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ABSTRACT. We present the solution structure of the nonpalindromic 16 bp BNECTGCTCACTTTC-
CAGGY. Yd(CCTGGAAAGTGAGCAGY containing a mutatedB site for which the mutation of a
highly conserved GGG tract of the nativ& HIV-1 site to CTC abolishes NkB binding.H and 3P

NMR spectroscopies have been used together with molecular modeling to determine the fine structure of
the duplex. NMR data show evidence for a-8Il equilibrium of the CpATpG steps at the'2nd of

the oligomer. Models for the extreme conformations reached by the mutated duplex (denoted 16M) are
proposed in agreement with the NMR data. Since the distribution of Bl sites is changed in the mutated
duplex compared to that of the native duplex (denoted 16N), large differences are induced in the intrinsic
structural properties of both duplexes. In particular, in Bll structures, 16M shows a kink located at the
3'-end of the duplex, and in contrast, 16N exhibits an intrinsic global curvature toward the major groove.
Whereas 16N can reach a conformation very favorable for the interaction wit#BNE6M cannot mimic

such a conformation and, moreover, its deeper and narrower major groove could hinder the i
interactions.

The rel/NF«B transcription factors are expressed in most curvature toward the major groove in agreement with a
cell types. These proteins are involved in the regulation of previous circular mobility shift assay study carried out with
many genes related to various functions such as immune andhe «B site of the HIV-1 9).
inflammatory responses and cellular growth and develop-  Recently, we have determined the solution conformation
ment. NF«B is also subverted by a number of viruses, qf the 16 bp duplex containing the 10 bp of the HIVeB
including HIV-1* (1-3), to activate the expression of viral  gjte (10). We showed that NMR data were in agreement with
genes. Five DNANF-«B crystal structures have been 4, equilibrium between two different conformations, identi-

published 4—8). The three first structures involve 2 pS0 or  fieq a5 a phosphodiester backbone movement at the two
p52 homodimer bound to DNA. Two different binding modes yinucleotide steps flanking the 10 bp binding site of NF-

of p5S0 are observed, although the DNA sequences only differ, g pore precisely, the two dihedral backbone anglesid

by one base_ pair. The fourth crystal structure involves_a p50- ¢ change from the BI (t, g) to the Bl (g, t) conformation.
P65 heterodimer bound to DNA. NEB(p50-p65) recognizes  \jojecular modeling and an appropriate refinement strategy
«B Sglements with a consensus sequence@BGRNYYY- allowed us to propose a model for each extreme conforma-
CC (R for purine, Y for pyrimidine, and N for any  qn One of these conformations exhibits a novel mode of
nucleotide). In the crystal structurg)(pS0 contacts Sbp at  jinsic curvature toward the major groove consistent with
the 3-end of DNA, whereas the subsite of p65 involves 4 . -\ ature of DNA observed in the X-ray p50-pEDNA

bp at the 3end of the duplex. The last crystal structure is a (11) and p50-p65DNA (7) structures. Thus, we demon-
p65 homodimer complexed with DNAS). Overall, these  gateq that the isolated site has the potential to bend and

X-ray studies showed that contacts with DNA occur in the ¢ the intrinsic structural properties of DNA can suggest a
major groove through loops connecting the varigtstrands mode of specific recognition

of Rel proteins. Furthermore, all Rel proteins make extensive )

contacts with the phosphate backbone of their cognate DNA. _ Here, we present the solution structure of a mutatéd

In most of these structures, the DNA helix axis exhibits a Sit¢ (16M) where the mutation of the highly conserved GGG

tract into CTC abolishes NkB binding (1). In the crystal-
*The structures of the native duplex have been deposited in the l0graphic p50-p65DNA structure, six hydrogen bonds are

Brookhaven Protein Data Bank under identification codes 1kbd (for observed within this guanine tract. The mutation changes

the BI family) and 2kbd (for the BII family), whereas the structures of two acceptor N7 atoms into two acceptor N4 or O4 atoms,
the mutated duplex have been deposited under identification codes 3kbd

(for the BI family) and 4kbd (for the BII family). and one O6 atom is c'onserved. Therefore, only three
* To whom correspondence should be addressed. hydrogen bonds are abolished and the®site where p65
SCNRS URA 1129. binds remains intact. Moreover, as the p50-p65 heterodimer

"CNRS UPR 9080. ; i i
! Abbreviations: bp, base pair; HIV-1, human immunodeficiency presents a particularly high DNA affinity, sources other than

virus type 1; NOE, nuclear Overhauser effect; rms, root-mean-square PNA readout seem to contribute. The extensive phosphate
deviation. contacts could provide such an effe@}.(Therefore, in the
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Ficure 1: Sequence of the mutated duplex. The mutated bases are denoted in bold. Arrows indicate steps that exhibit unusual backbone
flexibility. References to these steps in the text will be given using the letter in parentheses. For the purpose afcciritgtures will

refer to a structure for which Bll conformations have been generated at steps (c) and (d), and Bl conformation for the otloelesteps;
structures will refer to the BIl conformation at steps (c), (d), and (e) and the Bl conformation for the other stepstrantiires will refer

to the BII conformation at step (e) and the Bl conformation for the other steps.

mutated«B site, the hydrogen bond change seems to be pulse was performed with a tailored excitation pulse train
insufficient to explain the lack of NkB binding. using 300us between each pulse of the composite pulse.
The aim of this work was to investigate by NMR The gradient duration was 1 ms for a gradient amplitude of
spectroscopy and molecular modeling the structure and11 G/cm for the first gradient and 17 G/cm for the gradient
flexibility of the mutated sequence to determine which echo.
nucleotides are affected and to what extent. Compared to  For the quantitative analysis of NOE interactions, NOESY
the nativexB site,*P NMR data and NOE-derived distances spectra were recorded successively at five different mixing
from the mutated duplex show differences in the conforma- times, namely, 70, 100, 150, 200, and 250 ms. These
tional equilibrium of the phosphodiester backbone and in experiments were acquired with 2048 data points intthe
several structural parameters, in particular the groove size.dimension and 47€ increments; 48 transients were collected
The modeling of 16M confirms these features and moreover per t; increment. Shifted sine bells were used in both
reveals differences in helix curvature compared to 16N. This dimensions before Fourier transformation. The data were
study also stresses the importance of sequence foBBI zero-filled to a 4096« 4096 matrix. A polynomial baseline
equilibria of the phosphodiester backbone, as already pre-correction was performed. A delayf & s before each
dicted by molecular modelindlp). Above all, these results  transient was used to allow complete longitudinal relaxation
establish that sequence context effects, both upstream anaf the adenine H2 protons. The volume integration of each
downstream of a DNA binding site, can thus play an resolved cross-peak was measured on both sides of the
important role in providing an effective protein binding site. diagonal. The distances between protons were then estimated
using the distance extrapolation meth&8)( The intranucle-
MATERIALS AND METHODS otide distance between H5 and H6 protons of cytosine (2.45
, A) was used as a reference for distance calibration. The
Sample PreparationThe 16 bp DNA duplex (16M)

5 o distances involving methyl groups were not taken into
d(CiT2GsCsT5CeA7CeToT 10T 11C12C13A14G15G16)* > d(Ci7Crs account because of uncertainties linked to the motions of

T19G20G21A22A 257 24G25 T 26G27A 28G29Ca0A31G32)* WasS SYN- these groups.
thesized as previously describdd). The final concentration
was approximately 6 mM, and the pH of the sample was

adjusted to 7. The nomenclature used for 16M is descrlbedloulse on the H3protons described by Sklénand Bax (6)

in the legend of Figure 1. was used as described elsewhet8).(The soft pulse was

The sequence of the nativeB site (16N) previously  optained with an i-SNOB-3 shapé1) with a flip angle of
studied (0) is *d(CiT2GsGaGsGeA7CsToT 10T 12C12C15A 14 180 to invert the H3 spin population. The selection of the

G15G16* S A(CrrCasT 195205214 228 298 24G5 T 261 CoeCodCaA 21G)°. H3' region is rather easy since, in DNA, these protons
NMR SpectroscopyAll NMR experiments were carried  resonate in an isolated region. To measife » coupling
out on a Varian Unity spectrometer (11.7 T) operating at a constants that were not overestimated, we first look for
proton frequency of 500 MHz. The spectrometer was optimal conditions 13) for carrying out this experiment,
equipped wih a 5 mm indirect detection probe. The notably, to reduce the line width of signals. At 53@ in
conformational analysis of both duplexes was carried out at agreement with the helix stability and 9.4 T, the data were
35°C, a temperature at which the DNA is in a duplex form collected with 1K data points and 236 increments; 160
(10, 13). Proton spectra ifH,O are referred to external transients were collected per increment. The data were zero
(trimethylsilyl)-3-propionic acid-2,2,3,8; sodium salt (TMSP).  filled to a 2048 x 1024 matrix. The observed values of
31p chemical shifts are referred to external phosphoric acid 3J1_143 coupling constants were linked to the 'HE3 —
(85%) at O ppm. O—P torsional angl® using the following proton phosphorus
Assignments of nonexchangeable proton and of phospho-Karplus relationship:J = 15.3 co$ 6 — 6.1 cosf + 1.6
rus resonances of 16M were carried out as described(18). The C4A—C3—O—P torsional angle is then calculated
elsewhere 13). The labile proton resonances of 16M were by adding 120to 6. The digital resolution of this experiment
assigned using the NOESY WATERGATIE4) experiment was 0.5 Hz per point, leading to an accuracy for the measured
conducted at 25C to slow their exchange rate and with a coupling constant of=0.5 Hz. For signals with large line
mixing time of 150 ms. The experiment was acquired with Widths, only an upper limit ofliz—» can be obtained (for
2048 data points in the dimension and 512 increments; ~ More detail, see ret3).
16 transients were collected pgrincrement. The spectral Simulation MethodologyThe modeling and refinement
width was 12 000 Hz in both dimensions. The selective®’180 procedure was the same as that described for the 16N

To measure vicinallyz—p coupling contants, the proton-
detected selective heteronuclear experiment with a selective
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modeling (0). Determination of three-dimensional structures procedure. No constraint was applied for the nucleotides at
was carried out through molecular modeling using the the end of the oligomer. The number of internucleotide
JUMNA algorithm (JUnction Minimisation of Nucleic Acids)  distances is all the more important as they define the fine
(19, 20). Sugar puckers (phase and/or amplitude), torsion structure of an oligonucleotide. Over the five most meaning-
angles, and distances can be constrained in JUMNA to aful internucleotide distances that can be measured by NMR
fixed value or to specified lower and upper bountid @1— (H6/H8—H6/H8, H6/H8-H1', H6/H8—H2', H6/H8—H2",

23). Constraint violations are prevented by a quadratic and H6/H8-H3'), a satisfying average number of 3.2
penalty energy term with a force constant of 6 or 12 kcal internucleotide distances per group of two successive bases
mol~1 A-2for distance constraints and 1000 kcal Maleg 2 was applied in constraints during the modeling of 16M (2.5
for dihedral constraints. Two force fields were used, namely, for 16N). However, for steps which present irregularities in
FLEX (10, 19, 21—-24) and AMBER94 25, 26), that have their backbone conformations, these five internucleotide
been added to JUMNA version 10.@7). Analyses of distances were measured for both duplexes, and a comparison
oligomer conformations are carried out with the CURVES of NMR data and structures of the studied duplexes at these
algorithm which calculates the optimal helical axis and a steps is therefore feasible. Only the H6/H82'"" cross-peak
complete set of helical paramete2). A systematic search  of steps (b) and (c) was sligthly superimposed in 16M, but
of stable B-DNA conformations as initial structures was sufficiently well-resolved to obtain reliable distances.

carried out as previously describetl). In addition, NMR This iterative process is achieved when no more improve-
evidence of Bll backbone features for 16M led us to generate ment inR factors is observed.

BIl conformations at steps (b) to (e) (see Figure 1). Seven |, yhe gpecial case of steps (a) to (e) that are potently in
initial structures were used: three for Bl and four for BIl. BI—BII equilibrium, the resulting®® chemical shifts and

A" the structures belong to the B-DNA fam!ly WiFh Sugars - NOE-derived distances are averaged between these two
in a broad C2endo range, but present a wide diversity of ;¢ rmations. The—¢ dihedral variations between Bl and
helical parameters. rms values between these structures rangg|; conformations are very large£¢ ~ —90° in the BI

from 1to 2.7 A. Last, we performed a refinement procedure conformation anck—¢ ~ 90 in BII); therefore, thee—¢

star'ﬂng flrom an A-DNA strucctjure to test the abllgy of the ' 4hgle was not constrained for these steps during the refine-
methodology to converge under restraints to a B-structure o\ ot 16\ structures. However, interproton distances

directly pointed out by the experimental data. As previously measured for these steps were used as constraints in the

describedZ3), in this particular case, very large constraints refinement strategy to calculaRfactors and energy cost to

on backbone angles were a_dded to the constraint _s.et %now whether the BI conformation is in better agreement
prevent the occurrence of different crankshaft transitions with NMR data or BII

during minimization when the sugar pucker changes from

C3-endo to C2endo. The average rms value between A RESULTS AND DISCUSSION

and B starting structures reaches 3.5 A. Back-calculations

of NOESY spectra were performed using the iterative Analysis of NMR Data

relaxation matrix approach IRMA (NMRchitect software

package, 2.3 release, Biosym Inc.). In the refinement (&) Sugar Ring ConformationThe short mixing time
procedure, the constraints were applied to each startingNOESY spectrum (15 ms) indicates ‘@hdo conformations
structure in five successive steps. After each minimization, for the 16M sugar rings without any nortisouth equilibrium
back-calculations of NOESY Spectra and adjustments of except for the sugars of the terminal nucleotides. These
distance bounds were performed. First, the sugar phases wergugars exhibit dipolar interactions between aromatic protons
constrained by imposing the NOE-derived intrasugar-H1 ~ and both H2and H3 sugar protons as a result of confor-
H4' distances with bounds of10%. Second, the—¢ mational averaging. H+H4' distances, which account well
dihedral variations calculated from tfi& chemical shifts ~ for sugar puckers, were introduced into the refinement
(22, 28) were applied in constraints. Then, the most Strategy so the pseudorotational phase angles for each sugar
significant intranucleotide distances (namely, base H6/H8 conformation could be monitored and refined.

with H1', H2', H2", and H4 sugar protons and with H5 of (b) Proton and Phosphorus ResonancBse small phos-
cytosine; H1 with H2' and H2'; and H2 of adenine with  phorus signal dispersion, less than 1 ppm (Figure 2), indicates
H1') were added to the constraint list with bounds adjusted a right-handed helix for both duplexes. In addition, the strong
according to the estimated distance values as described byorrelations observed with a short mixing time (15 ms) in
Kim et al. (29). Next, the following internucleotide distances the NOESY experiment between base H6/H8 protons and
were applied with bounds af0.3 A: H6/H8 with HT and H2' or H2' sugar protons of the same nucleotide indicate
H2', H5 of cytosine with H1, and H2 of adenine with H1 C2-endo conformations for the sugars, and consequently
together with the H6/H8H6/H8 internucleotide distances B-type duplexes. The assignment of proton resonances was
with bounds depending on the magnitude of the estimatedconducted using the classical methods for nucleic a8ids (
distances 29). Finally, the H6/H8-H2" internucleotide 33). Two different regions of the NOESY WATERGATE
distances with bounds af0.3 A were applied at a final step  are shown in Figure 3. Strong interactions between imino
since they are known to be overestimat@d, 22), and in protons of adjacent base pairs are observed (Figure 3a).
addition in our case, some of these distances are unusuallyThymine N3H resonances (13:34.2 ppm) are well-
large. Thus, 134 intranucleotide distances and 83 internucle-separated from the guanine N1H resonances (12341
otide distances were applied during the refinement procedureppm). Dipolar interactions between the thymine imino proton
for 16M, whereas 124 intranucleotide and 65 internucleotide and the adenine H2 base proton of the same base pair enable
distances were applied as constraints in the 16N modelingpreliminary assignments (Figure 3b). In addition, the thymine
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resonances for the two duplexes were assigrié€yl 13).
Knowledge of the backbone conformation is all the more
relevant as numerous phosphates are contacted by the p50-
p65 heterodimer in the crystal structui®.(The table in the
Supporting Information gives the proton and phosphorus
chemical shifts of 16M. Only the resonances of nuclei around
the mutation are significantly different between 16N and
16M. Thus, differences of structure, if any, should be
searched for around the mutation. For both duplexes, signals
that exhibit the most downfield-shifted resonances (Figure
2) were assigned to phosphorus resonances involved in CpA
steps, steps (b) and (c) for 16N and (c) and (e) for 16M. On
the contrary, the’’P chemical shift of CpA (b) in 16M
exhibits a strong upfield shift. These downfield-shiffég
resonances should indicate an irregular conformation of the
phosphodiester backbone at these steps.

(c) Minor Groove Size The interstrand distances between
adenine H2 base protons and'ldligar protons are sensitive
to the DNA minor groove width. A significant interstrand
NOE interaction between the A7 H2 base proton and the
C27 HI sugar proton in 16N was observed no matter which
mixing time was used, and the extrapolated distance was

FIGURE 2: One-dimensional!P spectra at 35C of (a) 16N and ~ approximately 3.7 A. On the contrary, for 16M, a very weak
(b) 16M. The phosphates that exhibit peculiar behaviors in terms NOE interaction between the A7 H2 base proton and the
of chemical shifts and temperature are denoted in the same colorG27 H1 sugar proton appears only for mixing times=0f50

as their corresponding steps. The underlined base pairs denote theng and the resulting distance was approximately 5.9 A, that
10 bp of the HIV-1«B site. is, to the limit of interactions that can be measured and
imino protons show dipo|ar interactions with Hgugar quantified. The AH2-H1' interstrand interactions are how-
protons (Figure 3b), whereas the guanine imino protons €ver quite similar in the case of thé-@nd adenines of both
exhibit dipolar interactions with the H5 protons of base- duplexes. These differences between 16N and 16M in
paired Cytosines (Figure 3b) The Cytosine amino protons interstrand NOE interactions were pI'EViOUS|y observed for
were assigned through correlations with the guanine imino the larger 24 bp fragments encompassing #Besite and
proton of the same base pair and also with the imino proton one of the Sp1 sites3€). They suggest a wider minor groove
of the adjacent thymine. The amino protons of guanine and for 16M that could induce changes in the major groove
adenine were not observed due to an additional relaxationgeometry where NiB binds.

process involving these protons. (d) Analysis of the Phosphodiester Backhdtigyrimidine-

The 3P spectra of 16N (Figure 2a) and 16M (Figure 2b) purin€ sequences are known to frequently be associated with
exhibit a different distribution of phosphorus signals. More- the BI-BII equilibrium (10, 12, 28, 34, 37—39). Crystal-
over, some of thé'P signals are strongly downfield-shifted. lographic structures often exhibit these BIl conformations
Since®P chemical shifts are strongly related to backbone (40). More recently, significant Bll-populated phosphates
structural features1Q, 13, 22, 34, 35), all the phosphorus  have been highlighted in solution by various NMR dét8, (

a b
"o F1
e o, o 3 0
12.04 9 12.63
12,83 0 0 0 12,4 0 é
0
13.03 13.9°
13.23 13.23
13.43 ﬁ 0 o n.aj a
13.83 13.63 + d
13.9 oﬁ 0 oo 13.03 0
14,04 ° ° @ 14.987 eo
<] L] .
14,2 14.23

ul.z I NI.. ' l:l.l i ﬂl.l ' 13’.4 i ﬂl.! ' ﬂl-. I ltl.l ' 1!‘.( ' 12.4
F2 (ppa) F2 (ppa)
Ficure 3: Results from a NOESY WATERGATE experiment carried out af@5wvith a mixing time of 150 ms. On the left are shown
the interactions between imino protons and on the right the interactions between imino pFatdinsgnsion) and adenine H2 base protons,
cytosine amino and H5 protons, and'Hligar protonsK, dimension).
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28). These studies clearly fixed the NMR data that enable 7,5, 1. NMR Data for 16N and 16M Characterizing the
Conformation of the Phosphodiester Backibone

us to highlight the presence of a BBIl equilibrium in
solution. First, the significant Bll-populated phosphates

exhibit downfield®*P chemical shifts, which shift upfield ——o"° NMR data Lom 1oN
. - sequence YpGYY Y TpGRR
upon temperature increases. In addition, Gorenstgé) ( 5(IP) (ppm) 041 028
analyzed the H3-P coupling constant in terms of fractional @ §[6(31P(T))] (ppm) g.gi 05 —0.05
populations of Bl and BIl conformations and stated that a a Hy—p(HZ) : : nm
large H3—P coupling constant indicates a large Bll popula- 2and3 g(('f:_%”?fgn%z Q) 25;_%4 35'.572
tion. A study of highly resolved crystallographic B-DNA A[OCH)](T) (ppm) 0.05 0.09
structures 40) enabled us to obtain the mean value of ¢the g%cllg;ﬂ(lcem) _RBOAR - YYCPAR
angle. For Bl phosphates, the meaangle reaches 176, A[é(iﬂlp%%)] (opm)  0.03 —0.14
whereas it is-114° for Bll ones. Therefore, the correspond- (b) Juz—p (H2) 5.6+ 0.5 nm
ing Juz—p values range from 1 Hz in the BI conformation to ~ 30and 31 d(H6/H8—H2") A 31 4.0
11 Hz in BII. In solution, the H3-P coupling constant can g(&%é.';’ﬁ%)(ppm) 8;83 8;23
thus be interpreted in terms of fractional populations of Bl sequence YCpARR  YYCpARR
and BII conformations. Second, NOE-derived internucleotide o(*P) (ppm) -0.12 —0.08
distances are larger when a BIll conformation occurs, (©) JAH[i(p (Fl)-i(g)] e g-%'i40-5 ;%1
particularly for the base H6/H8 and sugar'Heternucleotide 13and 14 d(He/H8—H2") (A) 3.3 3.6
distances. Finally, the Hthemical shifts exhibit the largest o('H) (ppm) 5.28 5.27
downfield shift variations when the temperature is increased SAe[gl(ng:g) (ppm) OfngRR \9Y1'rlpGRR
for steps involved in the BiBIl equilibrium (10), probably O(3%P) (ppm) —0.34 —-0.30
as a result of sugar movement of these stéd3. ( A[6CPM)I (ppm) O —0.06
In Table 1, we summarize the NMR data for 16M and @ j?ﬁ%j,g"éf)Hz..) @ Sy 05 o
16N that can discriminate between Bl and Bll conformations S(*H) (ppm) 5.64 5.63
of the phosphodiester backbone. A[OCH)I(T) (ppm)  0.06 0.06
NMR data for steps (c) and (d) are similar for both g?ﬁ;;’?ggm) _EEQAYY SE%QAYY
duplexes and confirm that the mutation has little effect on A[6CPM)] (ppm)  —0.02 —-0.01
the 3-end of 16M. Consequently, steps (c) and (d), as mainly (e) Jyz—p (H2) 5.3+£0.5 nm
indicated by downfield3¥P resonances and largks_p 6and7 g?{',_%”gfgnt;z )A) ?.’5;244 s
coupling constants, together with large H6/H82" inter- A[O(H)I(T) (ppm) 0.07 0.05
nucleotide distances, also underge-Bll transitions in 16M sequence RROGRR  RRTpCYY
as in 16N. NoCe P oem) 005 o
For steps (a) and (b) of 16M, near the mutation, NMR 0 Juz—p (HZ) PP 45+05 nm
data exhibit differences in the backbone conformation with 26 and 27 g((TI—?)/?S_n’]H)ZH) A) 25;976 nemOl
respect to 16N. In 16M, for these two step'® resonances Al 6(1H§)]F()T) (ppm) 0.01 0.02

are strongly upfield shifted as a result of a displacement of

a Sequence indicates the sequence context for each considered step
in bold (Y for pyrimidine and R for purine)d(®*P) is the chemical
shift of phosphorus at 33C. A[6(®*P(T))] is the variation of the
phosphorus chemical shift when the temperature is increased from 35

coupling constant and the small internucleotide H6AHER'' to 55°C [0(55 °C) — 6(35 °C)]. Juz—p is the H3—P coupling constant
measured for 16M at 55C. The sign< indicates that only an upper

distance imply that the BII (a) conformer is not significantly limit of J can be determinedd(H6/H8—H2") is the internucleotide

p,OPU'_ateF’ or may eve'n be npneXIStent. FF” SteP (b), thedistance between the H6/H8 proton of the purine and thé $igyar
situation is more complicated since #® chemical shiftand  proton of the pyrimidine derived from NOE dats{!H) is the chemical

variation with temperature are in favor of a Bl conformation, shift of the H1 sugar proton of the pyrimidineA[6(*H)](T) denotes
whereas the mean internucleotide H6/4H82'' distance and the variation of the Hlsugar proton of the pyrimidine chemical shift
the large H3-P coupling constant are rather in favor of a ‘j"che” the temperature is increased from 35 t§649(55 °C) — 6(35
still significant BIl population. Moreover, the C30 H1 )1
chemical shift, as well as its variation with temperature,
would indicate a majority in the Bl population for step (b) NMR results for steps (c) and (d) are in favor of two BlI
in 16M. Concentration effects cannot account for this since conformations facing each other in the duplex. In addition,
no difference is observed for site (c) or (d). Therefore, for modeling has already suggested the fact that two BII
step (b), the Bl conformer is obviously less populated in conformations facing each other are more stable than a single
16M than in 16N, but it is not clear if a significant population  Bll site (12, 41). Such calculations performed on the 16M
of the BIl conformer is still present. duplex confirm this result and show that structures with
Finally, the mutation has introduced pyrimidine-puriné simultaneous BIlI conformations at steps (c) and (d) are as
sequence at steps (e) and (f). Only the NMR data for stepstable as the Bl conformations. Thus, for the molecular
(e) in 16M exhibit the characteristics of a-BBIl equilibrium modeling of 16M, three BIl conformations generated at steps
like steps (c) and (d). (c), (d), and (e) were considered leading to structeres,
Therefore, NMR data for 16M are in agreement with and cde (see Materials and Methods for more details).
significant BIl populations for steps (c), (d), and (e). A rather Moreover, to investigate the presence of a potential Bll
small population of the BIl conformer may be present in population for step (b), a Bll conformation at step (b) was
solution for step (b). As already demonstrated for 16R) ( also generated (named structime

the BI-BII equilibrium toward the Bl conformation. In
addition, for step (a) in 16M, the downfiefP chemical
shift variation upon temperature increases; the smati#3
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Table 2: Averages oR Factors for the Bl and Bll Famili€s

R Rss Rintra Rus-inta Rinter Rus-inter R(C) Rue(C) R(d) Rue(d) R(€) Rus(€) R(D) Rue(b) Ros20 Ris28-20 Rosa-25 Rus-24-25
BI 0.36 0.07 0.29 0.06 060 0.09 0.29 0.07 031 0.07 041 0.09 035 0.07 0.24 0.05 0.38 0.06
cd 0.34 0.06 028 0.06 055 008 025 005 022 004 039 0.08 033 007 0.23 0.05 0.38 0.07
cde 0.35 0.06 0.29 0.06 056 0.08 024 0.05 023 004 042 0.08 031 0.06 0.24 0.05 0.38 0.07
e 0.36 0.07 029 005 061 0.09 0.28 0.07 0.28 0.06 042 0.08 031 0.06 0.23 0.05 0.38 0.07
b 0.38 0.07 0.30 0.06 0.67 0.10 0.30 0.07 0.37 0.07 039 0.08 064 012 0.28 0.06 0.40 0.07

2R andRys values were calculated for the whole oligomBira (Or Rinter) @nd Ryss—intra (OF Rus—inter) Were calculated over all the intranucleotide
(or internucleotide) distances used in the refinement. L&cé&ctors for different steps were also calculated, and the letter indicates the step

involved. R = Z|Vexp — Veiml/EVexp andRys = |V —

exp

Visl/ZVES, where the summation runs over all peaks of interest for mixing times of 150,

200, and 250 msVex is the NOE intensity, an¥sim is the simulated NOE intensity.

(e) Importance of the Neighboring Sequence forBll
Transitions af Pyrimidine-Purin€ Steps The flexibility of

are equivalent for all structures and decreased by roughly
36% for R and 29% forRys during the refinement. Only a

some YpR steps has originally been suggested by Ulyanovsmall decrease in thR factor is seen for intranucleotide

et al. @2). Within these two duplexes, 10 CpA and TpG

distances Rintra) during the refinement procedure, which is

steps occur in different sequence contexts. A previous not surprising as intranucleotide distances mainly define the

molecular modeling study demonstrated that,{R (R)n
sequences make the BBII transition easier for the central
YpR steps 12). NMR data for these steps enable us to
reinforce our findings concerning the effect of neighboring
sequences on pyrimidine-purine backbone flexibility. Here,

helix type and do not vary significantly within the B-DNA
family. On the contrary,R factors over internucleotide
distances Rnwer) Which define the fine structure of an
oligonucleotide show large variations during the refinement
procedure. For the BI family and thed structuresRiner

a significant BIl population has been clearly demonstrated exhibits an improvement of 56% arfys of 41%. Ryer
for seven steps (CpA or TpG; see Table 1). Six sites are factors are slightly better for thedl andcde structures. Local

present in Y)Y YpRR(R) sequence context (two Bl facing
each other) and one inNY YpRYY sequence context (single
BIl on one strand), which strengthen previous resu2g).(

R factors were calculated for steps (b) to (e), together with
local R factors for steps 24 and 25 and 28 and 29 used as
references. The loc& factors calculated for steps (c) and

Therefore, Bl conformers seem to be present in a majority (d) for cd or cde structures confirm that Bl conformations

at ¥pyrimidine-puriné steps with YY sequence at theit-5
side and preferably with RR sequence at théiside.

Molecular Modeling and Structural Analysis of the
Mutated Duplex

(@) Modeling Strategy As explained in the previous
section, two families of initial structures were generated: the
Bl family with all the phosphodiester backbone in BI
conformations and the BII family with the phosphate groups
at steps (b) to (e) in Bll conformations leading to structures
b, e cd, andcde Constraints{—¢ dihedral angle differences

at steps (c) and (d) agree better with NMR data. These results
are consistent with the fact that tleel conformations are

the most stable and energy loss during refinement is the
smallest. For step (e), both conformations lead to the same
R factors, and therefore, Bl and BIl conformations are both
compatible with NMR data. For step (b), the lo€afactors

are very poor and suggest that the BIl conformation does
not agree with the NMR data.

To conclude, after refinement, both energetic and structural
considerations indicate that Bll conformers are present in a
majority at steps (c) and (d), with the same probability as a

and interproton distances) were applied during the refinementBI conformer at step (e), and with no significant Bl

procedure as previously describeld) using two different
force fields. Independent of the force field used, the

population at step (b).
(b) Backbone Conformation and Helical Parameter Analy-

refinement procedure led to a set of very similar structures sis NMR structures derived by NOE calculation are under-
in terms of energy, helical parameters, and rms. This involved determined 43—45). However, twist, roll, shift, and slide

an average rms of 0.8 A between structures within the BI
family. A similar rms was also obtained among thd

helical parameters can be determined accurately with NMR
data @5). The great number of internucleotide distances and

structures. Note that between refined and starting structures, and ¢ difference angles obtained for this duplex enables

the rms typically ranges from 1.3 to 1.6 A. Moreover, the
data from a refinement procedure conducted with an A-DNA
as a starting point rapidly converge under NMR data to the
B-structure already obtained.

us to precisely define these parameters. As suggested by the
rms values, the refined structures from a given family exhibit
very similar helical parameters. From a set of different
structures (maximal rms of 4 A, including the A-DNA

The refinement procedure leads to an energy cost of 17 starting point), the refinement procedure conducted with two

kcal mol for cd structures, 19 kcal mot for the BI family,
21 kcal mot? for cde ande structures, and 25 kcal mdl

different force fields leads to families of structures with
appreciably low rms values. Therefore, all helical parameters

for b ones. Thus, compared to free minimizations, the seem to be well-defined, and only small scatters around the

energetics of the refined structures seems to indicate thataverage of helical parameters are observed (data not shown).

Bll conformations at steps (c) and (d) are more favorable The largest variations of parameters are observed for the Bl

than BI conformations. refined structures for th¥s, (maximal variation of 0.7 A)
Table 2 gives the averages Rfand Ry factors over the  and for the inclination (maximal variation of8 Moreover,

set of refined structures for the Bl family and for the four the helical parameters show the same variation profile along

BII family structuresR factors for the whole oligonucleotide  the sequence for all the refined structures within each family.
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Ficure 4: Analysis of average helical paramete®) for Bl structures, [{0) for cd structures, ©) for cde structures, andx) for e
structures: (a)disp: (D) inclination, (c) twist, (d) rise, (e) roll angle, and (f) tilt.

This is in constrast to the random variation of helical cde) exhibit the same variations as those for Bl structures
parameters along the sequence in the starting structures(or cd). In the case of structureor cde, the twist values for
Consequently, for the purpose of clarity, only average values CpA at step (e) exhibit a higher magnitude than for the other
of helical parameters calculated over the refined structure structures followed by a variation of twist values on both
sets are presented in Figure 4 for the Bl and Bll families sides of this step. These results fit with rms values obtained
(structurese, cd, andcde). Average values of—¢ dihedral for the half-site of 16M. Indeed, rms values were calculated
differences for each strand are given in Figure 5. for nucleotides from position 2 to 7 and from position 7 to
Bl Family. Average helical parameters for the Bl family 15. For the first half of 16M, Bl structures superimpose well
are canonical for a B-DNA with aXgsp, of —1.7 A, a twist with structurescd (average rms of 0.2 A) and quite well
of 35° for a rise of 3.4 A, and an inclination 6f5°. The BI with structurescde and e (average rms of 0.6 A). On the
€—C values are spread over a large range fro8@° to —30° contrary, for the second half of 16M (positions-¥5), Bl
(Figure 5a,b). The three most stable structures for the BI structures exhibit rms values of around 2.5 A when super-
family are presented in Figure 6. A good superposition is imposed with structuresd or cde. Such a large rms is not
observed. All structures in the BI family exhibit a straight surprising since the phosphodiester backbone conformation
helix axis. at steps (c) and (d) and the associated parameters are
BIl Family. As previously observed4(), the generation ~ completely different in structuresd andcde (Bl conforma-
of a BIl conformation on only one strand of the oligomer, tion) compared to those in the Bl family (BI conformation).
like at step (e), does not lead to large helical distortions. As previously described, the movements of two phosphates
The effect is very local for twist ancKysp, values, and facing each other changing from Bl to Bll generadgs,,
globally, the overall helical parameters for structeréor roll, twist, and inclination variationslQ, 12, 41, 45). In the
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present the largest variations are presented in Figure 7 for
the Bl and BII families of 16N and 16M. The 16M BII family
encompasses refinamtl structures since thede structures
have been shown to behave likd structures. The 16M
structures present the same variation of helical parameters
as the 16M BI structures. The 16N BIl family regroups
refined abcd structures (using the same nomenclature that
was used for 16M) together with refined structures since
this conformation can potentially exist in solution, and the
comparison withcd structures of 16M seems relevant. For
the purpose of clarity, only the mean values of helical
parameters for each family are indicated. In the guanine tract
of 16N, Xgisp values are always less negative than for the
other base pairs, whereas the inclination is strongly negative.
While for the BI family the average twist in the G-tract is
around 37, in 16M, the mutation induces an alternation of
low and high twist values. These large structural variations
between 16N and 16M agree with the large differences
observed in NMR spectra of both duplexes around the
mutation.

When the helical parameters at tHeeBd of the duplexes
are compared, the range of values is quite similar for the BI
and BII families. rms values calculated for nucleotidesl
have an average value of 1.2 A for 16M BI structures
superimposed with 16N BI structures andloA for 16M
cd structures superimposed with 16N BII structures. Small
variations of twist and roll values are observed for the CpC
step, but only one internucleotide distance was derived from
] ) ] NMR data; this step is obviously underdetermined.
case of CpA (cJTpG (d), a high twist value (59 is For both duplexes, the generation af structures leads
characteristic of two facing Blls in the duplex for structures g the same distortions. Two BIl conformations facing each
cd andcde. However, this large twist has little effect onthe  giner in the duplex generate helical distortions over 5 bp
adjacent twist values (Figure 4c). Similarly, the roll angle :haracterized by a strongly positivéss, and a negative
becomes strongly negative and creates a local kink towardinclination. For 16N, in the case of four simultaneous BlII
the minor groove (Figure 4e). A major effect of simultaneous conformations, 5 bp at the'-5ide and at the 'Side are
Bll transitions is thatXuisp and inclination change not only  affected, and consequently, all 10 bp of i@site are pushed
at the BIl sites but also for the 5 bp surrounding the Bll igward the major groove.
sites (Figure 4a,b). The movements of the phosphates at steps (b) Groove GeometryTable 3a gives the average values
(c) and (d) push away these base pairs into the major groove of the minor groove width and major groove depth for Bl
but also the base pairs of the second part of the duplex tog gj| steps for studying the effect of two Bl transitions
reduce the extent of destacking. Thus, we observe stronglyfacing each other in the duplex. “Bl steps” implies that the
positiveXisp values (Figure 4a) linked to negative inclination  ayerage is calculated for all steps in the Bl conformation
(Figure 4b) which gradually decreases toward thédse o hoth duplexes. To calculate the average values of groove
pairs. Only the base pairs of the second part of the duplex gimensions with Bl steps, we first examined the extent of
are translated toward the major groove. nucleotides for which grooves are influenced by Bl steps

The helix axis is roughly straight when only the base pairs acing each other. For two simultaneous BII steps at the 5
from positions 2 to' 13 are analyzed yy|th CURVE$. However, and of the oligomer (or'3end), averages are calculated for
when the whole oligomer (from p03|t|0n_2 to 15) is analyzed, ,cleotides 3,4, and 5 (or 11, 12, and 13). The major effect
a global curvature of 30toward the major groove appears of || sites facing each other in the duplex clearly lies in
due to kinks at steps (c) and (d). The three most stalle  making the minor groove narrower and the major groove

structures are shown in Figure 6. The helix axis is rather mych less deep in agreement with the unusual valuXggf
straight on the first part of the oligomer and begins kinking 5nd inclination.

FiGure 5: e—¢ dihedral variations®) for Bl structures, [Q) for
cd structures, ¢) for cde structures, andx) for e structures: (a)
first strand 5— 3' and (b) complementary strand-3- 5'.

toward the major groove at the-8nd of the duplex. NMR data showed a narrowing of the minor groove for
The Bl sites clearly appear with—C values ranging from 16N GC-rich DNA oligonucleotides have already been
100" to 130 (Figure 5) associated with a decreasg éfom reported with narrow minor grooved®). To explain this

approximately 170to 130 e—C values for the other steps  featyre, the authors suggested that buckles gk, Rinctions

are quite similar to those observed for the Bl families (Figure pecome strongly positive, shortening the minor groove and

5a,0). consequently making the interstrand Ha1' distances

measurable by NMR. In fact, the mean of the buckle angles

within the G-tract of 16N reaches 12vhereas it is around
(a) Helical ParametersTo analyze the mutation effects —5° in 16M. To investigate the influence of a G-tract on

on the three-dimensional structure, the helical parameters thathe major groove size, the average major groove width and

Structural Comparison of the Nag and MutatedcB Site
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BII

Ficure 6: Stereoview of the three most stable structures for each family of 16M. For the BI structures (top) eshdttiietures (bottom),
the black arrow indicates the direction of the major groove. The graphic representation was created with CURVES.

depth, independent of the conformation of the phosphodiestergroove depths were also indicated according to the backbone
backbone for 16N and 16M, are given in Table 3b. Major conformation since Table 3a showed that Bll steps made
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Ficure 7: Comparison of average helical parameters between the native and the mutated duie@isstiuctures and 16N, %) cd
structures and 16N #&) abcd structures and 16N ™) cd structures and 16M, anddj Bl structures and 16M.

Table 3: Groove Sizés TpG dinucleotide at the'send of 16N disappears for 16M,

, . ; but the CpATpG dinucleotide at the'3nd of 16M still
minor gz%)ve width— major g(r’g;)ve depth presents a BtBII equilibrium. In addition, step (e) exhibits
a BI—BII equilibrium, but a BIl conformation within only
one strand leads to minor perturbations. Therefore, for the
mutated sequence, two families of models are proposed: one

@)
Bl steps 4.8 51
Bll steps 2.0 0.4

major groove depth

major groove width A) with the entire phosphodiester backbone in Bl conformations
(b) Q) and the second with steps (c) and (d) in BIl conformations.
Bl 4.1 The two sets of refined structures are in good agreement
16N gg‘:d 155 3179 32 with NMR data with respect to theR factors. However,
16M Bl ande 125 5.8 6.1 local Rfactors calculated for steps (c) and (d) are better when
cd andcde 6.3 Bll conformations are considered, indicating that Bll con-

2 (a) Average of the minor groove width and the major groove depth formers at these steps are clearly dominant. The BI refined
as a function of the conformation of the phosphodiester backbone. “Bl structures are canonical B-DNAs. Two simultaneous BII
steps” means that the average is calculated for all Bl steps in both transitions in both strands induce local curvature of the helix
duplexes. “Bll steps” means that the average is calculated for axis and change in the major groove dimensions and

nucleotides 3, 4, and 5 and 11, 12, and 13 within Bl refined structures . fl thex., d the inclinati fthe fi iahbori
of both duplexes. (b) Average of the major groove width and depth influence thexispan € Inclination ot the Tive neighboring

over the refined structure sets of 16N and 16M. Averages of the major Dase pairs to maintain good base pair stacking. For 16N,
groove depths are denoted in bold. Major groove depths are alsofive base pairs are affected by each—BII equilibrium

indicated as a functio_n of the conformation of the ph_o_sphodiester occurring upstream or downstream of the 1QdBpsite and
backbone. The analysis runs over nucleotides from position 3 to 8. thus influence the structure of the whole site. Therefore, 16N
can reach a conformation very favorable for the interaction
the major groove shallower. The G-tract clearly widens the with NF-«B, which presents a helical axis curvature in the
major groove and makes it less deep no matter which same direction as in the NEB—DNA crystal complexes
structure is considered. Thus, 16M has a deeper and narroweand a translation of all theB base pairs toward the major

major groove that could hinder protein approach. groove. 16M cannot mimic such a conformation, and
moreover, groove dimensions in 16M could hinder the

CONCLUSION DNA—protein interactions.
NMR data for 16M highlighted the fact thaa 3 bp The question of the mechanism of the specific recognition

mutation within the NF¢B binding site implies a different  of DNA by proteins remains to be solved. Structural studies
distribution of the conformational equilibrium of the phos- over the past 15 years have provided very useful information
phodiester backbone around the mutation and large changesbout the protein motifs that interact with DNA and of the
in helical parameters. The BBII equilibrium of the CpA DNA distortions in the proteifrnucleic acid complexes.
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However, although the deformability and flexibility of DNA
seem to be highly important, structural studies of native and
mutated duplexes generally reveal only small differences that
cannot explain the different protein binding behaviors. The
role played by DNA in proteirDNA interaction is not
clearly established, but it is acknowledged that localized
DNA conformational changes may help to maximize protein
interactions and are thus likely to be stabilized in the
complex.

Here, we have presented the NMR solution structure of a
mutated«B site that helps in understanding the specific
recognition ofkB sites by NF«B. The 3 bp mutation within
the NF«B binding site changes the BBII conformational
equilibrium within the phosphodiester backbone near the
mutations and implies important coupled changes in helical
parameters. We have demonstrated that the deformability of
the native duplex enables it to reach a conformation with an
intrinsic global curvature of the helix axis toward the major
groove and a translation of all the base pairs into the major
groove. In contrast, the mutated duplex can only kink at its
3'-end, and only the base pairs at this side can move toward
the major groove. Moreover, the major groove is narrower

and the base pairs are more buried than in the native duplex.

To our knowledge, for the NkB—DNA crystal complexes,
the intrinsic properties of the native duplex are very favorable
for the binding of NF«B in contrast to that of the mutated
duplex.

The results obtained for both duplexes also stress the
importance of flanking sequences for the backbone flexibility
of pyrimidine-purine steps within apRy, sequence context.
BI—BII equilibria of the phosphodiester backbone on each
side of thexB site influence the structure of the whole site.

Thus, sequence context effects, both upstream and down-

stream of a DNA binding site, can play an important role in
providing an effective protein binding site.
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SUPPORTING INFORMATION AVAILABLE

Table giving proton and phosphorus chemical shifts of the
mutated «B site, where temperatures are indicated in
parentheses, light shadows denote the nuclei involved in the

mutated nucleotide, and heavy shadows denote the nucleus

significantly shifted in comparison with 16N (differences of
>0.05 ppm). This material is available free of charge via
the Internet at http://pubs.acs.org.
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