nonexchangeable protons and the second gives the number
involving at least one exchangeable proton. Due to peak overlap, some cross-peaks result in restraints being assigned to two similar residues
(see the text for the method of attribution); two (1), four (8), or five ($) restraints were due to overlap involving residue pei& ard

A5-A19.

Structure Refinement Results rmsd than the corresponding initial models, A- and B-DNA,

Restrained Molecular Dynamics Calculationisleally, the indicating that convergence to essentially the same structure
structure of our DNA undecamer duplex should be fully is achieved. A closer look at the rmsd values reveals that
characterized by the experimental restraints. However, theconvergence is worse for terminal residues than for the
method chosen for structural refinement may play an internal ones (compare the first and second values in Table

important role in defining conformation, especially for 4). This suggests that experimental bounds acting on
regions of molecules which have sparse or conflicting terminal residues are not consistent with a single structure,

experimental restraints. probably due to fraying at the duplex ends. In contrast, the
We have already discussed how we extracted structurallow deviation shown by internal residues suggests that they
restraints from the experimental data, allowing for experi- are defined well by the experimental data. Also, the low
mental error and testing those variables that could affect thermsd values calculated betweéimdl and Bmd with or
final distances. Our final list of experimental restraints Without taking into account backbone atoms (the second and
consists of 435 sets of protemroton upper and lower third rmsd values) suggest that these structures have very
distance bounds (Figure 1). Furthermore, with the large similar backbone geometries. Apparently, even though no
number of MARDIGRAS runs we performed (vide supra), experimental data directly restrain backbone atoms (except
our bounds are, on average, wider than the correspondingprotons belonging to the deoxyribose ring) and no empirical
bounds previously used in our laboratory to refine DNA torsion angle restraints were used, the backbone conforma-
duplex structures. The effect of wider bounds on structure tion, surprisingly, does not depend on the initial geometry.
calculation will be further investigated here. Evidently, the geometry of internal bases and sugars, being
Since we already know the general folding of the DNA defined well by NMR bounds, dictates the backbone
in solution, i.e., right-handed duplex, we can directly use conformation.
structure refinement methods thq’g require a “good” start?ng Depending on the initial model, the protocol followed
model. One popular method utilizes molecular dynamics y,jng the MD run may be essential to achieve convergence.
with expenmental' restraints to sgarch qonformatlonal spaceTn,s. rMD starting from the A model was run with a cycle
for structures which are compatible with both the experi- ¢ i |ated annealing. During the trajectory, the temper-

mental daia an%?\lﬂ%he_m|cla[[_force tf|etl_d. ]!: or dtalplfj)'(ffDNAty ature reached a maximum of 900 K to allow conformational
we ruh restraine simutations starting from two difieren changes to occur. When we started from B-DNA, the tem-

models: energy-minimized A- and B-DNAAmMdlandBmd S . i
are the final gt):uctures shown in Figure 2, obtained from perature was maintained at 300 K throughout the simulation.

starting A and B models, respectively. It is important to ~ The final geometry also depends on the restraint force
run multiple simulations starting from different models to constant valueknoe. This value is empirically chosen to
verify the quality of the experimental restraints; weak or balance the driving force produced by the experimental
inconsistent bounds may not be able to drive different initial restraints and the force field. Our goal is to satisfy the
models to the same final structure. experimental data without forcing the molecule into high-

To assess differences between the various structures, weenergy conformations. To seleckae value, we ran several
calculated the atomic root-mean-square deviation (rmsd).rMD simulations starting from A and B models with
Three rmsd values were determined (Table 4): all heavy increasingkyoe values. The lowest force constant that
atoms, all heavy atoms except those in terminal residues,allowed a good convergence between final structures (20 kcal
and all heavy atoms except terminal and backbone atoms.mol-* A=2) was chosen. This value was used to calculate
The refined structuresAmdlandBmd have a much lower ~ Amdland Bmdstructures.
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FIGURE 2: Stereoview of four superimposed final structures for the duplex: two models refined by molecular dynamic simulations starting
from B- and A-form DNA,BmdandAmd1, respectively (green), and two models refined by Monte Carlo calculation starting from B- and
A-DNA models,BmcandAmg respectively (red). The top panel displays the whole structures. Only base and sugar heavy atoms of the 20
internal residues are shown in the middle panel. The bottom panel, by showing the superimposed structures along the helical axis, illustrates

the A-DNA-like hole in the center of the duplex.
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Table 4: Rmsd Values Calculated between Initial and Refined Mddels

0
mA* 0
0
6.14 0
mB* 4.73 0
4.31 0
2.13 5 0
Amd1l 1.66 3.94 0
1.48 3.64 0
2.07 4.95 0.7 0
Amd2 1.65 3.89 0.42 0
1.47 3.59 0.29 0
2.36 4.73 1.01 1.05 0
Bmd 1.8 3.75 0.45 0.52 0
1.6 3.48 0.34 0.39 0
3.27 3.67 2.57 2.41 2.2 0
Bmd-f 2.61 2.86 2.04 1.97 1.84 0
2.36 2.58 1.87 1.82 1.71 0
2.16 4.59 1.15 1.11 0.75 2.05 0
Bmd-n 1.63 3.6 0.62 0.61 0.49 1.74 0
1.43 3.35 0.51 0.49 0.41 1.59 0
3.77 3.21 3.71 3.62 3.55 2.54 3.27 0
mAl 2.83 2.43 2.93 2.88 2.86 2.06 2.67 0
2.7 2.16 2.86 2.82 2.8 1.93 2.64 0
5.06 1.26 4.17 4.12 3.86 2.9 3.78 2.85 0
mB' 3.88 1.06 3.27 3.24 3.06 2.27 2.98 2.16 0
3.47 0.96 3.01 2.98 2.85 2.05 2.77 1.89 0
2.26 4.39 1.27 1.28 0.88 1.87 0.8 3.15 3.56 0
Amc 1.66 3.56 0.73 0.76 0.56 1.6 0.6 2.64 2.84 0
1.44 3.27 0.66 0.66 0.52 1.46 0.52 2.56 2.61 0
2.3 4.27 1.26 1.24 0.77 1.77 0.76 3.11 3.41 0.47 0
Bmc 1.71 3.45 0.77 0.78 0.56 1.55 0.59 2.58 2.74 0.26 0
1.49 3.19 0.69 0.68 0.52 1.43 0.53 2.52 2.54 0.19 0
mA* mB* Amd1 Amd2 Bmd Bmd-f Bmd-n A mB' Amc Bmc

aFor each pair of structures, three rmsd values were determined taking into account all heavy atoms, all heavy atoms except those in terminal

residues, and all heavy atoms except terminal residues and backbone etArasd mB are energy-minimized A- and B-form DNA models

generated by AMBER (*) and DNAminiCarlo (). Corresponding models generated by the two programs were found to be somewhat different (as

can be seen by their rmsd values)ndland Amd2are final models refined by AMBER froomA* using two different seeds for random number
generation (vide infra)Bmd Bmd-f andBmd-nare final structures calculated by AMBER starting from thB* model: Bmdwas obtained by
enforcing our experimental NOE restrainBnd-fwithout applying any experimental restraints (free MD), &md-nusing empirically narrowed
bounds.AmcandBmcare final structures calculated by DNAminiCarlo starting from and mB' minimized models, respectively.

Table 5: Potential EnergieEyq, Constraint Energieens, and Bmdgive sensibly smaller distance violations than the initial

Distance Violation Values for Initial and Final Structutes models, especially the A model (Table 5). The large width

SUUCHUIE Epor — Eonst (KCAVMOl) Eonst(KCAVMOl) Aavg(B) Acoser (A) of our experimental bounds is reflected in the large difference
between theAayg and Acioser Values.

mA* —1035.471 9464.204 1.086  0.744 N

mB* —1196.288 1347.482 0.500  0.218 Even when rMD runs start from the same model, velocities

Amd1 —1096.467 147.740 0345 0.075  zssigned to the atoms at the beginning of the simulation may

Amd2 —1067.156 140.544 0.339  0.073 p h f ional h Th lociti

Bmd —1142.620 158.007 0.345 0.079 affect the conformational search. These velocities are

Bmd-f —1306.004 3211.108 0.604  0.321 randomly generated from a user-selected seed number entered

Bmd-n —1083.511 431.977 0.316  0.081 - i i

g 996 031 i o774 0481 into AMBER. To evaluate the effect of using different seed

me! ~179.325 — 0515 0234 numbers, we calculated a new structuked2 running rMD

Amc —47.427 704.450 0.435  0.155 starting from A-form DNA with a different random seed

Bmc —56.071 587.310 0421 0.144 number. This structure is essentially identicalmdl, as

2 Two kinds of distance violation values are calculated: to the center indicated by low rmsd values, as well as by comparable
position of the bound rangeg\a, and to the closest boundioser energies and distance violations (Tables 4 and 5).

Energy values are calculated using different force fields in the AMBER . .
(rMD) and DNAminiCarlo (rMC) programs. Hence, the values are not ~ W€ need to consider that our wide bounds may not have

comparable. Refer to the footnote of Table 4 for an explanation of the enough restraining power to drive the structure toward its
structure names. target conformation, letting the chemical force field dominate.
To test for this effect, we ran two independent MD
Energies for the converged structures, deducting the simulations: the first without experimental restraints and the
restraint energy penalty, are comparable to those of thesecond applying bounds with a reduced width. Both
starting models (Table 5). For each molecule, two values simulations started from B-DNA models using the same
of distance violation are reported. These are calculated toprotocol as with wide bounds. We observed that free MD
the center position of the experimental bounds range, and toyields a final structureBmd-f) that, judging from rmsd
the closest bound\ayg and Acieses respectively. Amdland values, energies, and distance violations, is intermediate
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Table 6: Sixth-RooR Factors R¥) Calculated by CORMA for Initial and Refined Structures Using Experimental 2D NOE Intensities Acquired
at Four Mixing Time3

270 ms mixing time 200 ms mixing time 130 ms mixing time 70 ms mixing time
structure intra inter global intra inter global intra inter global intra inter global
mA* 0.160 0.211 0.182 0.183 0.265 0.217 0.206 0.299 0.244 0.272 0.278 0.274
mB* 0.062 0.093 0.075 0.063 0.100 0.079 0.071 0.122 0.093 0.087 0.118 0.100

Amd1 0.050 0.060 0.054 0.051 0.062 0.056 0.052 0.063 0.057 0.054 0.067 0.060
Amd2 0.051 0.060 0.055 0.053 0.061 0.056 0.053 0.062 0.056 0.055 0.065 0.059
Bmd 0.050 0.060 0.055 0.051 0.063 0.056 0.053 0.064 0.058 0.055 0.068 0.060
Bmd-f 0.075 0.110 0.090 0.074 0.126 0.096 0.079 0.161 0.113 0.104 0.180 0.135
Bmd-n 0.048 0.058 0.052 0.046 0.063 0.053 0.046 0.069 0.056 0.050 0.073 0.059

mAl 0.118 0.142 0.128 0.122 0.168 0.141 0.130 0.207 0.162 0.139 0.248 0.184
mB' 0.062 0.097 0.077 0.062 0.110 0.082 0.071 0.136 0.098 0.111 0.147 0.126
Amc 0.068 0.076 0.071 0.068 0.081 0.073 0.068 0.085 0.075 0.116 0.106 0.111
Bmc 0.067 0.073 0.069 0.067 0.076 0.070 0.068 0.081 0.073 0.112 0.100 0.107

@ Refer to the footnote of Table 4 for an explanation of the structure names.

between A- and B-form DNA but distant frodmdland residues are considered (Table 4). Thus, when we started
Bmd On the contrary, the structure calculated with tighter from A- and B-DNA models, rMC produced even better
bounds Bmd-n has features similar to those of the structures convergence than rMD. It is possible that the fewer degrees
calculated with wider bounds (Tables 4 and 5). of freedom allowed during rMC simulations result in better

Perhaps the most important criterion for evaluating the convergence. It is most reassuring that rmsd values calcu-
quality of NMR structures is the estimation of their ability lated against rMD structures indicate that Monte Carlo
to reproduce the experimental data by calculating residual calculations produce a geometry similar to rMD, especially
factors,R andR*. These are determined by comparing the with B-DNA as the starting modelAmcandBmcstructures
NOE intensities calculated for a particular structure at a given are shown in Figure 2 superimposed on the final models
mixing time with the corresponding experimental intensities. refined by rMD @AmdlandBmd.

This is done with the program CORMAS, 41). For each Energies of structures calculated with different force fields
structure, we calculate®andR* values individually for NOE  cannot be compared directly. Instead, their energies can be
spectra acquired at four mixing times (Table @3.factors  compared to those of A- and B-form DNA minimized with
sensibly improved after rMD refinemenBmd Amdl and  the corresponding force fields. Thus, rMC final structures
Amd2all have comparabl® factors, lower than those of  naye energies that are about 100 kcal/mol higher than those
the starting geometries, especially for A-form DNA. As  of poth A- and B-form DNA models. As in rMD, distance
expected, with narrow bounds, a slight decreadefiactors  yjipjations decrease also during Monte Carlo refinement;
resulted, while free MD yielded a structurérqd-f) with R however, the rMC final structures have values that are about
factors higher than those of B-form DNA. This indicates 1 A higher than those of rMD structures (Table 5).

that the experimental _b_ounds are _driving the structure during Analyzing R factors for IMC structures (Table 6), we
times (130 and 200 ms) gave spectra of better quality, theyi\'_rgﬁkvwsjél (E; failt?)?sconzl ce|r§15e¥ slrggkerr;viglts etlhnellttla

Iso had lowenR factors. . . . = L
also had loweR factors intraresidue NOE intensities are better satisfied by the initial

Restrained Monte Carlo CalculationsFor final cor- B-DNA model. while the int idue intensiti , I
roboration of the structures calculated by rMD, we used our __ model, while the interresidue intensites give smarer
R factors with the final structures. In addition, some starting

experimental bounds as restraints with a different structure o : . o .
refinement method. restrained Monte Carlo calculations Medels may well satisfy intraresidue intensities, since these
(rMC). The Monte Carlo subroutines of the DNAminiCarlo depend only on sugar pucker and glycosidic torsional angle.

program were used for this purpose. With DNAminiCarlo, Ibnterresidtlje. bocljmdls, ir]ltstead, are n:jore cfomple_x anld can ﬁe
not only is the conformational search method different than etter exp aflng onlya er.restrame con orma}t!ona gearc '
MD, but the force field and the definition of molecular B€cause of inconsistencies in NOE intensities (due to

structure are also different from those used in AMBER. €XPerimental error, molecular flexibility, etc.), improved
In fact, DNAminiCarlo uses helical parameters to describe fitting of interresidue restraints may dictate disruption of local

the structure of DNA duplexes, rather than atomic coordi- 9€0Metry, worsening intraresidéfactors.
nates. Energies, distance violations, aRffactors of structures
Again, to test dependence on the initial model, we ran determined by Monte Carlo methods could be improved by
rMC starting from energy-minimized A- and B-DNA models performing consecutive cycles of simulated annealing, as we
(both generated by DNAminiCarlo). However, in contrast previously described3d). However, our goal was to refine
to our rMD simulations, the same protocol was used, DNA models with rMC methods to conformations similar
consisting of a single cycle of simulated annealing starting to those found by rMD. Even though the structure refine-
from both A- and B-DNA models. The same value of ment method, the force field, and the initial models are
restraint force constant as in rMD simulations, 20 kcalThol  different from those used in rMD refinement, we found
A2 was chosen. Two final structuresmcandBmg were essentially the same structure. This strongly indicates that
obtained starting from energy-minimized A- and B-DNA, the experimental data are responsible for the final geometry
respectively. Rmsd values calculated betwaéercandBmc and that the structure we calculated represents a good time-
are well below 1.0 A, even when heavy atoms of terminal averaged representation of our DNA undecamer in solution.
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Ficure 3: Selected helical parameters and glycosidic torsion angle calculated from 100 ps of rMD simulation at 300 K starting from the
Bmdmodel (solid curve; average and standard deviation shown) and from the8fime{O) and Amc(a) models.

DISCUSSION of our undecamer, however, shows features that are closer
. . . to A-form DNA than any DNA duplex previously solved in
Analysis of Refmed Structgreﬁ?erhaps the most stnk_lng our laboratory. Since our experimental restraints are much
feature of our final structure is the presence of a hole in the .
L .~ wider than those used to solve other duplexes, we considered
center of the DNA duplex when it is viewed along the helix th “bility that this | bound width Id be th
axis (Figure 2, bottom). This quality is observed in canonical ; € EOSS' ”yA aDNAIS ﬁrge oun ;N' d(f:OU € de reason
A-DNA, but not in B-form DNA, and is reflected in the large  [©" the strong A- character we found for our undecamer.
negative X displacement of the bases (Figure 3). This To |_nvest|gate furth_er the determman_ts of qur f|.nal conf(_)r—
finding is consistent with a pattern that has been observedMation, we ran two independent MD simulations: one using
in our laboratory for other DNA sequences. In fact, with experimental bounds that were empirically narrowed and the
improvement of the NMR technique, it has become evident second without experimental restraints. The final structure,
that DNA duplexes in solution deviate somewhat from Bmd-n obtained with narrowed restraints, has X displace-
canonical B-DNA with some features tending to resemble ment and inclination of the bases closer to those of canonical
those of the A-DNA conformation. The X displacement and B-DNA, which indeed suggests that our wide bounds are
inclination of the bases are among those helical parametergesponsible for the A-DNA-like features exhibited by our
that deviate most toward A-form DNA. The refined model undecamer. On this basis, one could further argue that the
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empirical force field, permitted by wide experimental bounds, DNA duplexes in two different ways. In DNAminiCarlo,

is driving the structure toward A-form DNA. This hypoth- the independent helical variables are used to describe duplex
esis, however, is not supported by free MD simulations, geometry, with a single parameter, the pseudorotation phase
which show that the force field actually drives the molecule angleP, defining sugar puckers. Given a value Bfthe
toward a structureBmd-f with more B-DNA-like helical sugar conformation with minimum energy is taken. Con-
parameters. Moreover, very similar structures, which have sequently, base and sugar rings during Monte Carlo simula-
some A-DNA characteristics, were also refined by Monte tions are locked into optimal conformations. In contrast, with
Carlo methods Amc and Bmc models), which calculate AMBER, the molecules are defined by the Cartesian
molecular energies using a force field different from that in coordinates of their atoms. Thus, AMBER allows more
AMBER (22). Consequently, we cannot positively identify degrees of freedom for the structure to satisfy experimental
any single factor responsible for the strong A-DNA character restraints, which explains why models refined by rMD have
shown by our final models. Perhaps, the large width of our lower R factors and distance violations than those refined
bounds causes different types of restraints to becomeby rMC (Tables 5 and 6).

important in defining the DNA structure. At.the same time, Second, from analysis of our experimental data, we found
we cannot rule out the dependence of the final geometry onyat some classes of restraints are systematically inconsistent
the particular sequence of our duplex, since we do not know ity others and, hence, all restraints cannot be satisfied
what the effect of wider bounds on other sequences would gjmjtaneously by any single conformation. A more detailed
be. ) ) analysis of NOESY and COSY data prompted us to believe

_ One important consequence of X displacement and a¢ ‘this lack of consistency arises from the flexibility of
inclination of the bases being closer to those of A-DNA is o sugar moieties and about the glycosidic bonds in DNA
that the global shape of the molecule resembles that of 4 hjexes (paper in preparation). Differences in how these
A-form DNA. This may explain why our final structure, —jncqnqryities are “assimilated” into the DNA structure may
surprisingly, gives lower rmsd values when compared t0 A- |5 to the observed deviations between rMD- and rMC-

than to B-DNA initial models (see Table 4). refined models. Thus, during molecular dynamics simula-
Helical Parameter Differences between Refined rMD and {jon incompatibilities in the experimental bounds can be

rMC Structures. To_ investigate how _precisely the helical partially or fully satisfied by forcing base and sugar rings
parameters are defined by the experimental bounds, we raryq gjightly distorted conformations. On the other hand, in

100 ps of rMD simulations at a temperature of 300 K starting \1onte Carlo calculations, the geometry of base and sugar
from the structure refined from B-DNAB[mJ. The same jnqq cannot be altered to accommodate experimental

1R-2 ; cannot be . . :
value ofkoe, 20.0 kcal mol* A2 was used throughout jconsisrencies, since only optimal conformations are permit-

thel 5||mul(zj;1t_|on. At the er:jd, fordeaghdhe_llcal par?meter, }/_ve ted. Hence, during rMC runs, locally inconsistent restraints
calculated its average and standard deviation values. Afirstyo i the helical geometry,

look at the standard deviation of several parameters shows ) i ) .
that terminal residues have a broader distribution, suggesting, Nconsistencies between experimental bounds and empiri-
as expected, that the structure of the duplex is less definegC@ hydrogen bond restraints can also contribute to or be
at its ends. A similar procedure was also used to obtain responsible for observed deviations of base pair parameters

final rMC structures. In Monte Carlo simulations, in fact, (€-9- Opening or stretch). In structures refined by rMD, the
the independent helical parameters of all the structuresP@ses are often twisted to satisfy experimental bounds and
generated during the last Markov chain fragment at 300 K flat _\Natsor>rCr|ck hydrogen _bonds,_ simultaneously. Instead,
were averaged and the mean values were used to construdfuring Monte Carlo calculations, since bases cannot be ben_t,
the final model. A selection of helical parameters from the Nydrogen bonds are somewhat disrupted to enforce experi-
100 ps rMD simulation and for two final rMC structures, Mmental restraints. As expected, inspection of rMC and rMD
Bmcand Amg are plotted together in Figure 3. final models r_eveals that the bases_have nonflat geometry in
Considering the low rmsd values we calculated between Structures refined by rMD, but not in the rMC ones. Also,
these structures, especially for internal residues, we would the pucker amplitude of sugar ring®, reaches unrealistic
expect helical parameters to be very similar. Surprisingly, Y&lues during simulations of molecular dynamics, while it
while the two rMC models are essentially identical, signifi- 1S contained within a narrow range (380°) in Monte Carlo
cant changes are found with rMD helical parameters. In 'uns (seeP in Figure 4).
particular, base pair parameters, e.g., opening and stretch, A third factor leading to differences between rMC and
and base parameters, such as inclination and Y displacement;MD structures is the fact that the helical parameters extracted
manifest the biggest differences. Other rMC helical param- for rMD structures may not be properly calculated due to
eter differences are mainly contained within the standard deformed base ring geometry. Artifacts in measuring helical
deviation of the corresponding rMD parameters. Moreover, parameters may also cause the observed discrepancy between
parameters that define the geometry of the base pair and stepthese parameters and rmsd values, i.e., how structures can
involving residue T4 show the biggest differences between give rmsd values ok1 A yet show significant differences
rMD and rMC structures, while T6, G7, and A8 are among in helical parameters. For example, helical parameters of
the best-defined residues. To understand this deviation inT4-A19 base pairs and FTA5 steps are quite different
helical parameters, we need to consider the differences inbetween rMD and rMC final models (Figure 3). However,
how the DNA duplex structure and experimental data are the bases of T#A5 steps from rMD and rMC overlap with
handled during rMD and rMC refinements. an rmsd value of 0.25 A (Figure 5). Visually, the only
First of all, DNAminiCarlo and AMBER, the programs significant difference between these steps is in the geometry
used to run rMC and rMD simulations, respectively, describe of T4, which is rather distorted in rMD structures.
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Ficure 4: Phase angle of pseudorotatiBrand amplitude® calculated for sugar moieties of structures generated during 100 ps of rMD
simulation at 300 K starting from thBmdmodel (solid curve; average and standard deviation shown), for theBfimal(O) andAmc(a)
models refined by rMC calculations, and extracted from 2QF-COSY cross-peak analysis (
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Ficure 5: Side-by-side views of the T4-A518-A19 base pair step of tH®@md (green) andBmc (red) final structures. While the rmsd

between these structures is only 0.25 A (calculated using only the heavy atoms of the bases), they exhibit significant differences in helical
parameters (see Figure 3).

We conclude that helical parameter differences betweenstructures, we found that 167, G*A8, and A8T9 steps
rMD and rMC structures are mainly derived from internally are better defined and superimpose with lower rmsd values
inconsistent experimental bounds. These inconsistencieshan the overall structures. The conformation of these
distort base rings and promote unusual sugar pucker ampli-residues is defined by more experimental bounds than other
tudes in rMD structures, and local helical parameter pertur- regions of the duplex (Figure 1), consistent as well with the
bations in rMC structures refined with DNAminiCarlo. notion that the experimental data and not the refinement
Moreover, helical parameters in rMD final structures may method determine the structure.
be ambiguously calculated because of nonflat base geo- Visually Analyzing Final ModelsSince we cannot fully
metry. rely on analyzing our final structures by their helical

Despite all this, rMD and rMC final models overlap with parameters, we visually inspected the final models. First,
rmsd values well belw 1 A (considering only internal  the geometry of terminal base pairs appears to be distorted,
residues, Table 4), indicating that the structure of our DNA probably due to fraying of the duplex at its ends. In
undecamer duplex depends little on the refinement methodparticular, terminal and penultimate residues show a high
used and is essentially defined by experimental bounds. Thepositive buckle at the 'send of the duplex and a high
relatively large number of accurate distance bounds per basenegative buckle at the'&nd (Figure 3). This is also
(15—20 restraints/base) probably compensates for the smallerassociated with the sugar pucker of terminal residues being
restraining power of the wider bounds. In other words, a shifted toward theN conformation (Figure 4) and some
large number of accurate bounds, defined with lower unusual backbone torsional angles. Consequently, the
precision, will lead to a high-quality structure. By super- geometry of these residues should not to be used for
imposing corresponding base pair steps of rMC and rMD structural analysis.
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Looking at internal residues in structures refined by surprisingly, also for residue T4. This is just another
AMBER, we noticed that all thymidine residues have indication of the peculiar nature of this residue.
nonplanar base geometry with the methyl group displaced T4 |s a Special Residugrurther inspection of T4 in rMD
from the base plane toward thé¢hd. The thymine base  structures reveals that the methyl group is out of the base
ring is also oriented with its C5C6 edge toward the'2nd  plane in the 3direction, pulling the C5 atom of the ring in
as if it is being pulled by the methyl group. Also in the same direction. At the same time, the base is still
adenosine residues, the H8 atom is shifted from the baseengaged in flat hydrogen bonding with A19. The result is
plane toward the'3end, but not as much as the methyl group that the T4 base has a rather distorted geometry in the final
in thymidines. Moreover, the distortion caused by H8 does rMD models (Figure 5). In rMC structures, T4 has a much
not seem to Change the orientation of the base ring. InrMC flatter base with the methy| group in-p|ane, but the hydrogen
structures, thymine and adenine bases are oriented Sim”ar'ybonds to A19 are perturbed (Figure 5) This exp|ains the
As expected, the thymine methyl groups and the adenineobserved differences between rMD- and rMC-refined struc-
H8 atoms remain in the base plane, since DNAminiCarlo tures in most T4A19 base pair and some A5 step
does not allow deformation of base geometry. As a result parameters, and indicates that some restraints acting on T4
of the orientation of thymine and adenine bases @nd are not consistent. Whether this is the result of internal
A-T base pairs should have negative propeller twish T flexibility or experimental error, we do not know.
steps positive roll, and A" steps close to zero or negative  apalysis of Distance Restraint Violations in the Final
roll. Structures. An indication of internal inconsistencies in our
Guanine bases behave like adenine bases, while cytidinesxperimental data comes from analysis of bound violations
resemble thymidines, with the H5 atom shifted toward the in final structures. For this purpose, we consider models
3-end. However, the GT16 base pair appears flatter than refined by rMD and rMC separately. With the larger number
A-T base pairs. Other @ base pairs in our sequence are of degrees of freedom permitted for the structure by AMBER,
either terminal or penultimate, so their structural features are rMD-refined models give lower distance violations than rMC
subject to terminal fraying. structures. Also, we noticed that some types of restraints
T-G steps have positive roll, with T67 exhibiting the involving sugar protons are consistently violated. In most
largest roll. This observation is in accord with theGT  of these cases, the bounds are shorter than the distances in
geometry in other sequences studied in our laboratory. Athe final structures. Only a few distances violate the
big positive roll causes the helix axis to be bent. This feature experimental restraint upper bound. Internal flexibility, such
may be typical for pyrimidine-purine steps, such a&®&nd asN—Srepuckering of the sugar ring, may be responsible
T-A. for such systematic bound violations. In fact, NOE intensi-
Sugar and Backbone Conformation§ugar puckers in ~ {i€S are averaged by rapid exchange between two local
the undecamer hawe values characteristic of the Gendo ~ conformations. Moreover, because of the inverse sixth-root
pucker, except for terminal residues, with rMD and rMC rglanonshlp .betwee.n distances and intensities, e;umated
structures in good agreement (Figure 4). However, Sugardlstanceslwnl be biased toward the conformer with the
pucker amplitudes®, oscillate within a restricted range in  Shortest distance. Even the presence of a small amount (e.g.,
Monte Carlo final models (3540°), but reach unrealistically ~ 10—20%) of a second conformer may significantly affect
high values in the rMD structures (up toSFigure 4). As thpse experimental bounds with shorter dlstances in such a
already mentioned, this is probably a compromise to ac- Minor conformer. FasN—S sugar repuckering was also
commodate inconsistencies in experimental restraints whichSuggested by COSY cross-peak analysis.
is allowed during rMD runs by the AMBER program, but However, other experimental bounds, such asHbase
not by DNAminiCarlo in rMC calculations. intraresidue restraints, suggest that sugar repuckering by itself

Figure 4 also shows the sugar conformational parameters,?S not enough to fully explain bound violations. Hbase
P and @, that were determined from deoxyribose vicinal

intraresidue distances in refined models are consistently
coupling constants (Table 1). This information was not used 2nger than the corresponding experimental bounds, but this
for structural refinement but could be used to cross-validate

cannot be explained by means of sugar flexibility, sincé-H1
the final structures. Except for terminal residues, values for Pase€ intraresidue distances do not directly depend on sugar
Ps the pseudorotation angle for the major conformer, conformation. A more detailed analysis of experimental
determined from 2QF-COSY analysis are withirf 10 the distance bounds is being conducted in our laboratory and
corresponding values in the refined structure, with the COSY- should provide'insights into conformational flexibility which
derived values being systematically larger. The pucker Will b€ the subject of a future paper.
amplitude ranges between 30 and.400 calculate the sugar
conformation from protorrproton coupling constants, we CONCLUSIONS

had to assume a two-state model with the sugar ring petermining solution structures involves several steps
undergoing fas&—N conformational exchange. However, ranging from extraction of structural information from NMR
rMD and rMC procedures assume a conformational searchspectra to refinement of the structure using such restraints.
for only a single conformation with no internal motion. When  pyring each step, variables must be selected and assumptions
conformational exchange is ignored, the sugar rings in the ;made. The resulting geometry could be affected by the
refined structures have lowér values. methods and variables chosen, especially if the experimental
The backbone conformations of rMC- and rMD-refined data poorly define the structure. In our study, we have tried
structures exhibit similar torsion angles typical of B-DNA. to minimize the effect of the method on the final outcome,
Again, deviations are found in terminal residues and, and inthe process, we have examined the influence of some
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of the choices on the resulting structure. Interproton  As with the three TG steps in other duplex DNA sequences
distances and bounds were calculated very conservativelystudied in our laboratory3Q, 32), the two TG steps in the
from 2D NOE intensities by running MARDIGRAS hun- undecamer have a positive roll, with T&7 exhibiting the
dreds of times using 2D NOE spectra for exchangeable largest roll. A big positive roll causes the helix axis to be
protons and for nonexchangeable protons recorded at dif-bent. This is in accord with the results of a normal vector
ferent mixing times, assuming different overall correlation analysis of DNA duplex structures deposited in the
times and several different starting structures (vide supra). Brookhaven Protein Data Bank4). Dickerson found that

As a result, the distance bounds we obtained are wider thanroll bending occurs almost exclusively at pyrimidine-purine
those for any previous studies conducted in our laboratory, steps. DNA bending at ‘G steps has also been held
raising the question of whether these bounds would haveresponsible for the unusual electrophoretic mobility shown
enough restraining power to yield the correct geometry. For by duplexes containing such stepkb,(46).

this reason, we decided to refine the structure of our molecule In each of the three T&A steps we have previously
using two different methods: restrained molecular dynamics encountered in solution structures determined in our38b (
(rMD) and restrained Monte Carlo calculations (rMC). 32), bending was observed, but the T was preceded by a
These methods have different conformational search proce-pyrimidine. In theoX promoter sequence studied here, we
dures, different empirical force fields, and even a different also find roll bending, although the TGA step has a
way of describing the DNA duplex structure (atomic preceding A and isin the middle of the sequence interrupting
coordinates vs helical parameters). Nonetheless, rMC andan alternating series of A& steps. We might speculate that
rMD yielded essentially the same structures, with the atomic bending in the free solution structure may confer some
rmsd being well bele 1 A between final structures. Hence, advantage in binding of the promoter to tfetranscription

we are confident that our final structure is defined by factor.

experimental restraints and does not depend significantly on In conclusion, we successfully determined a unique
the refinement method or variables used. While convergencestructure for our DNA duplex. We believe that our model
to the same final conformation, even when different refine- is an accurate representation of the time-averaged structure
ment methods are used, indicates that the experimentalof the duplex in solution. Further studies are necessary to
restraints are defining the structure of our duplex, it does elucidate its dynamic properties, which are clearly suggested
not tell us how well this structure describes the real by our experimental data.

conformation of the molecule in solution. Comparison of
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