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ABSTRACT

We examined, by 'H and 3P NMR, the solution
structure of a 16 bp non-palindromic DNA fragment
(16M2) containing the HIV-1 NF-xB-binding site, in
which the sequences flanking the kB site had been
mutated. 3'P NMR was particularly useful for obtain-
ing structural information on the phosphodiester
backbone conformation. Structural features were
then compared with those of the two previously
studied DNA fragments corresponding, respect-
ively, to the native kB fragment (16N) and a fragment
in which mutations have been introduced at the 5’
end of the xB site (16M1). For the mutated 16M2
duplex, NMR data showed that the BI-BIl equilib-
rium, previously reported for the native fragment
(16N) at the kB flanking steps, was lost. The role of
the BI-BIl equilibrium in NF-xB recognition by DNA
was then investigated by electrophoretic mobility
shift assay. We found that the isolated xB site has
the potential to bind efficiently due to the BI-BII
equilibrium of the kB flanking sequences.

INTRODUCTION

The NF-kB transcription factor is an important regulator of
genetic processes in the immune and inflammatory responses.
NF-xB is subverted by a number of viruses, including the
human immunodeficiency virus (HIV) (1-3), the etiological
agent of acquired immune deficiency syndrome (AIDS), to
activate the expression of viral genes, leading to cell death.
The nuclear factor NF-kB, originally identified on the basis of
its ability to bind an essential control element located in the
immunoglobulin k light chain locus, is the archetypal member
of the class of dimeric Rel proteins (p50, p52 and p65). Rel
proteins characteristically have a stretch of approximately 300
amino acids called the rel homology domain (RHD),
comprising residues responsible for protein—protein inter-
actions, sequence-specific recognition of DNA and nuclear
translocation. NF-kB activity is controlled mainly through
interactions with inhibitory proteins of the IxB family,
including IkBo and IkBp. IkB proteins contain six or seven
‘ankyrin repeats’, each 33 amino acids long, which facilitate
interaction with NF-xB, masking the nuclear location signal

(NLS) of this protein and resulting in its sequestration in the
cytosol. The activation of cells by a variety of inflammatory
stimuli, including mitogens, cytokines and oxidative stress,
induces the phosphorylation of two serines (Ser32 and Ser36),
degradation of the IxB proteins (4,5) and the release of active
NF-xB, which is then translocated to the nucleus, where it
stimulates the transcription of responsive genes. The active
nuclear form of NF-xB is a heterodimeric protein formed by
two homologous subunits, p5SO0 (NF-xB1) and p65 (Rel A),
assembled by means of their RHDs. Each of these constituent
subunits is able to bind DNA alone as a homodimer: p50-p50
(6,7) and p65—p65 (8). Two identical 10 bp sequences, the kB
motif, within a region of the HIV-1 long terminal repeat (LTR)
extending from —80 to —105 with respect to the transcription
start site, have been shown to be high affinity binding sites for
NF-xB (2). Transcription initiation occurs only if these DNA
sequence motifs are occupied by the transcription factor
NF-xB.

Five DNA:NF-«B crystal structures have been published
for either homodimer with p50, p52 and p65 (6-9) and a
pS0—p65 heterodimer (10). The pSO—p65 heterodimer recog-
nizes KB elements with the consensus sequence 5-GGG-
RNYYYCC-3’ (R, purine; Y, pyrimidine; N, any nucleotide).
In the crystal structure, p50 contacts 5 bp at the 5" end of the
DNA motif, whereas p65 contacts the DNA at the 3’ end of the
kB motif (10). Overall, these X-ray studies showed that Rel
proteins make contacts with DNA in the major groove via
loops connecting the various [-strands of the protein.
Furthermore, extensive contacts are made with the phosphate
backbone of the cognate DNA. In most of these structures, the
DNA helix axis curves towards the major groove, consistent
with the results of circular mobility shift assay studies (11).

We recently investigated the intrinsic properties that could
confer specificity on a kB DNA site, by determining the NMR
solution structure of two non-palindromic 16 bp DNA
fragments corresponding to the first NF-xB site (12) and to
a fragment into which mutations were introduced at the 5" end
of the kB site (duplex 16M1) (13), abolishing NF-kB binding
to DNA (1). We aimed to define the molecular basis of DNA
recognition by p50 and p65, to determine whether the lack of
binding of the mutated sequence was linked to the intrinsic
structural properties of the DNA. In these studies, NMR
findings were consistent with a BI-BII equilibrium, for several
steps in these two duplexes. In the native duplex, 16N, four
pyrimidine—purine steps flanking the 10 bp of the kB site and
facing each other in pairs are in BI-BII equilibrium (12). For
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the mutated duplex, 16M1, a significant BII population is
observed only for the kB flanking steps facing each other at
the 3’ end, namely C3pA4~T9pGsy. A much smaller BII
population is observed at the other two CpA steps, C30pAsz;
and CgpA-, at the 5" end that, due to the mutation, no longer
face each other (13). Based on the size of the population of BII
conformers, two extreme models of this equilibrium were
investigated by molecular modeling for these two duplexes. In
one, all the phosphodiester backbones were in the BI
conformation (BI family), and in the other the four steps
C13pA14—T19pG20 and C30pA3 1—T2PG3 for 16N and
C13pA14-T19pGyg and C3gpAs3,—TepGs for 16M1 were in the
BII conformation (BII family). Appropriate refinement gives,
for the native duplex, a canonical B-DNA conformation for
the BI family and a structure in which the DNA is distorted for
the BII family. In the BII family, the NF-xB binding site
intrinsically curves towards the major groove. The four
flanking steps in the BII conformation magnify this curvature
and all the base pairs are pulled into the major groove. The
16M1 duplex also reaches equilibrium between two extreme
conformations but, as the distribution of BII sites is different
from that in the 16N duplex, the intrinsic structural and
dynamic properties of this duplex are very different from those
of 16N. It was concluded that the native duplex can reach a
conformation in which the helix curves in the same direction
as observed in the crystal structures of NF-kB:DNA com-
plexes, with a translation of all the kB base pairs towards a
larger major groove. The mutated duplex cannot mimic this
conformation and develops no more than one kink at its 3" end.

The DNA sequence of the native duplex 16N seems to be
optimal for BI-BII transition. Indeed, the flexibility of
pyrimidine—purine and purine—pyrimidine steps in terms of €
and { dihedral angle variations have been extensively studied
by Richard Lavery and collaborators by molecular modeling
(14-17). Calculations have shown that whatever the flanking
sequences, the CpA and CpG steps are more malleable than
TpA or purine—pyrimidine steps in terms of BI-BII transition
(18). It is also easier to create two BII sites facing each other
(18,19). In addition, analysis of the effects of the bases
neighboring a given dinucleotide step has indicated that the
flexibility of a central pyrimidine—purine step is higher in a
tract of pyrimidines followed by a tract of purines (YY
sequence on the 5 side and, preferably, also with an RR
sequence on the 3 side).

As mutations in 16M1 occur at the kB site, it was difficult,
at this stage, to determine the effect of this BI-BII transition
on the interaction with NF-kB. We therefore designed a new
sequence (16M2), in which the kB site was kept intact and
mutations were introduced in kB flanking steps only (Fig. 1).
In this duplex, the T2PG3—C30pA31 and A14pG15—C18pT19
steps of the native kB site are replaced by T,pA;—T30pAs; and
T14pA15-T1gpAjg, respectively. The structural features of this
new sequence were investigated by 'H and 3'P NMR. 3P
NMR was particularly useful for probing the conformation of
the phosphodiester backbone, due to its very high sensitivity to
conformational changes (20-22). The results obtained were
then compared with those obtained for the native 16N and the
mutated 16M1 duplexes. The NMR data are consistent with
the complete loss of BI-BII equilibrium for the xB flanking
steps. The effect of this BI-BII transition on NF-xB binding
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1 T2 G3 G4 GS GS A? CS T9 T10T11c12C13A14G15G16
G32A31C30C29c28c27T26G25A24A23A22G21G20T19C18C17

B cl T2 G3 Q4 I5 —C—6 A7 C8 T9 T10T11C12cl3A14G15G16
G32A31C30g295—28§27T26G25A24A23A22G21G20T19c18cl7

C C1 T2 A} G4 GS GG A7 cB T9 T10T11C12C13'_I‘_14A15G16
G32A31I30c29C28c27T26G25A24A23A22G21G20A19218C17

Figure 1. Sequences of (A) 16N, (B) 16M1 and (C) 16M2, the duplex
mutated at the flanking steps. The mutated bases are underlined and in one
letter code and the kB site is shown in bold.

was then inferred from NF-xkB:DNA electrophoretic mobility
shift assay.

MATERIALS AND METHODS
Sample preparation

Each strand of the 16 bp DNA duplex 5-d(CT>A3G4G5GgA7-
CsToT10T11C12C13T14A15G16)-3"5"-d(G17A13T19C20C21Can-
T23G24A25A26A27G23G29T390C51C32)-3" (16M2) was synthe-
sized on an Applied Biosystems 380B system with phosphor-
amidites. Deprotection was carried out with concentrated
ammonia at 55°C overnight. After evaporation, the crude
product was desalted on a Sephadex G-10 column eluted with
0.05 M TEAB. The eluted compound was lyophilized and
subjected to two rounds of preparative HPLC. The oligo-
nucleotide counterions were then exchanged with NH4+ using
a Dowex 50W-X8 NH4+ column and lyophilized.

For NMR experiments, each strand was subjected to
chromatography on Chelex 100 resin with sodium ions to
remove divalent cations. Each single strand was dissolved in
300 pl of an aqueous buffer solution composed of 14.9 mM
MgCl,, 0.111 M KCl, 16 mM NaCl and 0.125 mM EDTA,
pH 7. The duplex was made by mixing the two complementary
strands in a 1:1 ratio, according to the calculated concentra-
tions of each strand from the absorbance at 260 nm. The
duplex was formed by incubation in a water bath at 80°C for
10 min and slow cooling. The NMR sample was obtained by
lyophilizing the solution and dissolution of the resulting
powder in 750 ul of 99.99% Z2H,O. The sample was
lyophilized twice to increase the percentage of H,0. The
final concentration of the solution, adjusted to pH 7.0, was
2.5 mM.

NMR spectroscopy

All NMR experiments were carried out on a Varian Innova
spectrometer (11.7 T) operating at a proton frequency of
500 MHz and at a phosphorus frequency of 202 MHz. The
spectrometer was equipped with a 5 mm indirect detection
probe. Temperatures were measured in an ethylene glycol test
tube. Conformational analysis was carried out at 35 and 50°C.
External DSS was used as reference for proton spectra in 2H,O
and 3'P chemical shifts were calibrated with respect to
external trimethylphosphate (TMP).

Proton NMR experiments. All two-dimensional proton NMR
experiments were recorded in the phase-sensitive mode using
the hypercomplex scheme (23). A spectral width of 5000 Hz in
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both dimensions was used for proton. TOCSY (24) spectra
were acquired with 2048 data points in the t, dimension and
512 t; increments. Sixteen transients were collected per
increment. A homonuclear proton spin-lock with a MLEV-17
pulse sequence (25) was applied with a mixing time of 60 ms
in both dimensions and the data were apodized with a shifted
sine bell before Fourier transformation. NOESY (23) experi-
ments were performed with 2048 data points in the t,
dimension and 512 t; increments; 32 transients were recorded
per increment. Mixing times of 50 and 300 ms were used. The
data were apodized with a shifted sine bell before Fourier
transformation. For the quantitative analysis of dipolar
interactions, the intra-residue distance between cytosine H5
and H6 protons (2.45 A) was used as a reference for distance
calibration. The correlations that were not observed at a
mixing time of 50 ms were not used to avoid possible spin
diffusion artifacts. Off-resonance ROESY (26) spectra were
acquired with 2048 data points and 512 t; increments; 64
transients were collected per increment. The experiments were
performed with a 8.13 kHz effective spin-lock field generated
by a series of 30° pulses over 200 ms. To avoid
Hartmann—Hahn artifacts, the offset of the spin-lock carrier
was moved (by 6893.8 Hz) relative to the center of the
spectrum to create an angle of 54.7° between the effective
spin-lock axis and the static magnetic field.

Heteronuclear '"H-3'P NMR experiments. 3'P resonances were
assigned by heteronuclear single quantum coherence selection
(HSQC) using a gradient for single quantum coherence
selection (27); 512 points in the t, dimension were acquired
with 128 t; increments and with a spectral width of 600 Hz for
phosphorous and 5000 Hz for protons. HSQC-TOCSY
experiments (28) were also performed with 1024 data points,
128 t; increments and 256 transients per increment. A
homonuclear proton spin-lock with MLEV-17 (25) was
applied for a mixing time of 60 ms. The delay A/2 was set
to 17 ms for optimal polarization transfer. The data were
apodized with a shifted sine bell before Fourier transform-
ation. 3P chemical shift assignments were obtained by
correlation with H3’ sugar proton resonances, using proton-
detected selective heteronuclear experiment SCOSYINV
(selective correlated spectroscopy inverse selective pulse)
with a selective pulse centered on the H3’ protons and
obtained with an i-SNOB-3 180° flip angle to invert the H3’
spin population (29,30). The bandwidth covered by the soft
pulse was 300 Hz, with a power level of 14 db for a pulse
length of 12.74 ms. All these experiments were performed at
35 and 55°C.

Nuclear extracts

Murine pre-B cell line 70Z/3 was cultured in Glutamax-I
RPMI (Gibco BRL) supplemented with 5 pg of penicillin—
streptomycin, 50 UM B-mercaptoethanol and 10% fetal calf
serum. We either treated 107 cells with 50 pg of LPS from
Salmonella abortus equi (L-6636; Sigma) for 30 min or left
them untreated. Cells were washed twice in PBS. The pellet
was resuspended in 200 pl of electrophoretic mobility shift
assay (EMSA) buffer I (50 mM Tris—HCI] pH 7.9, 10 mM
KCl, 1 mM EDTA, 0.2% Nonidet-P40, 1 mM DTT, 1 mm
PMSF, 1% aprotinin, 10% glycerol). The mixture was
incubated for 1 min on ice and centrifuged for 3 min at

6000 g at 4°C. The nuclear pellet was then resuspended in
20 ul of EMSA buffer II (20 mM HEPES pH 7.9, 400 mM
NaCl, 10 mM KCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF,
1% aprotinin, 20% glycerol). The mixture was incubated on
ice for 20 min and centrifuged for 10 min at 12 000 g and 4°C.
The nuclear extracts were collected and stored at —80°C.
Protein concentration was estimated using the Bio-Rad
Bradford assay Kkit.

EMSA

Nuclear extracts were incubated with 1 pug of
poly(dI-dC)-poly(dI-dC) in 20 pl of binding buffer (20 mM
HEPES pH 7.5, 70 mM NaCl, 2 mM DTT, 100 pug/ml BSA,
0.01% Nonidet-P40, 4% Ficoll) for 5 min at room tempera-
ture. We added 5.4 X 10° c.p.m. of 3?P-labeled probe
corresponding to a concentration of ~0.2 pM native NF-xB,
16M1 or 16M2 oligonucleotides and the extracts were
incubated for a further 20 min. Complexes were analyzed by
electrophoresis at 180 V on a 5% native polyacrylamide gel in
0.5X Tris—borate-EDTA running at 2.2 V/cm?2. The gel was
dried and placed overnight in a phosphorimager. For the
supershift assay, nuclear extracts were incubated for 10 min at
room temperature in binding buffer in the presence of 1 ul
(200 ng) of anti-p50 (1157; kindly provided by N. Israel,
Institut Pasteur, Paris) or anti-p65 (sc-109; Santa Cruz)
polyclonal antibody prior to addition of the probe.

RESULTS

Conformational analysis

'H resonances were assigned by classical methods for nucleic
acids (31-34). All spin systems were identified in a homo-
nuclear TOCSY experiment and sequential assignments were
obtained by homonuclear NOESY experiments with 50 and
300 ms mixing times (Fig. 2). All chemical shifts at 35 and
50°C of non-exchangeable protons, except H5-H5" sugar
protons, were unambiguously assigned. Moreover, an off-
resonance ROESY experiment was used to overcome ambi-
guities in the assignments of H2’-H2" sugar protons as there is
no spin diffusion.

The strong correlations between H6/H8 protons and H2'/
H2" sugar protons observed in the NOESY experiment for a
short mixing time indicated a C2’-endo conformation for the
sugar and, therefore, B-type DNA for the duplex. The
interstrand dipolar interactions between the adenine 7 H2
base proton and cytosine 27 HI1’ sugar proton could be
observed for the duplexes in the NOESY spectrum run at
300 ms mixing time (Fig. 2) and consequently the distances
extrapolated. These interstrand distances are quite sensitive to
the width of the DNA minor groove and can be used as a probe
for groove geometry. For 16M2, a distance of 2.2 A between
the adenine 7 H2 base proton and cytosine 27 H1” sugar proton
was estimated, whereas the correspondlng distance was ~5.9 A
for 16M1 and 3.7 A for 16N. The minor groove would be
wider for 16M1 (13) and narrower for 16M2, which might
induce changes in the geometry of the major groove, in which
NF-xB binds.
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Figure 2. Correlation between the H6/H8 and H1’ protons in NOESY spectra (300 ms) at 50°C. Chemical shifts of adenine H2 protons are indicated at the
top of the spectrum and interstrand NOEs between adenine H2 protons and H1” sugar protons are annotated.

Analysis of the phosphodiester backbone

The complete assignment of 3'P nuclei is difficult due to the
weak spectral dispersion of 3P signals (Fig. 3), but is essential
for determination of the conformation of the phosphodiester
backbone. Indeed, 3'P chemical shift dispersion in nucleic
acids is related to the structure, sequence and position of
phosphates in the oligomer. Phosphorus resonances were
assigned by HSQC spectroscopy using reverse INEPT
together with TOCSY transfer (HSQC-TOCSY) and selective
heteronuclear experiments, as previously described (35). As
the melting point of the duplex was 67°C, these experiments
were performed at both 35 and 50°C to complete the
assignment of 3P resonances. The limited dispersion of
phosphorus chemical shifts, 0.49 p.p.m., indicates a right-
handed helix for the 16M2 duplex.

Comparison of 3'P chemical shift dispersion for the three
duplexes shows a substantially lower level of signal dispersion
in 16M2 than in 16N (0.68 p.p.m.) and, to a lesser extent, in
16M1 (0.61 p.p.m.) (Fig. 4). For 16N the broad dispersal of 3'P
signals together with the 3'P chemical shift behavior with
temperature, as well as internucleotide H6/H8-H2" distances
and the H1’ chemical shift variation with temperature (12),
have been interpreted as resulting from a BI-BII equilibrium
in the conformation of the phosphodiester backbone for the
four kB flanking steps. The same analyses conducted for the
mutated duplex 16M1 (35) was consistent with the presence of
a significant BII population at steps Ci3pAi4, Ti9pGoo and
CepA7. A small population of BII conformer may be also
present in solution at the C3opAs; step. NMR results for the
Ci3pAy4 and TiopGyo steps were consistent with two BII
conformers facing each other in the duplex. The limited
dispersion of phosphorus chemical shifts in 16M2 suggests
that the BI-BII equilibrium is displaced towards the BI
conformation or is lost. This hypothesis is supported by
analyses of other NMR parameters known to be important in
identifying the BI-BII equilibrium, such as the lack of

42" 741" (ppm)

Hy

43

48 47 46 45 44
H3

Figure 3. gHSQC experiment at 35°C showing the correlation between the
H3’(i) and H4’(i + 1) sugar protons in F2 dimension and 3'P(i) nuclei in the
F1 dimension.

downfield shifted signals for phosphorus associated with
smaller NOE-derived internucleotide distances between H6/
H8 and H2" sugar protons (Table 1). Thus, the NMR data
showed that the backbone conformation of the 16M2 duplex
differs substantially from those of 16N and 16M1. First, for
the TopAs; and TsgpAsz; steps, 3P resonances are upfield
shifted (chemical shifts for step 2-3 are —4.04 p.p.m. for 16N,
—4.15 p.p.m. for 16M1 and —4.23 p.p.m. for 16M2; chemical
shifts for step 30-31 are —3.77 p.p.m. for 16N, —4.12 p.p.m. for
16M1 and -4.17 p.p.m. for 16M2). In addition, a small
internucleotide H6/H8-H2" distance, at steps T,pA; and
Ts0pAs;, together with the lack of chemical shift variation
upon a temperature increase, observed for the thymine H1” (T2
and T30), imply that the BII conformer population is lost.
NMR data for the C3pT 4 and A9pGy steps are consistent
with a Bl-only population. Indeed, 3'P resonances for
these steps are shifted upfield (from —3.82 p.p.m. in 16N to
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Figure 4. One-dimensional 3'P spectra at 35°C: (A) 16M2; (B) 16M1 and
(C) 16N.

—4.15 p.p.m. in 16M2 for the C;3pT;4 step and from —4.05
p.p-m. in 16N to —4.29 p.p.m. in 16M2 for the A 9pGyg step),
the H1’ resonances of the cytosine and the adenine are shifted
downfield (from 5.28 p.p.m. in 16N to 5.94 p.p.m. in 16M2 for
the C3pT 4 step and from 5.64 p.p.m. in 16N to 6.06 p.p.m. in
16M2 for the A;9pGyq step) and these H1’ resonances are
shifted upfield upon a temperature increase, suggesting that
the BI-BII equilibrium is displaced towards the BI conform-
ation. Therefore, NMR data for 16M2 are consistent with a BI
conformation for all steps, including the T,pAs;, TzgpAsi,
C3pT14 and A 9pGsg steps shown to be in BI-BII equilibrium
in the native duplex 16N.

Gel mobility shifts

We investigated the effect of BI-BII transition on NF-xB
binding by EMSA. For the native duplex, NF-xB bound
efficiently to the DNA (Fig. 5A). 16M1 clearly did not bind,
whereas 16M2 binding occurred, but was less efficient than
that for the native duplex, as the intensity of the band was
lower under identical experimental conditions (Fig. SA). The
identity of the complex recognized by the DNA probes was
confirmed by a supershift assay using antibodies against pS0
or p65 NF-xB subunits. The anti-p50 antibody induced a shift
of the NF-xB complex whereas the anti-p65 antibody induced
its dissociation. Electrophoretic mobility shift assay and

Table 1. NMR data for 16N, 16M1 and 16M2 indicating the
conformation of the phosphodiester backbone

16N [ 16M1[16M2
*'P (ppm) 0.68 | 0.61 | 0.49
8,+c'P (ppm) | -4.04 | -4.15] -4.23
Asye3590° P (ppm) | -0.07 | 0.07 | -0.04 | T,5G;s
d(H6/H8-H2") (A)| 3.5 | 2.8 | 29
8,cH, (ppm) | 5.73 | 5.86 | 5.63 | TarAs
A 35,08, (ppm) | 0.1 | 0.03 [ 0.01
8, P (ppm) | -3.77 | -4.12 | -4.17
Aspe150° P (ppm) | -0.34 [ 0.03 | -0.1 | Cyp Ay
d(H6/H8-H2") (A)| 4.0 | 3.1 | 29
SscH, (ppm) | 5.34 | 5.56 | 5.57 | Tsor Au
Asoe3590H,; (ppm) | 0.21 | 0.05 | 0.02
8.:c'P (ppm) | -3.82| -3.87 | -4.15
Aspe.3550° P (ppm) | -0.09 | -0.04 | -0.25 | Ci3p Ayy
8ocH, (ppm) | 528 | 53 | 594 | CupTu
A spe350H, (ppm) | 0.12 | 0.06 | -0.06
3, P (ppm) | -4.05 | -4.09 | -4.29
Asyr50 P (ppm) [-005] 0 [-0.11 | Tiop Gy
8,ocH, (ppm) | 5.64 | 5.66 | 6.06 | Aior G
A s35,0H; (ppm) | 0.09 | 0.05 | -0.04

3(3'P) is the chemical shift of phosphorus at 35°C. A(spe_35%3°'P
is the change in phosphorus chemical shift when the temperature
increases from 35 to 50°C. d(H6/H8-H2") is the internucleotide
distance between the H6/H8 proton of the purine and the H2"
sugar proton in the pyrimidine derived from NOE data. 835.¢
(H,") is the chemical shift of the pyrimidine H1” sugar proton.
A¢soe_3520H” indicates changes in the H1” sugar proton chemical
shift of the pyrimidine when the temperature increased from 35
to 50°C.

supershift assay on the three duplexes, 16N, 16M1 and
16M2, thus showed that 16M2 had an intermediate ability to
bind the NF-kB heterodimer and that 16M1 did not bind.

DISCUSSION

The aim of this study was to investigate the role of the BI-BII
transition in protein—-DNA recognition by qualitative evalu-
ation of the solution structure of a non-palindromic 16 bp
DNA fragment related to the NF-xB-binding site. This
fragment consists of the 10 bp corresponding to the native
kB site interacting with NF-xkB and the flanking sequences, in
which 3 bp were mutated: Gs, A4 and G5 of the coding strand
and C;g, Ty9 and Cjg of the complementary strand were
replaced by Aj, T3, A4 and Tyg Ao, T30, respectively. These
mutations were designed to abolish the BI-BII equilibrium
observed at sequences flanking the kB site (12). The structural
features of 16M2 were then compared with those observed
previously for the 16 bp native sequence of the HIV-1 kB site
(16N) and a mutated kB site (16M1), with a substitution at the
5’ end, within the kB site (13).

Studies of the native and mutated kB duplexes demon-
strated the importance of binding site flanking sequences in
terms of BI-BII transitions. For the 16N duplex, NMR
data provided evidence of dynamic behavior and BI-BII
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Figure 5. The M2 oligonucleotide has an intermediate ability to bind NF-
kB heterodimer. (A) Nuclear extracts (1, 2 and 4 pg for native and mutant 2
and 4 pg for mutant 1) from cells treated or not with LPS were incubated
with 5.4 X 10* c.p.m. of each NF-kB probe labeled with 3?P and analyzed
for NF-xB binding to the probe (arrow) on a 5% native polyacrylamide gel.
(B) Nuclear extracts were incubated in the presence of anti-p5S0 or anti-p65
antibody (supershift), prior to the addition of 16M2 probe, and processed as
described above.

equilibrium of the steps flanking the 10 bp binding site. In the
resulting structure, the NF-kB-binding site displayed intrinsic
helix axis curvature with the displacement of all kB base pairs
towards the major groove. This curvature was increased by
the four flanking steps being in the BII conformation. For the
16M1 BII family of structures, only a kink at the 3’ end of
the duplex was observed, due to the BII conformation of two
steps that faced each other, whereas at the 5" end most of the
phosphates were in the BI conformation. Therefore, 16M1
cannot mimic the conformation adopted by 16N, which is very
favorable for NF-xB binding. Moreover, the smaller groove
dimensions in 16M1 may hinder DNA-protein interactions.
The 16M2 duplex presents all the NMR characteristics of a BI-
only conformation for all the phosphates, including those
previously observed to be in the BII conformation or in BI-BII
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Figure 6. DNA contacts made by the heterodimer p65-p50 in the NF-
kB:DNA crystal (10). Blue and green indicate the p65 and the p50 subunits,
respectively. Non-bonded contacts with DNA are indicated as dashed lines
and dotted lines denote hydrogen bonds to DNA. The flanking bases are
represented in red and the amino acids of the protein interacting with these
flanking sequences are denoted in bold.

equilibrium. Furthermore, 16M2 efficiently binds its target

NF-xB (p50-p65), but with lower affinity than the native

duplex 16N. This may be due to either loss of the BI-BII
transition for the phosphates at the flanking steps and/or
conformational changes of conserved bases as a result of
flanking base pair mutations, inducing loss of essential
DNA-protein contacts. The influence of the bases at the
flanking steps is difficult to evaluate because, in most X-ray
structures solved to date, the DNA fragment is the shortest
possible fragment, the 10 bp of the consensus kB site (6-9). In
one case, the DNA fragment was longer and included 2 bp at
the 5" end corresponding to the native sequence and a 1 bp
extension at the 3" end, different from the native sequence
(10). This complex presents 36 protein—-DNA contacts, only
three of which concern flanking bases (Fig. 6). Gly65 and
Gly66 interact with the flanking sequence, but with the
phosphates rather than directly with the bases themselves
(T\pG, with Gly66 and Gly65 and G,pG; with Gly66).
Therefore, the isolated kB site may have the potential to bind
efficiently due to the BI-BII equilibrium of the kB flanking
sequences. However, in the X-ray structures, all the phos-
phates in contact with the protein are in the BI conformation;
this result appears to conflict with our findings in solution. We
therefore think that a BII conformation for the phosphates in
sequences flanking the kB sites may be favorable and may
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help to attract the protein and to bind NF-xB loops by
exposing, in the major groove, accessible and polarized atoms
able to establish hydrogen bonds with NF-xB. Once the
complex is formed, the contacts between the protein and the
DNA induce a more regular and more energetically favorable
BI conformation for the phosphates of the flanking steps (13).
It is interesting to note that this flexibility, already observed
(13,36), occurs at TG-CA steps, which are over-represented in
the consensus protein-binding site.

In this paper, we present NMR investigations and structural
features of a mutated kB site with a view to elucidating the
specific recognition of DNA kB sites by NF-xB. The results
obtained for the native 16N duplex and the two mutated 16M 1
and 16M2 duplexes stress the importance of flanking
sequences for DNA—protein recognition. The dynamic behav-
ior of the DNA phosphodiester backbone surrounding the
binding site appears to play a significant role in determining
specificity and conferring on the duplex, as a whole, properties
that can be used by NF-xB for binding site selection. Thus, the
selectivity determinants for NF-xB binding appear to depend
on the deformability of an ‘extended’ consensus sequence.
This is consistent with the hypothesis put forward by Zippora
Shakked and co-workers, suggesting a structural code for
DNA recognition by regulatory proteins (37,38) and based on
both the intrinsic structures of DNA regions in direct contact
with proteins and the deformability of DNA regions not in
contact with the protein that are critical for sequence-specific
protein—DNA recognition.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
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