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ABSTRACT

In a previous NMR study we detected the presence of
particular motions and hydration properties within
the DNA fragment d(CTACTGCTTTAG)-d(CTAAAG-
CAGTAG). Now, we report on an NMR and molecular
modelling analysis of this sequence focusing our
attention on the biologically important TpA steps.
NOe and coupling constant restraints were intro-
duced in three different modelling protocols: X-PLOR
and JUMNA used with Flex and AMBER94 as force-
fields. Despite their differences the protocols
produce similar mean B-DNA structures (r.m.s.d.
<1 A). The new information confirms our previous
experimental results on the narrowing of the minor
groove along the T8T9T10/A17A16A15 run and the
sudden widening at the T10pAll step ending this
run. Itis further shown that this step displays a large
positive roll with its T10:A15 and A11:T14 base-pairs
likely stabilised by amino—amino and amino-
carbonyl interactions in the major groove. A relation-
ship between roll values and amino—amino and
amino—carbonyl distances strongly suggests that
electrostatics or bifurcated hydrogen-bonds could
be responsible for induction of positive rolls in TpA
steps. Such edge-to-edge interactions could explain
the slower motions shown by the adenine A15. The
influence of these interactions on the stabilisation of
particular DNA conformers is discussed using our
data and those provided by the recent literature.

INTRODUCTION

these dynamic motions has been found to range between the
microsecond and the millisecond (3,5,6).

In a recent NMR study (4) we identified strong sequence
dependence of the dynamics in the d(CTACT-
GCTTTAG)-d(CTAAAGCAGTAG) duplex. While each
strand of the oligonucleotide contains two TpA dinucleotides it
is mainly the T14pAl5 step included in thé-BAAA-3’
segment which shows slow motions. In addition, the adenines
of the B-TAAA-3' run display positive nOe cross-peaks indi-
cating substantial residence times of water molecules (>0.5 ps)
at their proximities (4,8). In contrast, the adenine of the facing
5'-TTTA-3' segment did not show either this dynamical
process or retention of water molecules. Results underlined the
high sensitivity of the water-DNA nOes towards small differ-
ences between the TpA structures, induced by different context
sequences. Similar to any pyrimidine—purine step, the TpA
step is very malleable (1,2,7,9-13) as it presents little overlap
between its two base-pairs. This allows significant bending
through rolling in the major groove although the faculty of
TpA to be bent depends also on its interactions with its envi-
ronment (neighbouring residues, ions, proteins etc.). Notably,
the TpA step has been identified in protein—~DNA complexes as
a site of major bending (14-16).

The main purpose of this NMR and molecular modelling
work on d(CTACTGCTTTAG)-d(CTAAAGCAGTAG) is to
improve our structural and dynamical information on the TpA
steps. Yet, the structure determination of double-stranded nucleic
acids by NMR combined to molecular modelling still remains a
hazardous task and recent studies in this field have underlined a
significant influence on results of the modelling method and of the
way of using experimental restraints (17—20). To avoid these
pitfalls the DNA structure was assessed with three different
protocols, namely JUMNA with two different sets of force
fields (Flexand AMBER92 (17,21), and molecular dynamics
through X-PLOR (22). In both cases the use of relaxation
matrix methods permitted a better account of experimental

Conformational transitions occurring at TpA steps in DNAdata (23). Present results describe the main properties of the

have been reported in the past by several experimental grougéCTACTGCTTTAG)-d(CTAAAGCAGTAG)

structures

(1-6). These studies have been made by NMR spectroscopyovided by the three different modelling protocols. However,
and visualised as excess line widths of aromatic protomarticular attention is paid to the peculiar behaviour of the
resonances (2,7) artéC relaxation data (3). The time scale of T10pAl1 step.
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MATERIALS AND METHODS and AMBER94(31) force fields. JUMNA is able to handle
. e distance constraints, either with respect to a chosen fixed value
DNA synthesis and purification or within specified upper and lower bounds (32,33). In both

The dodecadeoxyribonucleotides d(CTACTGCTTTAG) andcases, violations of constraints are prevented by a simple quad-
d(CTAAAGCAGTAG) were synthesised using the solid phaseratic penalty term using a force constant of either 6 or
procedure on an Applied Biosystems 381A automated appd-2 kcal.motLA-L It is also possible to constrain sugar puck-
ratus, according to the standard phosphoramidite chemistgring in terms of phase, amplitude or both these variables in
and purified by HPLC column followed by dialysis. Nucle- combination (32,33). Differences between two torsion angles
otides in the two strands were numbered in ascending order between two distances can be also constrained; as these
from the 3 to the 3 end, as shown below: types of constraints are less stringent than constraints on a
single angle or distance, they allow a lower energetic cost

1 23 456 7 8 9101112 (32,33). The force constant used for the angles is 1000
S5CTACTGCTTT A G3 (strandI) kcal.motlrad™
F¥GATGACGAAAT CS (strandl) The structures obtained were analysed with the CURVES
24 23 22 21 20 19 18 17 16 15 14 13

program (version 5.2) which provides a rigorous way to obtain
local structural parameters and overall helical axis locus for
NMR spectroscopy irrggular structures of nucleic acids.(34). The output file§ from

: this program include two sets of helical parameters: the ‘global
NMR experiments were performed at 500 MHz on a Brukemarameters’ defined relatively to a global helical axis and the
AMX-500 spectrometer. All data were processed on an X3Zocal parameters’ defined relatively to a local axis (34). Note
computer with the UXNMR software or a Silicon Graphics that the structural analysis and r.m.s.d. calculations exclude the
Workstation with the Felix 2.30 (M.S.I. Technologies, Santerminal base-pairs of oligomer, which are subject to fraying in
Diego, CA). _ _ o solution.

The sample was dissolved in 0.4 ml of potassium dihydrogen Ty starting structures were generated by constructing the
phosphate-disodium hydrogen phosphate buffer containing é](CTACTGCTTTAG)-d(CTAAAGCAGTAG) duplex in
mM EDTA. The resulting solution was nearly 4 mM in duplex, canonical B-form, the first one using the Biopolymer module
ionic strength 0.1, and pH 6.9. of Insight and the second one using JUMNA. The other

For assignments of non-exchangeable protons the sample W&gting conformations for the dodecamer were generated by a
lyophilised several times fromH,0 and finally dissolved in  compinatorial search of low and high purine phase sugar
0.4 ml 99.996%H,0. NOESY spectra were collected at’85 ,ckers (17,35) and by minimising without constraints coordi-
using the phase-sensitive mode with the TPPI method (24). Fofates obtained previously after JUMNA minimisation with
NOESY experiments, 4096 real points in t2 and 800 in t1 were-|ex and AMBER94force fields.

collected with 2 s relaxation delays using a spectral width of Then these starting structures were angle constrained (sugar
4504.5 Hz. The NOESY data sets were apodized with a Skeweﬂhases and the-Z torsion angles). To avoid the influence of

sinebell-squared 7(phase-shifted function to 2048 points in {2 3ngle constraint definition on the obtained structures, each
and 800 in t1. For P-COSY and TOCSY experiments 8C35  gyrycture was minimised using two different sets of angle
4096 real points in t2 and 800 in t1 were collected using & SPegynstraints. In the first set, the sugar phases were classified as
tral width of 4032 Hz. TOCSY experiments were collected injq,, (120-170) or high (150—200) (35). In the second set, all
the clean mode with a dipsi2 mixing sequence and mixing timeg, o sugar phases were constrained between 120 afic2le
were 40, 80 and 110 ms (25). The P-COSY and TOCSY data sgfg phase differences were constrained between —10 arfd +10
were apodized with a sinebell-squared fhase-shifted func- 1o two residues displaying close phases and between —5 and
tion t°312048 points in £2 and 800 in t1. _ +60° for residues having very different phases. So, for one
For®'P assignments, 2D heteroTOCSY experiments (26) wergiyen initial structure, we obtained two structures, minimised
recorded at 3% with a mixing time of 70 and 40 ms; 1024 \yith the first and the second set of angle constraints. Finally,
points in t2 (proton dimension) and 100 in t1 (phosphorusynges restrained structures were submitted to back-calculation
dimension); spectral width of 2404 Hz in t2 and of 405 Hz in t1.jterative refinement of distances. The NOE_Simulate routine
For assignments of exchangeable protons, the sample Wagegrated into an Insight environment (M.S.I. Technologies)
lyophilised several tlm%s in 4® and then dissolved in & \ya5 ysed for the calculation of theoretical NOESY spectra
mixture of 90% HO/10%H,0. 2D NOESY-Watergate (using (36 37). The full relaxation matrix used here takes into account
a 32 kHz rffield for all pulses) (27) were recorded at@@vith 5| the spin diffusion pathways. A single correlation time of
4096 points in t2 and 800 in t1; a spectral width of 10 204 Hz5 5 s was used for every interproton vector. This parameter
The NOESY data sets were apodized with a skewed-sinebell,q the 7-leakage factor were determined using the procedure
squared 70phase-shifted function to 1024 points in t2 and 800yegcriped by Bankst al. (38). The refinement procedure was
in t1 and the baseline was corrected in F2 dimension with a ﬁ"%erformed according to Lefebves al. (32,33). The theoretical
order polynomial function. NOESY spectra of a given structure were calculated at various
mixing times, and the calculated cross peak volum§ V
compared to the experimental cross peak volurfig af the
JUMNA. The 3D structures of the dodecamer were determinedorresponding mixing time. To enable this comparison, a
with the version 10.0 of the JUMNA (JUnction Minimization scaling factor was determined at each mixing time by
of Nucleic Acids) (28) program on a Silicon Graphics O2comparing the non-terminal cytosine H5-H6 reference cross
R10000 workstation. JUMNA allows the use lliex (29,30) peak volumes in the calculated and experimental spectra.

Simulation methodology
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The fit of the calculated nOe intensitiesYjyto the experi-  Structure refinements
mental data (¥j) was evaluated by calculating the nOe
residual R factor: R =] Ve&ij — Vsij|)/ZV¢j and the R/¢ factor:
RY6 = (Z|Veij16 — VsijL8))/zVEij L6 where the calculations run

Nucleic acid parameters and force constants were obtained
from the parameter files parallhdg.dna (22). This file was
however modified for the valence angles in the sugar which are

?ﬁ;[)ggemﬁ'g/?_'gn;reagng)%\aera?" igtsgrll\;e?_gz?sjg,eik; sinonghosen to fit those given in Saenger (42). These modifications
g ( L k ) garp .(. S " permit to obtain sugar conformations with correct puckering
H4') connectivities, intrasugar connectivities and mternucle-amIolituoles (35-40)

otide base to base connectivities. The distance constraints WETE- = ihe electrostatic component of the empirical ener
then submitted to an automated refinement procedure (33). function. the effect of solventF\)Nas a roximatedp r 9y
A run with JUMNA was then performed with the new b . as app B/,
: . . . __djelectric function and by reducing the net charge on the phos-
constraints set (angle restraints and new distance constraint iate aroun to —0.32e. All bond lenaths were kent fixed with
This refinement was repeated until the distance boun group o 9 P

restraints and the structural parameters of the molecule show CSIHAI‘KI.E algorithm (43;) (toledra_nce 5:010). Fi di
no further changes. alculations were performed in two steps. First, distance

restrained molecular dynamics calculations were carried out.
X-PLOR.AIl energy minimisations and molecular dynamics Second, the relaxation matrix refinement was applied, as
calculations, using the program X-PLOR 3.1 (22), weredescribed in other works (41,44,45). In the following, these

performed on Silicon Graphics INDIGO2 R8000. Al structuressteps will be denoted as distances-restrained molecular
shown in this work were displayed using Insight97 (M.S.1. Tech-dynamics (d-MD) and relaxation matrix refinement molecular

nologies). Initial starting structures designated by Ini-A and Ini-B dynamics (RM-MD).

respectively, were generated by constructing the d(CTACT- The starting structures (Ini-A and Ini-B) presented a r.m.s.d.

GCTTTAG)-d(CTAAAGCAGTAG) duplex in canonical form of 5.69 A (taken into account only the 10 central base-pairs).

A- or B-form using the Biopolymer module of Insight. They were minimised with 1000 steps of conjugate gradients.
— . After minimisation, the two structures (Ini-Amin and Ini-
Determination of restraints Bmin) present ar.m.s.d. of 5.68 A.

As described in Huang and Eisenberg (39), in addition to the Distance restrained molecular dynamics calculations with
application of experimental interproton distance restraints irnitial velocities assigned from a Maxwellian distribution at
molecular dynamics (MD) and observed volume integrals inl000 K were performed for a total of 38 ps. Three random
back-calculation refinement, some other restraints (mentionesumber seeds were used for the initial velocity assignments in
in the following) have been used in our calculations. order to generate an ensemble of six structures.

The interproton distances were calculated from the distance The dihedral restraints were 100 kcal.mohd? the
extrapolation method (40). The internal references for transdistance restraints were introduced gradually, the initial values
lating the nOe cross-peak intensitiegktyO experiments were  for the experimental distance restraints were 0.4 kcatido?

2.95 A (thymine CH-H6 distance) for cross-peaks implying a and for the hydrogen bond restraints 0.5 kcalhAt2 These
methyl resonance and 2.45 A (cytosine H5-H6 distance) for alalues were increased to 30 and 50 kcal:mAt?, respec-
the other cross-peaks. tively, in 8 ps at 1000 K and were maintained at these values

NOe cross-peaks presenting overlaps making their integraturing the rest of the time course of d-MD. The system was
tions difficult were used as restraints by classification intoequilibrated by an additional 8 ps at 1000 K, and cooled grad-
strong (1.8-3 A), medium (1.8-4 A) and weak (1.8—6 A) inten-ually to 300 K in 14 ps. An additional 8 ps of restrained-molec-
sities. 383 distances were calculated and in general assignathr dynamic at 300 K was performed. The coordinates were
the following boundaries: d < 2.6 A (=0.2/+0.3 A), 3.0 A < d < averaged over the last 2 ps and subjected to 1000 steps of
4.0A (-0.3/+0.4 A) and d > 4 A (-0.4/+0.5 A). conjugate gradient minimisation to produce DR»A and

The NOESY data acquired in,B (two mixing times 120 DR-B, , sstructures.
and 180 ms) were quantified and translated into distances i ) i
using the H2-NH3 cross-peaks as reference (2.9 A). Relaxation matrix refinement

Base-pairs were kept Watson—Crick hydrogen bonded byhe six distance refined structures were refined against the
distance restraints between bases. For A-T base-pairs, A(N6)nOe cross-peaks intensities with the relaxation matrix refine-
T(04)=2.95t0.1 Aand A(N1)—-T(N3)=2.820.1A; for G-C  ment routine of the X-PLOR program. The nOe intensities
base-pairs, C(N3) — G(N1) = 2.950.1 A, C(N4) — G(06) =2.91 (total 899 on three NOESY data sets collected at mixing times
+0.1 A and C(02) — G(N2) = 2.86 0.1 A. To avoid problems of 70, 120 and 200 ms) were incorporated as penalty functions
during molecular dynamic calculations, distances restraints weig the relax energy terms, in which exponent 1/6 was used. An
added between Catoms on opposite sides of the major grooveisotropic correlation time of 3 ns derived from a systematic
(these distances were restrained to be >16 A) (39). grid search (X-PLOR Manual) along with a cut-off distance of

We also restrained the backbone dihedral angles to preserges A was used during the relaxation matrix refinement calcu-
the right-handed character of the DNA duplex (40,41). Thdations (46). The tolerance was set to 0.03 A. The distance
values used werex = 290+ 50°, 3 = 180+ 50°, y= 30+ 35°,  refined structures (DR) were submitted to 2 ps of molecular
€ =180+ 50° and{ = 275+ 30°. dynamics at 1000 K during which the weights for the non-

o-dihedral torsion angle restraints were included in theexchangeable nOe intensities were increased from 0 to
calculations on the basis of measurgg and §;,» and on 400 kcal.mott. A-2 while weights for distance restraints were
qualitative estimations of .4, and J,s for all non-  decreased from 30 to 0.01 kcal.mok-2 At the same time, the
terminal residues. weights for non-exchangeable proton intensities, hydrogen-bond
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and dihedral restraints were kept to 30, 50 and 100 kcaltdol,  starting structures were generated exhibiting energies of nearly
respectively. Next, the system was gradually cooled from 1008590 kcal.mot, with r.m.s.d. between 0.26 and 1.4 A. With

to 300 K in 5.6 ps, then an additional 4 ps dynamics wasAMBER94 eight starting structures were generated displaying
performed at 300 K. The coordinates during the last 1.0 ps ofnergies of nearly —400 kcal.mblwith r.m.s.d. ranging from
dynamics were averaged and these averaged coordinates werg4 to 1.95 A. We note that the r.m.s.d. range is larger with

subjected to energy minimisation. AMBER94
By minimisations with the two different sets of angle
RESULTS constraints, we obtair)ed 18 structures Withlﬂ!m(force field,
and 16 structures with thAMBER94force field. For each
Distance and torsion angle restraints force field, we selected the four structures (two for each set of

Sugar puckers were estimated using the procedure describ@ﬂgIe congtralnts) presenting the highest r.m.s.d._ '

by Kim and Reid (36). This approach involves the quantitative We applied to the a_bove sets of structures the distance refine-
measurements of,J,» and J,.,» and the qualitative estima- ment protocol described in Materials and Methods. All the
tion of dppps and Jgye in @ P-COSY spectrum. In every non-exchangeable protons were used, except the methyl
residue, JJ;.,,» is found to be greater thagJy,,., thus limiting ~ Protons which were ignored in the JUMNA program. The two
all the deoxyribose pseudorotation angles to 1002286,47). force fields provided S|m|Iar. structures (r.m.s.d. 0.70 A)
In the H2/H2"-H3' region of the P-COSY spectrum, no although the convergence witRlex (r.m.s.d. 0.20 A) was
residue, except terminal residues (C1, C13, G12 and G24 gund better than witAMBER94(r.m.s.d. 0.38 A). There was
exhibits H2'-H3' cross-peak, thus supporting the range o total I_OSS of 30 and 37 kcal.m@)lfo_r Flex and AMBER94 .
pseudorotation angles provided by d, and Jy. - respectively, but structures were in good agreement with

The use of the H1H4' nOe cross-peaks allows the reduction &Perimental datelex R¥°=0.056 and R = 0.27AMBER94

of the range of individual pseudorotation angles (36,47,48)'31/6= 0.057 and R = 0.26).

This has been possible for all the residues except All. Thg_ ;

good agreement observed between the COSY and the NOE YPLOR CaICl.Jlatlon results ) )

experiments allowed the use of a larger range of pseudorotdhe two starting structures Ini-A and Ini-B were generated as

tional angle restraints and the refinement of the’-H&  described in Materials and Methods. Three dynamics runs

distances to constrain sugar. were performed on each starting structure by random assign-
The phosphodiester backbone was constrained féitn ment of initial velocities, producing six structures (Ini-Amin:

NMR data (not shown). Thé'P chemical shift values were DR-Al, DR-A2 and DR-A3, Ini-Bmin: DR-B1, DR-B2 and

obtained from a heteroTOCSY experiment (26). We alsd®R-B3). Details on the protocols are also outlined in Materials

recorded a heteroCOSY spectrum to obtain the proton—phognd Methods.

phorus couplings. However, these were not measurable due toThe convergence is always higher for structures arising from

strong signal overlaps, since the 22 phosphorus resonances #te same starting structure (DR-A: r.m.s.d. = 092.07 A,

located between —4.5 and —4.1 p.p.m. Thus, we used the earll@R-B: r.m.s.d. = 0.9% 0.22 A), compared to the convergence

reported relationship between the phosphorus chemical shiffer structures arising from different starting structures

and thee-C angles (21,32,49). (r.m.s.d. =1.1& 0.16 A). However, the application of a relax-

) ation matrix refinement increases the convergence, a gain of
JUMNA calculation results 0.24 A being observed on the r.m.s.d.
The JUMNA procedure was applied using either thiex The energetic terms are listed in Table 1A. The relaxation

force field or the AMBER94 force field. With Flex, nine  matrix refinement procedure results in an ~35 kcalflolss

Table 1.(A) Energy terms (kcal mo) and @) deviations from ideal stereochemistry and from experimental restraints of structures obtained at various stages of
the X-PLOR modelling protocol

A

Total Bonds Angles Impropers vdW Elec hbond
A-DNA 1017 90 712 150 32 -303 -73
B-DNA 778 97 628 125 -124 -339 =77
d-MD -312.1 24.1 180.8 141 -354 -418 -74
RM-MD -277.6 30.6 202.6 14.8 —346.8 -415.1 -74.8
B

Deviations from ideal stereochemistry Deviations from experimental restraints

Bonds (A) Angles) Impropers {) cdih (kcal mot?) R factor R/6factor
A-DNA 0.0104 1.77 143 2715 1.47 0.166
B-DNA 0.0109 1.6 131 20 0.86 0.101
d-MD 0.0054 0.89 0.43 2.9 0.28 0.047
RM-MD 0.0061 0.94 0.44 0.81 0.14 0.030

A-DNA and B-DNA correspond to the starting structures, d-MD and RM-MD designate the structures obtained with d-MD and RM-MD, respectively.



Nucleic Acids Research, 1999, Vol. 27, No. 2463

in total energy. This rather small energetic cost arises mainlin both the X-PLOR and th€lex molecules (2.2 and -3.5
from an increase of the angle energy. The parameters relatedrspectively), while being neaf or the AMBER94molecules
the stereochemistry of the molecules (Table 1B) may bg€0.7°). They also fit the B-family (-6 A) better than the A-
judged as good according to several criteria that have been alsamily (+19 A), and values are globally in agreement with
used in similar studies (46,50). The deviation on stereochenresults provided by other NMR studies for B-DNA (41,53),
ical parameters introduced by the refinement also appeagdthough large positive inclinations have also been observed in
minimal (Table 1B). The nOe R factors show clearly that thesome cases (20,52).
molecule adopts a structure near the B-form. The refinement The values of the intra base-pair parameters: shear, stretch
procedure improves significantly the R factor: R decreaseand stagger, are null, and those of the buckle are either slightly
from 0.28 to 0.14 and ¥ from 0.0047 to 0.0030. positve AMBER94 1.0°) or negative (X-PLOR: -2
) i Flex —1.4). The propeller twists are always negative with
Comparison of the results provided by the three values depending on the method used (X-PLOR: %3.9
approaches AMBER: -5.2 and Flex: —7.0), but always in good agree-
At the end, we obtained six molecules with the X-PLOR rMD ment with the propeller twists found either in solutions (=}.4
(restrained Molecular Dynamics) strategy, eight structure®r in crystals (6.9 (53). The local slides are negative,
with  JUMNA-Flex and eight structures with JUMNA- ranging from -1.2 to 1.6 A, while the global slides are near
AMBER94 An average structure was calculated in each cas@ A (0.1 A), as found in other works (52,53). The rises are,
and the obtained three structures, called X-PLORMBERf  whatever the method used, very close (3.2-3.3 A) and also
andFlexf, were compared as well as being compared to the Asimilar to those found by NMR and X-ray studies (53,54),
and B-DNA canonical forms (Table 2). while the mean twist values are identical to values generally
found in solution (34-34:3 (53,55,56). Globally, the values
of helical parameters are in good accord with those reported in
Table 2.r.m.s.d. in A between the structures of the literature.
d(CTACTGCTTTAG)-d(CTAAAGCAGTAG) (for the 10 central base-pairs) In the following we concentrate on the local variations
provided by the three modelling methods (X-PLOR-f, Flex-fand AMBER-) \yithin the double helix. The analysed helical parameters,
and their corresponding minimised canonical A- and B-forms either at the base-pair level or at the base-pair step level, are
givenin Figure 1. Values of the tip angles fluctuate withb?,
with the largest positive tip value for the A11:T14 base-pair

A-DNA B-DNA  X-PLOR-f  Flex-f AMBER-f

A-DNA 0 (with the three methods). The latter further displays a large
B-DNA 5.68 0 positive value for its buckle, although this is found to be largest
X-PLOR-f  4.80 1.78 0 at the central G6:C19 base-pair. Such a large positive buckle
Flex-f 4.77 1.79 0.80 0 for the first G:C base-pair of a GpC step has been already
AMBER-f  4.18 227 1.00 0.70 0 reported by several authors (20,52). The propeller twist is

negative at each base-pair with JUMNA (b&NMBER94and
Flex), while some positive values are obtained with X-PLOR.
The r.m.s.d. are <1 A for the final DNA structures, indicatingIndeed, the three protocols provide almost identical propeller
that these structures depend only a litttle on the methogist profiles for all the steps, except T8pT9 which is poorly
employed and are essentially defined by the experimentalefined by NMR data, as we will see below. Globally, the
restraints. Note, for instance, that with X-PLOR we used theyropeller twist values appear strongly negative in the
canonical A- and B-DNA forms as starting structures, while5'-T2A3C4-3 segment of the molecule, then near null or weak
with JUMNA-Flex and JUMNAAMBER94we used the ener- (positive or negative) in the' 84T5G6C7-3segment (rich in
getical minima. Furthermore, the three force fields were als@G-C base-pairs) and rather negative in the last segment of the
rather different, and the way the restraints were applied wagiolecule (rich in A:T base-pairs). The A:T base-pairs gener-
totally different. Also, X-PLOR works through molecular ally prefer negative propeller twists as its has been shown by
dynamics with cartesian coordinates while JUMNA proceed$oth NMR (18,41,51,57) and high resolution X-ray crystallo-
through molecular mechanics and internal coordinates. Thergraphy (54).
fore, it was reassuring that different approaches could provide The values of rolls, twists and rises (local inter base-pair
results in so close agreement. parameters) are also shown in Figure 1. Although a certain
scattering among the twist values provided by the three proto-
cols existed, the twist is always large at the G6pC7 and T2pA3
In the first step, we compared the average helical parametesseps, while it appears similar to that found in regular B-DNA
(calculated as the average of the individual values of eacht the T10pAll step. The discrepancy between some of the
molecule) in the molecules provided by the three approacheX-PLOR and the JUMNA data mentioned above for the T8pT9
Among these, the X-disp and inclination parameters help tstep is also shown by the twist. Due to cross-peak overlaps, the
identify the nature of the DNA family. X-disp values (X- number of nOes that are collected to define the conformation
PLOR: 2.4 A, AMBER: —2.2 A and Flex: —1.6 A) are nearerof T8 relative to T9 appears too weak to provide a correct
the B-form (0 A) than the A-form (-5 A), and are similar to the distance refinement with JUMNA. The latter, in contrast to
values found for other published structures (41,51,52). FOK-PLOR, cannot accommodate restraints implying the methyl
comparison, the X-disp values are —1.0 (X-PLOR), —1.3roups. Although this represents a real handicap, we noted that
(AMBER) and —0.7 A (Flex), for the energy minimised struc- the use of the available restraints produces a significant effect
tures without restraints. Inclination values are slightly negativaluring the data refinement. For instance, the energetical

Structure analysis
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Figure 1. Mean helical parameters of the d(CTACTGCTTTAG)-d(CTAAAGCAGTAG) structures obtained with the three different approaches [(square) JUMNA-
AMBER94 (triangle) JUMNA¥Flexand (circle) X-PLORY]; calculated as the average of the individual values of each molecule.

minima provided by JUMNA flex and AMBER94 without  and 33, 37 for X-ray crystallographic structures at high reso-
restraints yield high twist values (~20for both T8pT9 and lution (54). The large twist value (37-21found for the
T9pT10. The introduction of restraint lowers the twist of G6pC7 step is similar to the twist values often reported in the
T9pT10 to ~30-32 and remains ineffective on the T8pT9 literature (18,51-53). Also noticeable is the difference
twist for which nearly no NMR restraints are available. Inobserved on the twist values of the two TpA steps, this being
contrast, in the restrained X-PLOR structures where theather high in T2pA3 and medium to low in T10pAll, illus-
distances with methyl groups are taken into account, the twidtating once again the influence of the sequence context. Twist
value is found the same within T8pT9 and T9pT10 (933 values in the other steps were rather in the average for B-DNA.
Thus, a doubt might be cast on the twist value of T8pT9 The sequence effects on the rise appear more accentuated
provided by JUMNA, although this value enters the range ofvith X-PLOR compared to others. The rise profiles illustrate
values reported for a TpT step: 3(52), 41 and 35(51), 38  the propensity of the TpA steps for the low rise values, and, in
(58), 35 (41), 32, 35 and 37159), 35 (53) for solution structures; contrast, of the GpC step for the high rise values. For each
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protocol the roll profile reflects a large positive value at the5'-TTT-3' run, and a GpC step at its centre. No curvature is
T10pAll step, while for the T2pA3 step only X-PLOR leadsdetected as the distribution of roll angles (or tilt angles) in the
to a significantly positive roll value. Such a positive roll for the double helix does not allow its induction. Several structural
TpA steps conforms to the recent NMR literature parameters deviate from the standard B-DNA values in the
(41,51,52,54,58). The remaining pyrimidine—purine step of th&'-TTT-3' run and also at other steps. Most of our present
sequence, T5pG6, displays a near null roll value, while in thé¢calculated) and previously reported (experimental) parameter
literature positive values for this step (18,20) are more frequentalues (4) are found consistent with those observed in the
than low values (52). Thus, here again, the roll angle dependscent refined structure of the Dickerson dodecamer (54). For
greatly on the sequence context (51). The main characteristinstance, there are the same minor groove narrowing at the AT
of the oligonucleotide is the large positive roll at the T10pAlltracts and the same large twist at the GpC steps in both
step correlated to a low rise and to a widening of the minododecamers. The large positive roll at the T10pAll
groove as shown in Table 3. The refinement of distanceél14pA15) step is shown by the three protocols X-PLOR,
between the adenine H2 proton and' igioton of a 3-neigh- JUMNA-AMBER94and JUMNA¥FIlex. A large positive roll at
bouring residue on the complementary strand allows us tthe T10pAl1 step, relative to the other TpA steps of the mole-
constraint minor groove. The absence of constraints for resiule, thus appears as a characteristic independent on the meth-
dues at the centre of sequence [including the A20(H2)-G§(H1 odology used. Positive rolls at the pyrimidine—purine steps and
distance that could not be measured because of severe overlgpening of the minor groove in DNA duplexes have been iden-
of resonances] can explain the differences observed among ttited by NMR and other methods (18,20,51,52,60). The bias
structures obtained with each protocol. Although the threef these steps for positive rolls has been also observed in
force fields give similar trends, there are noticeable differenceprotein~-DNA crystal structures (14-16,61). Usually, large
where constraints are lacking, showing the importance of thpositive rolls are accompanied by extremely severe distortions
latter for structure determination. at the base-pair or at the backbone (14,16,61-63).

Various edge-to-edge contacts can be detected in the major
Table 3. Minor groove width (phosphorus—phosphorus separation minus 5.8 A) groove of our calculated structures. Note for instance the four

of the average molecules obtained with the three different approaches distances from the amino protons N4H/N6H to the N4/N6
atom, and from the N4H/N6H protons to the O4/06 atom
X-PLOR (A) AMBER (&) Flex (A) between two adjacent base-pairs in Figure 2. Since all the base-

pairs have one amino group and one carbonyl group oriented in

TErGE4) 35 6.4 >8 the major groove, the above four contacts, either inter or intra
G(6)-A(23) 5.5 5.8 5.6 strand, can occur whatever the step is. A rather good linear
C(7)-T(22) 5.1 6.3 5.8 relationship (R = 0.8) between the average of these four
T(8)-G(21) 4.0 59 55 distances and the rolls is obtained considering all the base-
9)-A20 39 5 9 pairs of the dodecamer. They are the positive rolls that bring
T(O)-A20) ' 5 4. closer the amino and carbonyl functional groups in the major
T(10)-C(19) 4.3 5.9 4.9 groove. For sufficiently large rolls, as it is the case for the
A(11)-G(18) 6.3 6.9 55 T10pALl1l step, the distance between the amino and the carb-
G(12)-A(17) 79 75 6.8 onyl groups and between an amino group and another amino

group of adjacent base-pairs become compatible with the
formation of electrostatic or even hydrogen bonds. Of the four
The profile of rise, tilt, roll and twist values of each strand interactive distances we note that it is the intra-strand distance
taken separately have been also examined (not shown). Aretween the'scarbonyl and the'3aamino which is the shortest.
important point is the agreement between the three protocolslthough, the T10:A15 base-pair is implied in non-concerted
which are always found to be better for strand Il than forinteractions with A11 for T10 and with T14 and Al1 for A15,
strand I. This difference was assigned to the fact that strandits planarity is not significantly altered and its propeller twist
possesses more thymines than strand Il and can therefore @ed its buckle can be considered to be small. They are,
better assessed by X-PLOR, which uses restraints on methylsowever, larger at the succeeding base-pair A11:T14, leading
than by JUMNA. Moreover, the sequence effects describetb an intra-strand roll between T14 and A15 (carbonyl to amino
above for the double strand always appear larger for the strandsstance: 2.4 A) larger the one between T10 and A11 (carbonyl
taken separately. For instance, the local inter base-pair tilt cao amino distance: 2.8 A).
be very weak while the local inter base tilt can be large: either Our structures suggest further that, besides the amino to
negative or positive. Examples are the TpA steps and also thearbonyl interactions occurring between the edges of adjacent

central G6pC?7 step. base-pairs (64,65), there are also interactions taking place
between two or several amino groups. Such interactions have
DISCUSSION been found in biomolecules and particularly in nucleic acids

and have been discussed in detail in recent papers (66—69). In
The salient feature of the d(CTACTGCTTTAG)-d(CTAAAG- nucleic acids they may help to maintain or induce positive
CAGTAG) double helix is its conformational heterogeneity,rolls. In the inventoried DNA—protein complexes the edge-to-
shown by the three minimisation protocols, X-PLOR,edge interactions taking place in the DNA major groove can be
JUMNA-AMBER94and JUMNA¥FIlex This can be attributed correlated to the observation of high positive rolls particularly
to the particular sequence of the oligonucleotide that containsa the pyrimidine—purine steps, TpA, TpG(CpA) and CpG. In
5'-TTT-3' run, several TpA steps with one of them ending theboth the TpA and the TpG(CpA) steps, the rolls seem to be
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Figure 2. The edge-to-edge interactions implicating the amino (blue) and carbonyl (red) groups along the major groove of the TTTA/AAAT segment for the aver-
age structure obtained with X-PLOR. These represent the shortest distances, designated by dashed lines, between the amino protons H6a yrH@kHe grey
N6 atom or the O4 atom of two contiguous base-pairs. The Watson—Crick interactions are not shown. Note that a positive roll brings closer tieatteracti

stabilised by bifurcated hydrogen bonds (15), as illustrated, fawists and no large rolls are observed (69), since, on the strand
instance, in the crystal structure of the TATA box complexedcontaining thymines, the successive methyls hinder close
to a yeast TBP (62). Note that interacting groups are not availkdge-to-edge contacts in the major groove.
able in the minor groove of the TpA and TpG steps, presum- In  conclusion, the oligonucleotide d(CTACTGCTT-
ably leading to the rarity of negative rolls at these steps. ITAG)-d(CTAAAGCAGTAG) duplex adopts a non-regular
contrast, both positive and negative rolls can be observed at tfi'eDNA helix conformation with unequal distortions and
CpG steps (12,15,17) since these may contract amino—cartnotions in the two strands. The three approaches X-PLOR,
onyl and amino—amino interactions both in the minor groovelUMNA-Flex and JUMNAAMBER94lead to similar struc-
and in the major groove. Finally, considering that only thetures where, however, the influence of experimental restraints
pyrimidine—purine steps can adopt high roll values, their weals the determining factor. Among the various steps, those TpA
stacking properties have been suggested as the best explaggpear to play a particular role in the DNA structure and
tion (12,15). It is tempting to assume that when embodied ifynamics, although the extent of their effects is strongly
pyrimidine—purine steps the bases possess more liberties $¢quence context dependent. Their possible role of hinge
optimise their edge-to-edge interactions. during protein-DNA complex formation has been often
Another point was the slow motions exhibited by the adeniné€Vvoked (16,61,62,70), as well as their capability to disrupt B
A15 (4). The signal broadening effects could be partly causeBNA (16,61,71,72). The recurrent presence of TpA steps in
by the ring currents which are large in the TpAA context,duplexes known for their opening properties is intriguing.
leading in some cases to large changes in chemical shift ffus, & characteristic feature of the DNA sequences directing
small changes in local conformation (5,6). Yet, it seems likelyiranscription initiation, replication initiation and site-specific
that most of the effects are due to the array of short edge-tgécombination processes, is that they contain the TpA step
edge interactions slowing the motions of this residue. Figure gither inisolation or as the tandem repeat TATA.
shows that these interactions are favoured by the propeller
twist occurring in the A11:T14 base-pair and that brings closeACKNOWLEDGEMENT
the edges of the A15 and T14 bases in the major groove. Note i
also that m We gratefully acknowledge support for this study from La
ethylation of the adenine base in TpA steps leads to abolitiohIgue Contre le Cancer, Comite du Val de Marne.
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