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ABSTRACT: We investigated how the intrinsic sequence-dependent
properties probed via the phosphate linkages (BI ↔ BII equilibrium)
influence the preferred shape of free DNA, and how this affects the
nucleosome formation. First, this exploits NMR solution studies of four
B-DNA dodecamers that together cover 39 base pairs of the 5′ half of
the sequence 601, of special interest for nucleosome formation. The
results validate our previous prediction of a systematic, general sequence
effect on the intrinsic backbone BII propensities. NMR provides new
evidence that the backbone behavior is intimately coupled to the minor
groove width. Second, application of the backbone behavior predictions
to the full sequence 601 and other relevant sequences demonstrates that
alternation of intrinsic low and high BII propensities, coupled to intrinsic
narrow and wide minor grooves, largely coincides with the sinusoidal
variations of the DNA minor groove width observed in crystallographic structures of the nucleosome. This correspondence is
much poorer with low affinity sequences. Overall, the results indicate that nucleosome formation involves an indirect readout
process implicating pre-existing DNA minor groove conformations. It also illustrates how the prediction of the intrinsic structural
DNA behavior offers a powerful framework to gain explanatory insight on how proteins read DNA.

One of the most studied DNA−protein complexes is the
nucleosome core particle (NCP), the fundamental

building block of packaged DNA in eukaryotic cells. Nucleo-
somes offer a striking, and yet intriguing, case of indirect
readout of DNA by proteins. On one hand, phosphodiester
backbone atomsand not base atomsare involved in direct
or water-mediated DNA−histone contacts.1−3 Therefore, the
NCP formation cannot be guided by direct molecular
recognition of the bases. On the other hand, the wrapping of
DNA around the histone core requires marked structural DNA
deformation, in particular, a bending of 30° per 10 base pairs
accompanied by severe groove distortions.4−6 Thus, the way in
which a DNA sequence can intrinsically and specifically
modulate the shape and flexibility of the double-helix is
thought to be an essential factor in NCP formation.6−9 Further
support for the effect of DNA sequence lies in recurrent
lexicographic signatures found in nucleosome positioning
sequences.9−18 In these sequences, two categories of dinucleo-
tides alternate out of phase with a period of ∼10 base pairs
(bp): ApA•TpT, TpA•TpA, ApT•ApT on one hand; and
GpG•CpC, CpG•CpG, GpC•CpC, CpA•TpG on the other
hand. The rationale of such alternations remains poorly
understood. For instance, classifications of DNA flexibility

inferred from either X-ray DNA structures19 or stacking
energies18 fall short of accounting for this periodicity. Both
approaches categorize the dinucleotides in terms of flexible YpR,
intermediate RpR•YpY, and stiff RpY steps whereas each
alternating group identified in nucleosomal sequences is
composed of a mixture of YpR, RpR•YpY, and RpY.
Several results suggest that, among the 145−147 bp of

nucleosomal DNA, particular regions are more critical than
others for forming the NCP. The SELEX method has been
used to detect artificial DNA sequences with high affinity for
the histone core in controlled conditions.20 The highest-affinity
sequence, called sequence 601,20 is now widely used in biology
research for its high ability to position nucleosomes, both in
vitro and in vivo. The alignment of the highest-affinity SELEX
sequences20 has led to the identification of a conserved region
covering 73 bp centered around the NCP dyad that illustrate
the lexicographic periodicity mentioned above. The importance
of this central part of positioning sequences has been further
highlighted through analyses of nucleosome occupancy along
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various genomes,21 and single-molecule experiments on the
sequence 601.22 Interestingly, these findings echo earlier
experiments showing that the nucleosome formation is initiated
by the deposit of histones H3 and H4,23,24 which precisely
contact the central part of nucleosomal DNA sequences. More
specifically, the nucleosome assembly is highly sensitive to the
sequence of the two segments located symmetrically at 1.5 double-
helix turns from the dyad (SHL ± 1.5, SHL stands for SuperHelix
Location).25 In NCPs crystallized with the human α-satellite
sequence,1,3,8 or sequence 60126,27 and its derivatives,5,28,29 SHL ±
1.5 segments are characterized by a spectacular, extremely narrow
minor groove; they are implicated in a unique network of
interactions involving van der Waals contacts with hydrophobic
side chains, Leu65 in H3 and Pro32 in H4, and electrostatic
interactions with Arg63 in H3. Sequence 601 contains SHL ± 1.5
elements composed of T•A base pairs that, when they are
associated with a marked narrow minor groove, generate a strong
electronegative potential which strengthens the interaction with
positively charged amino acids.30 In NCPs, the conjunction of
T•A-rich segments and narrow minor groove thus reinforces the
interaction with Arg63 at SHL ± 1.5.31 These observations suggest
that T•A-rich sequences associated with pre-existing narrow minor
groove could promote the nucleosome formation, strengthening
the idea of a role of the sequence-dependent intrinsic DNA
properties in indirect readout.
Ideally, identifying structural signatures of DNA sequences

that mediate indirect readout during nucleosome formation
requires comparison of free, unbound DNA to the same DNA
in formed nucleosome. However, practically, deciphering free
DNA structural properties in solution remains a challenge.32,33

That is because free DNA usually deviates only in subtle ways
from a regular B-double helix, and this small deviations are
difficult to ascertain experimentally or computationally.
Recently, the modulation of the structure of free B-DNA has

been characterized in solution by considering the phosphate
group BI↔BII equilibrium, which is sequence-dependent and
closely related to the overall shape of B-DNA.33,34 In B-DNA in
solution, the phosphate groups oscillate between two states,
defined by the torsion angles ε and ζ, trans/g- in BI (ε−ζ ∼ −90°)
and g-/trans in BII (ε−ζ ∼ +90°) (Figure 1).35,36 This
conformational transition occurs on a nanosecond time scale.37

The BII propensity of each phosphate can be determined in

solution by NMR, from the 31P chemical shifts (δP).38,39

Importantly, each of the 16 B-DNA dinucleotides is characterized
by a specific δP value.34 Hence, specific BII propensity scores were
proposed to describe and predict the backbone behavior at the
dinucleotide level.34

In addition, analyses of X-ray structures and molecular
modeling studies showed that the conformations of the
phosphates of a complementary dinucleotide, BI•BI, BI•BII
(and its counterpart BII•BI) or BII•BII, are associated with
distinctive values of the local, inter-base-pair parameters of
twist, roll, and slide.38,40−45 A recent modeling study mentioned
that rise, tilt, and shift are also affected by the backbone states.46

Twist, roll, and slide are the major factors associated with
B-DNA structure variability.19 Dinucleotides in BI are
associated with low twist, null, or positive roll, and negative
slide (BI profile). Dinucleotides in BII are characterized by high
twist, negative roll, and positive slide (BII profile). Some
dinucleotides are essentially confined to the BI state and the
associated local helicoidal BI profile. In contrast, dinucleotides
with a significant BII population explore a larger conforma-
tional landscape corresponding to both BI and BII profiles.
In B-DNA X-ray structures, the groove shape within tetramer

segments is also related to the BII density, via a cumulative
effect on base-pair displacement (X-disp).47−49 BI-rich tetra-
mers present a typical narrow minor groove, while an
accumulation of BII phosphate groups favors a more open
and accessible minor groove (Figure 2).47,48 This intrinsic DNA

property is exploited by minor groove binding proteins.47,50

Thus, the BI and BII states correlate with the sequence-
dependent intrinsic DNA variability in structure, which in turn
influences the molecular recognition of DNA via indirect
readout.
In sum, δPs and BII propensities are useful and convenient

surrogate reporters to inform about the DNA shape and its
sequence dependent variation in solution. In reference to the
relationship observed in X-ray structures between BI/BII states,
Twist, Roll, and X-disp, the so-called TRX scale was proposed
to characterize the 10 complementary dinucleotides by their BII
propensities, inferred from a large data set of δPs.34

On the basis of the above findings, we investigate here how
the intrinsic DNA properties influence the sequence-dependent
formation of the NCP. We used NMR to study four constituent

Figure 1. BI and BII conformations. Illustration of the BI (bases and
sugars in light blue, (ε−ζ) = −90°) and BII (bases and sugars in dark
blue, (ε−ζ) = +90°) phosphate linkage conformations with a CpC
dinucleotide.

Figure 2. Illustration of the structural relationship between BI- or BII-
rich regions and the DNA minor groove width. The GpG•CpC
dinucleotides contain two facing phosphate groups either in BI (left,
BI phosphate groups in blue) or in BII (right, BII phosphate groups in
red). The yellow arrows emphasize the minor grooves, either narrow
(left) or wider (right). The base atoms constituting the minor groove
floor are in yellow. The structures were extracted from DNA crystal
structures with PDB entries 1EHV and 3GGI.
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overlapping dodecamers of the sequence 601. Together, these
oligomers cover a nonoverlapping 39 bp segment in the 5′ half of
sequence 601 (from −4 to −0.1 in terms of SHL) (Figure 3).
Oligomer 3 is centered on the TTAAA element situated at
SHL ± 1.5 in the NCP, which is potentially a stringent singular
positioning signal, as explained above.

We start the present study with methodological elements.
First, examination of the temperature-dependence of 31P
chemical shifts enabled us to further validate the method
relating BII percentages to 31P chemical shifts.38 Second, the
new BII percentages inferred from the 31P chemical shifts
measured for the four oligomers provided a stringent test for
the previously proposed prediction of BII scores from DNA
sequence.34 The predicted BII propensities were found in
excellent agreement with the new BII percentages gathered on
the four oligomers, proving that the BII propensities can be
predicted from sequence alone. Third, the NMR data also
confirmed that BII density is coupled to minor groove width as
previously inferred from X-ray structure analysis.47

We then investigated the relationship between minor groove
width variations in the NCP and their counterparts in free

DNA, which are represented by backbone intrinsic BII propensity.
One of the most interesting features of DNA in the nucleosome is
the periodic (“sinusoidal”) alternation of wide and narrow minor
grooves, located outward and inward from the histone core,
respectively.4−6 The location of minor groove width minima and
maxima is remarkably maintained over 35 X-ray nucleosome
structures,6 while the distribution of slide and roll are quite variable
along the DNA sequences.4 By extending the prediction of
intrinsic BII propensities to the whole sequence 601 and five other
artificial sequences of high or low affinity for the histone core, the
present work uncovers a parallel between the intrinsic properties
of DNA free in solution and the distortions of DNA observed in
X-ray structures of the NCPs. This provides new insights into the
ability of sequences at forming NCPs, and suggests an indirect
readout of the DNA groove shape.

■ MATERIALS AND METHODS

DNA Sequences. Four oligodeoxyribonucleotides of 12
base pairs (bp) were studied by NMR. Their sequences are
given in Table 1. The sequences of these dodecamers overlap
by three bases. These overlaps make it possible to splice the
four oligomers without considering the terminal base pairs,
subject to end effects. For instance, Oligo 1 ends with
G10C11T12 and Oligo 2 begins with the same motif, G1C2T3.
The NMR data of the terminal dinucleotides C11T12 and G1C2
were discarded for the analyses while those collected for the
penultimate G10C11 and C2T3 steps were considered.
The four juxtaposed dodecamers recompose a 39 bp

sequence (Table 1) that corresponds to part of the non-
palindromic sequence 601 of 146 bp (Table 1). The sequence
601 was selected for its very high-affinity for association with
the histone octamer, as detected in SELEX experiments.20 The
center of the sequence 601 defines two 73 bp halves. In NCP
structures, this DNA center corresponds to the pseudo-twofold
axis of symmetry, the NCP dyad. According to the conventions
suggested for the description of the first X-ray structure of
NCP,3 the rotational orientation of the DNA is defined relative
to the DNA center (SuperHelix Location zero, or SHL0). For
each successive turn, the location number increases in the 3′
half up to SHL+7, and decreases in the 5′ half down to SHL-7.
The four dodecamers studied by NMR corresponds to the
segment from SHL-4 to SHL-0.1 in NCP (Figure 3).

Sample Preparation. Oligomers were synthesized by
Eurogentec Inc. (Belgium). The sample was dissolved in an
aqueous sodium phosphate buffer corresponding to an ionic
strength of 0.1 (mol/L) with 0.1 mM EDTA, at pH 6.5. The
duplexes were prepared by mixing the two complementary
strands in a 1:1 ratio in 450 μL H2O and 50 μL D2O for studies

Figure 3. Location of the four studied dodecamers in Nucleosome
Core Particle (NCP). Four dodecamers overlapping by three bases
(Oligo 1−4, sequences given in Table 1) were studied in their free
(unbound) state by NMR. The juxtaposition of the four oligomers
recomposes a sequence that corresponds to part of the 5′ half of the DNA
sequence 601 (from −4 to −0.1 in terms of SHL). Here, the four
dodecamers are positioned on the structure of the sequence 601 within
NCP (PDB entry 3MVD) in which the DNA is wrapped twice around the
histone core (not shown in this figure). Oligo 1 is in red, Oligo 2 in orange,
Oligo 3 in light blue, and Oligo 4 in dark blue. The base pairs in yellow
correspond to the overlapping bases in the free studied dodecamers.

Table 1. Sequences of the Four Contiguous DNA Dodecamers Constituents of the Sequence 601a

Oligo 1 5′-TCGTAGCAAGCT-3′•5′-AGCTTGCTACGA-3′
Oligo 2 5′-GCTCTAGCACCG-3′•5′-CGGTGCTAGAGC-3′
Oligo 3 5′-CCGCTTAAACGC-3′•5′-GCGTTTAAGCGG-3′
Oligo 4 5′-CGCACGTACGCG-3′•5′-CGCGTACGTGCG-3′
39 bp T1C2G3T4A5G6C7A8A9G10C11T12C13T14A15G16C17A18C19C20G21C22T23T24A25A26A27C28G29C30A31C32G33T34A35C36G37C38G39

Sequence 601 TGGAGAATCCCGGTGCTAAGGCCGCTCAATTGGTCGTAGCAAGCTCTAGCACCGCTTAAACGCACGTACGCGC∥TGTCCCCCGCGTTT-
TAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCCTGT

aFour oligomers were studied free in solution by NMR. Their sequences overlap end to end by three bases (underlined). These overlaps make it
possible to juxtapose the central parts of the four oligomers without considering the terminal base pairs (subject to end effects) and to recompose a
continuous 39 bp sequence corresponding to part of the sequence 601. The 5′ → 3′ sequence of this 39 bp segment and its numbering are shown
below the sequences of the oligomers. The last row corresponds to the 5′→ 3′ sequence 601 of 146 bp; its center, indicated by a double bar, defines
two 73 bp halves of a same strand; the 39 bp fragment is underlined (see also Figure 3).
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of exchangeable protons. For studies of nonexchangeable
protons, the duplexes were lyophilized three times and
dissolved in 500 μL of 99.9% D2O. The final concentration
of double strand oligomers is 1−1.5 mM.
NMR Spectroscopy. All NMR spectra were recorded on a

Bruker Avance spectrometer operating at a proton frequency of
500 MHz and at a phosphorus frequency of 202 MHz with a
5 mm gradient indirect probe. All spectra were processed with
NMRpipe51 and analyzed with Sparky (T. D. Goddard and
D. G. Kneller, SPARKY 3, University of California, San Francisco).
One-dimensional 1H spectra collected from 5 to 60 °C with a

5 °C step enabled us to check that the duplexes were stable over
this range of temperatures. All the imino protons were clearly
observable at 50 °C, except those of the terminal base pairs.

1H NMR studies were performed at 10, 20, and 30 °C. 2D
NOESY spectra were recorded using mixing times of 100, 200,
and 300 ms for exchangeable protons and 80, 100, 200, 300,
and 400 ms for nonexchangeable protons. MLEV-17 TOCSY
experiments were run using mixing time of 120 ms. The 2D
NOESY and MLEV-17 TOCSY were recorded under the
following experimental conditions: 2048 data points and 512 t1
increments with spectral widths of 10 000 Hz for exchangeable
protons and 5000 Hz for nonexchangeable protons. The water
signal was suppressed with a WATERGATE sequence.52 NOE
distances were extracted from cross-peaks with particular care
after visual inspection of the build-up rates and using the
distance extrapolation method to correct the spin-diffusion
effects.53 Distances were normalized using the cytosine H5−H6
proton pairs (r = 2.5 Å) apart from those involving the CH3

group, for which the reference was the average H6−CH3

distance (r = 2.9 Å). The experimental error on distances is
estimated to 10% of the measured distances.

1H−31P HETCOR54 experiments were run at 20, 30, and
40 °C. The spectra width was 2500 Hz in the 1H dimension
and 810 Hz in the 31P dimension. Data were recorded with
2048 points in the 1H dimension and 256 increments in the 31P
dimension. 31P chemical shifts were referenced relative to

internal trimethyl phosphate. Uncertainty of 31P chemical shift
measured in solution is estimated to ±0.02 ppm.
Apart from the section 31P Chemical Shifts to Characterize

the DNA Backbone Behavior”, the NMR data presented here
were collected at 20 °C.
All the NMR data are available in the Biological Magnetic

Resonance Bank (BMRB) entry 19222.
BII Propensities. BII percentages (BII%) of the phosphate

linkages along the four dodecamers were inferred from the δPs
measured here at 20 °C using the equation BII(%) = 143 δP +
621 (δP referenced to trimethyl phosphate).38 BII% were used
in the section 31P Chemical Shifts to Characterize the DNA
Backbone Behavior.
In the section Validation of the DNA Sequence Effect on the

Backbone Behavior with the Dodecamers, we considered the BII
propensity of the complementary dinucleotides NpiN•NpjN
defined as the half-sum of the individual BII percentages of
the facing phosphates pi and pj: BIIi,j% = (BIIi% + BIIj%)/2. In
Table 2, the 10 complementary dinucleotides NpiN•NpjN are
characterized by specific BIIi,j% previously published.34 The
corresponding standard deviations were inferred from the δP
variabilities between various instances of a given step, which are on
average ±0.10 ppm. These variances dominate the δP
experimental errors (±0.02 ppm) that were therefore neglected.
In Relation between BII Propensities and Minor Groove Width

Validated in Solution with NMR and Implications for the
Preferential Interaction of DNA Sequences with the Histone Core,
we defined an extended BII score, BIIi,j ext%, in order to take into
account the effect of the 5′ and 3′ neighbors on the base pair
displacements of NpiN•NpjN, which are related to groove
dimensions.47 Thus, the complementary dinucleotides
NpiN•NpjN are characterized by BIIi,j ext%, the averaged sum of
the individual BIIi,j% of the three complementary dinucleotides in
the tetramer Npi‑1NpiNpi+1N•Npj‑1NpjNpj+1N: BIIi,j ext% =
(BIIi‑1,j+1% + BIIi,j% + BIIi+1,j‑1%)/3.

Crystallographic NCP Structures. In the context of this
study, we examined the three NCP structures crystallized with
sequence 601 of either 145 bp (PDB entries 3ZL0 and 3ZL1,

Table 2. Predicted BII Percentages of Complementary Dinucleotides in B-DNAa

sequence BIIi_av%•BIIj_av% BIIi,j_av% SD BIIi,j_av%

complementary dinucleotides YpR•YpR CpG•CpG 43•43 43 16
CpA•TpG 52•31 42 18
TpA•TpA 14•14 14 7

RpR•YpY GpG•CpC 47•37 42 11
GpA•TpC 33•11 22 15
ApG•CpT 18•0 9 15
ApA•TpT 11•0 5 12

RpY•RpY GpC•GpC 25•25 25 11
ApC•GpT 8•0 4 13
ApT•ApT 0•0 0 14

3′- and 5′-neighbor effect CpG•CpG YCpGR•YCpGR 59•59 59 19
YCpGY•RCpGR 51•51 51 14
RCpGY•RCpGY 38•38 38 17

CpA•TpG YCpAR•YTpGR 77•42 59 8
YCpAY•RTpGR 59•21 40 11
RCpAR•YTpGY 33•28 30 18
RCpAY•RTpGY 36•19 27 17

aThe 10 complementary dinucleotides NpiN•NpjN are characterized by BIIi,j_av%, which are the half-sums of the individual BIIi_av% and BIIj_av% of
two facing phosphates. These BII percentages were previously extracted from a data set of 323 δP.34 The BII percentages of CpG•CpG and
CpA•TpG are also given considering the effect of their 3′- and 5′-nearest neighbors, expressed in terms of purine (R) and pyrimidine (Y). The
standard deviations (SD) given for BIIi,j_av% were inferred from the δP variabilities (see Materials and Methods).
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resolution of 2.5 Å27) or 146 bp (PDB entries 3MVD,
resolution of 2.9 Å26). The additional base in 3MVD is located
at the end of the sequence (...CGAT-3′ instead of···GAT-3′ in
3LZ0 and 3LZ1). The 3MVD structure contains the chromosome
condensation regulator RCC1 that contacts three phosphate
groups without disturbing the overall DNA structure, according to
our analyses. Analyses of NCP structures were carried out using
Curves+.55

Graphics. Graphical representations were prepared with
Yasara (http://www.yasara.org/).

■ RESULTS AND DISCUSSION
31P Chemical Shifts to Characterize the DNA Back-

bone Behavior. The 31P chemical shift (δP) values reflect the
two-state BI ↔ BII equilibrium (Figure 1). High- and
downfield shifted δPs correspond to BI- and BII-rich phosphate
groups, respectively.36,37 The four oligomers studied here
(Table 1) correspond to 72 dinucleotide steps, excluding the
terminal steps. All 72 δPs were assigned and measured at 20,
30, and 40 °C (Table S1 in Supporting Information). They
cover a range typical of B-DNA, from −3.80 to −4.51 ppm.
Examples of 1H−31P HETCOR spectra are shown in Figure 4.

Two empirical relations were proposed to translate δPs in
terms of BII percentages,38,39 using eq 138 or 2 at 20 °C.39

δ= +BII% 143 P 621 (1)

δ= +BII% 114.84 P 515.62 (2)

These equations were obtained with two different methods,
which both assume implicitly38 or explicitly39 that δP of pure BI
and pure BII states are sequence-independent. This assumption
is very difficult to test by NMR, since, to our knowledge, no
other experimental method can identify which dinucleotide
would be strictly confined in only one state. A recent
interesting computational study, combining molecular dynam-
ics simulations on the Drew-Dickerson dodecamer and
quantum mechanical calculations of δP, suggested that the
backbone angle values are sensitive to the dinucleotide sequence;
according to DFT calculations on DNA fragments, these sequence
dependent variations would affect the δP values of pure BI and BII
states.56 Although eqs 1 and 2 do not yet integrate such
refinement, the overall consistency of the results presented below
indicates that they are robust for estimating BII%.
Examining the behavior of the phosphate linkages as a

function of temperature enabled to estimate the δP value that
does not vary with temperature. This particular value is
expected to be the signature of equal populations of BI and
BII (BII% = 50).57,58 The temperature study investigated the
influence of a moderate increase of temperature on the

BI ↔ BII equilibrium by collecting δPs at 20, 30, and 40 °C, on
integrally preserved double helices. The δP values changed by
0.043 ± 0.022 ppm on average between 20 and 40 °C (typical
changes in Figure S1 in Supporting Information). Such slight
but significant variations of the same magnitude were
previously observed on other oligomers.39,58

The variation of δP between 20 and 40 °C (ΔδP) is
negatively correlated to the reference δP values at 20 °C (Figure 5).

Positive and negative ΔδPs correspond to increasing and decreasing
BII populations, respectively. The most marked variations are the
positive ΔδPs observed on steps with high or very high BI
population at 20 °C (δPs typically between −4.5 and −4.2 ppm;
see Figure 5). This behavior was observed before, above 20° for BI-
rich steps.58 Although a full understanding of this observation will
ultimately require a detailed analysis, our results show that BI-rich
steps gain some BII character under external stresshere, the
temperature increase. Yet, one BI-rich step, A7pA8 in Oligo 3, shows
an exceptional ΔδP of +0.12 ppm (Figure 5 and Figure S1 in
Supporting Information). The examination of 1D 1H spectra led to
the detection of slight H2 and H8 resonance broadenings on A7
and A8, which may indicate transient excursions toward unknown
low-populated conformations requiring sophisticated NMR experi-
ments to be confirmed.59 For this reason, the ΔδP corresponding
to A7pA8 was discarded from the analysis.
The linear fit of the correlation between δP20° and ΔδPs is

characterized by a correlation coefficient of 0.76 and a standard
deviation of 0.10 ppm. This fit enables to estimate that ΔδP = 0
(the point for which no change in δP occurs with temperature
variation) corresponds to a δP value of −4.01 ± 0.10 ppm at
20 °C (Figure 5). Interestingly, this δP value is very similar to
the average δP value previously found for random coil DNAs,

Figure 4. Representative 1H−31P HETCOR spectra for δP
determination. The 1H−31P HETCOR spectra show a section of the
H3′-P region obtained for Oligo 4 at 20 °C (left panel) and 40 °C
(right panel). The red arrows indicate the cross-peak centers.

Figure 5. Relationship between the amplitude of 31P chemical shift
changes according to temperature and the down- or high-field
character of phosphate linkages. The 31P chemical shift change
between 20 and 40 °C (Δ(δP40°−δP20°), ppm) is linearly correlated to
δP measured at 20 °C (δP20°, ppm). The phosphate linkage of ApA
(blue square) in the TTAA segment of Oligo 3 has an unusual
behavior (see the text). The black line corresponds to the linear fit of
the data, discarding δP of ApA in TTAA. Δ(δP40°−δP20°) = 0 (marked
in red) theoretically corresponds to a BI/BII ratio of 1. Accordingly,
δPBI/BII=1 = −4.01 ppm. δP > δPBI/BII=1 and δP < δPBI/BII=1 correspond
to a majority of BII and BI conformers, respectively. The bars are the
experimental errors.
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which is centered around 4.0 ppm, with a sequence dependent
range of ±0.2 ppm.57 According to eqs 1 and 2, a δP value
of −4.01 ± 0.10 ppm corresponds to BII% = 48 ± 7 (eq 1) or
BII% = 55 ± 6 (eq 2). Thus, both eqs 1 and 2 predicted
reasonable BII%, compatible with what is expected for ΔδP = 0,
i.e., equal populations of BI and BII. This indicates that
neglecting a possible sequence effect on δPs of pure BI and
pure BII is tenable in practice.
Since the data are not sufficient to discriminate between

eqs 1 and 2, in the remainder of the present study, eq 138 was used
to convert to BII percentages the δPs collected at 20 °C.
The average BII percentages (BII%av) were calculated from

the average δPs (δPav), themselves deduced from the 72 δPs
collected on the four dodecamers at 20, 30, and 40 °C. BII%av
are 16.2 (δPav = −4.23 ppm) at 20°, 19.4 (δPav = −4.20 ppm)
at 30 °C, and 22.2 (δPav = −4.19 ppm) at 40 °C. These values
are broadly consistent with the ∼20% of BII conformers
inferred from statistics from X-ray structures40 or from δP in
solution,34,38 without considering the temperature. Superficially,
that would initially suggest that there is no distinctive pattern
regarding the BI−BII character in sequence 601. Yet, the BII
percentages vary considerably along the dodecamer sequences
and some phosphate groups exhibit 40% or more of BII
conformers (Figure 6). These variations hide a strong sequence
effect, which is addressed below.

Validation of the DNA Sequence Effect on the
Backbone Behavior with the Dodecamers. Here, we
consider the complementary dinucleotides, NpiN•NpjN, rather
than the dinucleotides isolated from their partner. This
approach is justified since the B-DNA mechanics imparts a
strong coupling between the conformational states of two
facing phosphate linkages, BI•BI, BI•BII, and BII•BII; in turn,
these combinations of facing backbone states are coupled to the
inter base pair parameters of slide, roll, and twist.38,40−46 X-ray
structure analysis showed that the facing backbone combina-
tions delineate zones in the roll/twist space with negligible
overlaps.32,40,41 In DNA studied by modeling, BII•BII are rare,
but helical parameter values, especially for the twist, can be
decomposed into Gaussian-like distributions corresponding to
the BI•BI and BI•BII states.46 Considering the double helix
structure, it is thus more relevant to consider the BII
propensities of two facing phosphates than those of each

phosphate separately. In addition, two facing phosphates tend
to behave similarly.34 This property is retrieved with the data
collected here, the difference between the BII percentages of
two facing phosphates being on average 15%. Hence, each
NpiN•NpjN is characterized by the half-sum of the BII
percentages of its facing phosphates i and j (BIIi,j% = (BIIi% +
BIIj%)/2).
It has emerged that the BI↔BII equilibrium primarily

depends on the dinucleotide sequence.34,38,40 From an
extensive δP data set, the 10 complementary dinucleotides
composing B-DNA were characterized each by specific BIIi,j%i
values, presented as the TRX scale.34 For convenience, these
values are reported in Table 2, introducing explicitly the effect
of the 3′- and 5′-nearest neighbors on CpG•CpG and
CpA•TpG. These two steps are particularly sensitive to their
nearest neighbors, 5′-Y/3′-R and 5′-R/3′-Y neighbors increas-
ing and decreasing the BII populations, respectively.38,60,61 As
this previous study34 proposed that BII propensities can be
deduced from the sequence, Table 2 and the underpinning
training set of data may be seen as providing predictions which
may be tested with subsequently obtained BIIi,j values.
The four dodecamers contain six complementary dinucleo-

tides present in several copies6 ApC•GpT, ApG•CpT and
GpC•GpC, 5 CpG•CpG and 4 ApA•TpT and TpA•TpA
which enabled confirmation that each of these complementary
dinucleotide types is characterized by an average BIIi,j% value
(Figure S2 in Supporting Information). More extensively,
BIIi,j% calculated from all the new δPs measured here on the
dodecamers were compared with their predicted counterparts
from Table 2. These two quantities coincide for all the
dinucleotides composing the four dodecamers (Figure 7).
Actually, taking into account the effect of the tetrameric
environment on CpG•CpG and CpA•TpG enabled us to obtain
a remarkable fit between the profiles of newly determined and
predicted BIIi,j propensities along the four dodecamers (Figure 7).
So, the δPs measured here on the dodecamers confirmed and
reinforced the previous findings on B-DNA sequence-dependent
intrinsic backbone behavior. It essentially demonstrates that the
BI−BII character of phosphate linkages in B-DNA free in solution
is predictable from the sequence. Thus, it provides a strong ground
to investigate how the distribution of the dinucleotides with low
and high BII propensities is relevant along any DNA sequence
owing to the coupling with DNA shape, which is now examined.

Relation between BII Propensities and Minor Groove
Width Validated in Solution with NMR. DNA groove
widths are measured between two residues on opposite strands,
which are closest in space across the groove. These residues are
staggered by two or three nucleotides in the 3′ direction.62 In
free DNAs, the groove dimension measured on NpiN•NpjN is
related to the conformational states of the phosphate groups
of the central dinucleotide of interest and of its 3′- and
5′-neighbors, i.e., Npi‑1NpiNpi+1N•Npj‑1NpjNpj+1N, mainly
because of the cumulative effect of the backbone conforma-
tional states on base-pair displacement.47 In other words, BI or
BII density within a 4 bp segment is coupled to the groove
dimensions.47 This led to characterization of NpiN•NpjN by an
extended BII score, BIIi,j_ext, which takes into account the
neighbors of NpiN•NpjN, by averaging the individual BIIi,j
percentages of the three complementary dinucleotides in
Npi‑1NpiNpi+1N•Npj‑1NpjNpj+1N (BIIi,j ext% = (BIIi‑1,j+1% +
BIIi,j% + BIIi+1,j‑1%)/3; see also Materials and Methods).47 A
main finding of this previous study47 concerned the minor
groove width. Classical narrow minor grooves are associated

Figure 6. Experimental BII percentages along the four dodecamers.
The BII percentages (BII%) were inferred from the 31P chemical shifts
at 20 °C and plotted along the two strands of the oligomers, shown in
order from end to end (numbering of strand I detailed in Table 1).
The terminal dinucleotides, subject to end effects, were not considered.
Oligo 1 is in red, Oligo 2 in orange, Oligo 3 in cyan, and Oligo 4 in blue.
The left and right panels correspond to the first and the second 5′→ 3′
strands, respectively.
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with low BII density tetramers (low BIIi,j_ext values) whereas
enlarged minor grooves correspond to segments with high BII
density (high BIIi,j_ext values),

47 as illustrated in Figure 2.
In NMR, the minor groove width can be investigated on

A•T base pairs through the NOE resonances between the H2
of adenine and the H1′ located across the strand (Scheme 1),

which are detectable only in the case of narrow minor groove.63

The NMR data collected here along the free BI-rich TTAAA
region of Oligo 3 show observable and measurable H2−H1′
interstrand distances in spectra recorded with 100, 200, and
400 ms (Scheme 1, Figure 8). In addition, Oligo 1 and 4 contain
adenines that provide interesting information about the minor
groove width in BII-rich segments. Even using a long mixing

time of 400 ms, the H2−H1′ interstrand cross-peaks of
adenines in or near CpA steps are missing while they could be
theoretically observed in the 1H−1H spectra (Scheme 1, Figure 8).
The corresponding distances are thus larger than 6 Å, beyond the
limit of NMR detection.
Our measurements thus provide clear evidence that sustained

narrow minor grooves exist in free TTAAA elements in solution.
They emphasize that a region composed of a succession of BI-rich
steps in solution (such as TTAAA) corresponds to a narrow
minor groove shape, while BII-rich regions correspond to a wider
minor groove. This result validates in solution the relation
between BII density and groove shape previously reported on the
basis of X-ray structures.47

Implications for the Preferential Interaction of DNA
Sequences with the Histone Core. We now analyze how
the intrinsic structural preferences of free sequences may be
relevant for forming the NCP. We focus on the minor groove width
because its variation is the most remarkable, recurrent characteristics

Scheme 1. H2−H1′ Inter-Strand Distances (Å) in Oligos 1,
3, and 4a

aThe BI- and BII-rich phosphate linkages are in black and red,
respectively. Black arrows indicate the distances potentially observable
in the NMR spectra, but not actually discernible. Blue arrows
correspond to measured distances.

Figure 7. Sequence effect on BII propensities of the complementary dinucleotides forming a part of the 5′ half of sequence 601. The complementary
dinucleotides are characterized by the half-sum of the BII percentages of their facing phosphates: BIIi,j% = (BIIi% + BIIj%)/2. These quantities are
either inferred from the experimental δP values measured in this study (blue bars) or predicted (red bars) from the analysis of an extensive δP data
set previously published (Table 234). The small vertical black bars are the errors, either calculated from the experimental errors on δPs measured in
this study for the corresponding BIIi,j% or from the standard deviations for predicted BIIi,j%. The sequence explicitly given is centered on the T:A
rich segment located at a 1.5 double-helix turn from the dyad (SHL-1.5) in the NCP. The sequence and the numbering are detailed in Table 1.

Figure 8. Representative 1H−1H NOESY spectra of H2−H1′
interstrand connectivities. The NOESY spectra show a section of the
Base-H1′ region obtained for Oligo 1 (left panel) (a) and 3 (right panel)
(b) at 20 °C, using a mixing time of 400 ms. In Oligo 1 (left panel) (a),
no connectivity is detected between H2 of A9 in strand 1 and H1′ of
T17 in strand 2. Its theoretical location is indicated by a red circle. By
comparison, the intrastrand connectivity observed between H2 and H1′
of A9 appears very clearly (blue circle). In Oligo 3 (right panel) (b), the
interstrand connectivity observed between H2 of A8 in strand 1 and H1′
of T18 in strand 2 (red circle) is stronger than the intrastrand
connectivity between H2 and H1′ of A8 (blue circle). Such marked
cross-peaks also exist for the couples T6-A19, A7-T18, and A9-T16 in
Oligo 3. The four interstrand H2−H1′ connectivities in Oligo 3 were
observed from a mixing time of 100 ms.
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of DNA across NCP X-ray structures, regardless of the DNA
sequence.4−6 This feature is further highlighted by our analysis
showing that the correlation coefficient between the minor groove
width values calculated on NCPs crystallized with the human α-
satellite on one hand and the sequence 601 on the other hand is
0.75. By comparison, the correlation coefficients calculated on the
same structures but for roll and slide values are clearly lower, 0.47
and 0.27, respectively. This suggests that the histone core imposes a
unique pattern of minor groove variation to DNA upon binding. In
NCPs, these conserved wide and narrow minor grooves, which
alternate with a periodicity of approximately 10 bp (Figure 9), are
located outward and inward from the histone core, respectively.

As stated in the previous sections, intrinsic BII propensities
can be predicted rather safely from Table 2. The extended BII
scores, BIIi,j ext%, calculated from the BII% of the dodecamers,
match very well their predicted counterparts (Figure S3 in
Supporting Information, correlation coefficient of 0.9).
BIIi,j ext% prediction was first applied to the whole sequence
601 and compared with the minor groove width profiles
extracted from NCP structures crystallized with sequence 601
(Figure 9, Table 4). In this approach, BIIi,j ext% is used as a
suitable reporter of the groove shape of free DNA.
In the 5′ part and around the center of sequence 601, most

wide or narrow minor grooves in the NCP X-ray structures

correspond to peaks of intrinsic high and low BII propensities in
free DNA, respectively. The quality of the match is particularly
remarkable in the region covering SHL ± 2.5 (Figure 9, Table 4).
On the 3′-side of sequence 601, the NCP groove widths at
+2.5 helix turns or more from the NCP dyad are clearly out of
phase with the corresponding free DNA BII propensities (Figure 9,
Table 4). That is not inconsistent with the affinity data, as discussed
below.
This analysis suggests that a part of the free sequence 601, in

particular, its center, is predisposed to adopt an alternation of
wide and narrow minor grooves favorable to NCP formation.
To further investigate this idea, five artificial DNA sequences
(Table 3) of various affinities (Table 4) for the histone core
were examined. Sequence f2 is derived from sequence 601 by
an enrichment in TpA steps and mutations in its 5′-part
(http://genie.weizmann.ac.il/pubs/nucleosomes06/segal06_
data.html). Sequence 601L is the palindromic derivative of the
5′ half of the sequence 601.28 Both f2 and 601L displayed an
affinity above that of their parent 601. Sequence 618 has a
slightly lower affinity than sequence 601,20 but still a good
affinity for NCP formation. In contrast, sequences h2 and h3
have a very low ability to form nucleosomes (http://genie.
weizmann.ac.il/pubs/nucleosomes06/segal06_data.html).
Free sequences 601, f2, 601L, and 618 have in common an

alternation of minor groove widths in the NCPs, consonant
with the variations of intrinsic BIIi,j ext% in the region covering

Figure 9. Intrinsic extended BII propensities of the free sequence 601,
compared to variation of the minor groove width in the NCP. The
intrinsic backbone behavior is expressed in terms of BIIi,j ext% (see the
text and Materials and Methods) predicted for each complementary
dinucleotide composing the sequence 601, and represented as bars.
BIIi,j ext% for the TTAAA elements are in violet, all the others in cyan.
Variations in BIIi,j ext% along the sequence are traced with a black line
(using a natural smoothing spline approximation to the bars). The
sinusoidal variations of the minor groove width (mgW, Å) in the NCP
are shown at the top of the panel (red line). These values were
calculated and averaged on the NCP X-ray structures containing
sequence 601 (PDB entries 3LZ0, 3LZ1, and 3MDV). The vertical
gray lines mark the maximal values of minor groove width, expressed
in terms of SHL, starting from the center of the sequence 601
(“Center”, at position 73.5 in the 146 bp sequence 601). Apart from
the end of the 3′ part of sequence 601 (SHL > +2.5), the minor
groove distortions in NCP follow the intrinsic extended BII
propensities, in turn coupled to groove dimensions in free DNA.

Table 3. Nucleosomal Sequencesa

Sequence 618 CTGGCGCCTTTTCAAAGTTGTACCTGACCGAGCAGGTGCCTACAGATCCAGACGAGCGGAAATGCCCAGAATTGCGTCTACA-
GACCGCTAAGCTCATCTAGAGCTCCCTAGAGCCACCAAGGGCTGTTCCCAGAAATTGTCGTAGAA

Sequence 601L ATCACAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTACGGAATCCGTACGTGC-
GTTTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTGTGAT

Sequence f2 CTGGAGATACCCGGTGCTAAGGCCGCTTAATTGGTCGTAGCAAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCTACCGC-
GTTTTAACCGCCAATAGGATTACTTACTAGTCTCTAGGCACGTGTAAGATATATACATCCTGT

Sequence h2 CTGGAGAATCCCGGTGCCGAGGCCGCTCAATGGATCCTAGCAAGCTCTAGGTGCGCTTAAACGGCTGTAGACGCCCTATCCTGTA-
CGGCAGTTTAAGCGCACCTAGAGCCTCCGGAATTCACCACGTGTCAGATATATACATCCTGT

Sequence h3 CTGGAGAATCCCGGTGCCGAGGCCGCTCAATGGATCCTAGCATACTCTAGGTTAGCTTAAACTACTGTAGACTTACTGTACGGCAG-
TTTAAGCTAACCTAGAGTACCCTCTCCGGAATTCACCACGTGTCAGATATATACATCCTGT

aFive artificial DNA sequences were selected to investigate to what extent their intrinsic properties relate to their affinities for the histone core:
sequence 618,20 sequence 601L,28 and sequences f2, h2, and h3 (http://genie.weizmann.ac.il/pubs/nucleosomes06/segal06_data.html).

Table 4. Correlation Coefficients between the Minor Groove
Width of DNA in NCP X-ray Structures and Intrinsic
Extended BII Propensitiesa

sequence affinity whole seq 5′-end central part 3′-end
High Affinity Sequences

f2 >601 0.51 0.65 0.73 −0.08
601L >601 0.42 0.30 0.69 0.30
601 - 0.14 0.25 0.48 −0.63
618 <601 0.10 0.10 0.50 −0.03

Low Affinity Sequences
h2 ≪601 0.07 0.18 0.11 −0.05
h3 ≪601 0.16 0.14 0.28 0.12

aThe minor groove width values were extracted from the NCP X-ray
structures containing sequence 601 (PDB entries 3LZ0, 3LZ1, and
3MDV). The intrinsic extended BII propensities, BIIi,j ext% values
defined in the text and Materials and Methods, were calculated along
artificial sequences displaying either high (601, f2, 601L, 618) or low
(h2, h3) affinity for the histone core. The affinities are ranked
qualitatively with reference to sequence 601. The correlation
coefficients calculated between BIIi,j ext% and minor groove width
values were calculated on the whole sequences (SHL ± 7), or only for
the 5′-end (SHL+2.5/SHL+7), or the central part (SHL ± 2.5), or the
3′end (SHL+2.5/SHL+7).
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SHL ± 2.5 (Figure 10, Table 4). Compared to sequence 601,
this match extends on the 5′ side with f2 (Figure 10, Table 4).
601L, by duplicating the 5′ part of 601, improves the correlation
along the 3′-side (Figure 10, Table 4). In contrast with these
sequences best at forming NCP, the parallel between intrinsic
BIIi,j ext% and minor groove width in NCPs is considerably
weakened with both h2 and h3 (Figure 10, Table 4). A
prominent discrepancy concerns SHL+1.5, which is composed of
intrinsic BII-rich steps in h2 instead of intrinsic BI-rich steps in
high affinity sequences (Figure 10). In h3, SHL+1.5 is composed
of intrinsic BI steps, but a marked deficit of intrinsic BII steps
characterizes its 3′ neighboring segment (Figure 10).
The pictorial analysis presented in Figure 10 was quantified

by the regression correlation coefficients between intrinsic
BIIi,j ext% and minor groove width in NCP. For the six considered
sequences, the correlation coefficients parallel their affinities for
the histone core (Table 4). This strongly supports the notion
that the sequence-dependent intrinsic BII propensity of the
nucleosomal sequences plays a role in NCP formation via its
coupling with minor groove dimension in free DNAs. This
explains why the palindromic derivative of the 5′ half of the 601
sequence (601L) displays a better affinity than its parent 601,
and why the affinity of the palindromic derivative of the 3′ half is
strongly reduced.28 Also, the recurrence of a maximal agreement
in the region SHL ± 2.5 (central 70 bp) in high affinity
sequences would account for the remarkable conservation of this
region in artificial DNAs selected for their maximal ability to
form nucleosomes.20

The above results also support the importance of SHL ± 1.5
sequences. The SHL ± 1.5 regions in sequences 601, 601L, and
f2 correspond to two TTAAA fragments. According to the
three nucleosome structures crystallized with sequence 601,26,27

TTAAA segments robustly anchor histones H3 and H4 owing

to hydrophobic interactions and an electrostatic interaction
between Arg63 of H3 and the TTAAA minor groove.5,28 The
bound TTAAA segments are characterized by sustained narrow
minor grooves (3−4 Å) and variable negative rolls (ApA•TpT:
−6.2 ± 5.8°; TpA•TpA: −8.9 ± 8.8°) associated with the
curvature. On the trinucleotide fragment TAA•TTA, these
negative rolls are associated with BI•BII facing phosphate
linkages, following the intrinsic trend in free DNA.34,38,40,41

The present NMR data show that the whole free TTAAA
element is composed of BI-rich steps (Figure 7) associated with
a narrow minor groove (Scheme 1). BI-rich TpA and
ApA•TpT dinucleotides intrinsically favor null or positive
rolls.38,64 The structures of oligomers containing TnAn
crystallized in various space groups corroborate the presence
of positive rolls in such sequences.65 So, free and bound
TTAAA elements share the narrowing of the minor groove but
not the rolls. The deformation of intrinsic null or positive rolls
toward negative rolls in the NCPs may have an energetic cost.
This cost may be compensated by the negative electrostatic
potential generated by the DNA minor grooves, which is
especially enhanced in the case of narrow A•T-rich minor
grooves.66 Such strong electronegative potential associated with
the pre-existing narrow minor groove of TTAAA segments
could drive the recognition of Arg63 of H3, initializing the
anchoring of histones and counterbalancing the cost incurred
by negative rolls.
The SHL ± 1.5 elements are surrounded by G•C rich

sequences (in sequence 601: CCGCTTAAACGCA in SHL-1.5
and GCGTTTTAACCGC in SHL+1.5) that, in the NCP,
adopt the widest minor grooves of ∼8 Å (Figures 9 and 10).
This is also consistent with the intrinsic structural preferences
of free DNA. The flanking regions of SHL-1.5 and SHL+1.5 are
composed of dinucleotides with BII as stable as, or even more
stable than, BI (Table 2 and Figure 7). Such BII-rich regions in
free DNA explore a large conformational landscape that
produces minor grooves on average clearly wider than BI-rich
segments, as shown in this work. The presence of two or more
phosphate linkages simultaneously in BII within a tetrameric
segment is in fact associated with minor groove widths reaching
7−8 Å,47 as large as those observed in the NCPs.
In sum, both TTAAA elements and their flanking regions

have intrinsic minor groove properties that are favorable to
nucleosome formation. A key point concerns the two TTAAA
motifs, symmetrically located around the nucleosome dyad
(SHL ± 1.5) and distant by 30 bp, which allow the anchoring
of the two Arg63 of H3 dimer in their narrow, negatively
charged, minor groove. Such minor groove intrinsic character-
istics are retrieved on another A•T-rich element, GATTA at
SHL+3 (Figure 9), which could thus also accommodate one
arginine. However, these favorable intrinsic properties are lost in
the corresponding 30 bp upstream region, CGCTG at SHL 0,
predicted to adopt a wide minor groove with a weakened negative
potential. Within the whole sequence 601, TTAAA elements at
SHL ± 1.5 emerge as a unique, attractive combination to capture
the two Arg63 of H3 dimer.
Taken together, the above results strongly suggest that the

sequence-dependent intrinsic structural properties of free DNA
contribute to the particularly strong affinity of the sequence 601
and its derivatives for the histone core. They are consistent with
a crucial role of pre-existing structural preferences for a regular
alternation of wide and narrow minor grooves for NCP indirect
readout.

Figure 10. Intrinsic extended BII propensities of selected sequences,
compared to variation of the minor groove width in the NCP X-ray
structures. The sinusoidal variation of the minor groove width (mgW,
Å) in the NCP structures is shown at the top of the panels (red line).
The intrinsic backbone behavior is expressed in terms of BIIi,j ext% (see
the text and Materials and Methods); variation along the sequences is
traced with black lines (after smoothing with a spline approximation to
the bars as shown in Figure 9). The vertical gray lines mark the
maximal values of minor groove width, expressed in terms of SHL.
The blue arrows indicate the location of SHL ± 1.5. The minor groove
shape variations in the NCPs mainly follow the intrinsic extended BII
propensities with sequences f2, 601L, and 618, but not sequences h2
and h3. That is consistent with sequences f2, 601L, and 618 being
favorable to the NCP formation, while sequences h2 and h3 have a low
affinity for the histone core.
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■ CONCLUSION

Using NMR, we studied four DNA dodecamers relevant to a
better understanding of the formation of nucleosome core
particles (NCPs). When juxtaposed (discarding the terminal
base pairs) these dodecamers recompose a 39 bp fragment of
the 5′ part of the sequence 601 of very high affinity for the
histone core.20 To investigate how DNA intrinsic properties
affect the ability to form nucleosomes, one exploited the BI ↔
BII equilibrium of the phosphate groups, which is convenient
and reliable reporter of the behavior of dinucleotides in B-
DNA.34,38,47 The results provide convincing evidence that the
sequence-dependent minor groove shape influences the indirect
readout mechanism underlying the nucleosome formation.
The studied dodecamers contain dinucleotides with BI-rich

(high-field shifted δPs) or BII-rich (downfield shifted δPs)
phosphate linkages. The examination of δP changes in function
of temperature provided additional support of the reliability of
the methods used to derive BII populations from δPs.38,39

Importantly, the newly collected δPs enabled us to validate the
sequence dependence of the BII propensities. It confirmed that
it is dominated by the dinucleotide sequence and therefore is
predictable, as previously proposed.34 From a structural point
of view, the NMR data validate the proposition based on X-ray
structure analyses47 that the phosphate groups inform on the
minor groove width. As a result, high and low BII densities in
DNA tetramer segments free in solution are coupled to wide
and narrow minor grooves, respectively.
Taken together, these results offer a specific and powerful

framework to address the role of minor groove shape in the
nucleosome formation process. The prediction of intrinsic BII
propensities was applied to several sequences with various
abilities at forming nucleosomes. This approach does not mean
that the histone core directly recognizes the backbone states
themselves, nor does it suggest that the BII locations should be
similar in free and nucleosomal DNAs. Indeed, the backbone
angles behave differently in free and bound DNAs, with in
particular the emergence of numerous α/γ conformers typical
of bound DNAs.40,67,68 In our approach, the intrinsic BII
propensities are considered reporters of helicoidal features, in
particular, the minor groove width.
Only sequences of high affinity for the histone core were

found to exhibit intrinsic BII density profilesrepresentative of
minor groove width profilesthat largely parallel the recurrent,
characteristic variations of minor groove width in NCP X-ray
structures (Figures 9 and 10). The maximal agreement observed
along the central ∼70 bp is particularly interesting because this
region is contacted at the first stage of the nucleosome
formation23,24 and highly conserved in the highest-affinity
artificial sequences.20 Our results also provide new insights on
the lexicographic periodicity of ∼10 bp found in nucleosomal
positioning sequences, in vitro and in vivo. Such positioning
sequences consist of regions enriched in CpG•CpG, GpC•GpC,
CpA•TpG, and GpC•CpC that alternate with ApA•TpT,
TpA•TpA, and ApT•ApT rich segments.9−18 According to our
analysis, the first group of dinucleotides imparts free DNA
segments with high BII density associated with wide minor
grooves; the second group forms BI-rich regions with intrinsic
narrow minor grooves. The alternation of both groups seems
essential since sequences containing numerous An•Tn tracts,
unable to spontaneously generate wide minor groove, disfavor
nucleosome deposition.69,70 Finally, our findings are consistent
with a study reporting that the narrowest minor grooves in free

yeast sequences known to be occupied by nucleosomes in vivo
are compatible with their counterparts in NCP DNA.71 Hence,
the minor groove width in free B-DNA appears as a key
structural determinant in the indirect readout process underlying
the NCP formation.
Indirect readout exploiting variations of minor groove shape

was also demonstrated on the DNA−DNase I interaction.50

This enzyme interacts with any DNA minor groove but
preferentially cuts sequences adjacent to BII-rich regions,
because widening of the minor groove favors the binding of
DNase I.50 Also, the architectural bacterial protein Fis binds
DNA with no obvious sequence selectivity but prefers A•T-rich
regions with intrinsic narrow minor groove; three or more
A•T → G•C base pair substitutions severely decrease Fis
binding by altering the minor groove shape.72 The concept of
groove shape indirect readout was generalized based on an
analysis of exhaustive sets of X-ray structures.30,47 Thus, the
crucial role of preformed grooves in DNA nucleosomal
positioning sequences is not an isolated case. The ability to
predict the DNA minor groove shape directly from its sequence
not only provides a basis to interpret the effect of mutations on
nucleosome formation, but also may help to uncover more
examples where this shape is critical to DNA recognition.
In vitro nucleosome binding experiments showed that the

temperature affects the nucleosome formation and suggested a
role of entropy in this process.73 Also, ions can potentially
influence nucleosome positioning.2,74 The observations that
temperature (this study and 39,58) and cations64,75 modulate the
phosphate group behavior and consequently the DNA shape are
very interesting in this context, although more work is needed
to determine the extent to which these factors might influence
the nucleosome formation.
The nucleosome organization in vivo is likely determined

through an interplay between intrinsic DNA properties, chromatin
remodelers, and competition with nonhistone proteins bound to
DNA.76 The relative importance of these factors contributing to the
positioning remains controversial. Yet, recent studies confirm that
DNA sequence does play a role in positioning nucleosomes in vivo,
by influencing nucleosome assembly, stability, and disassem-
bly.10,76−78 Extensive mappings of nucleosome positioning highlight
the heterogeneity of such positioning, with regions of precise and
high nucleosome occupancy and other regions where the
positioning is much more diffuse.79−81 The approach described
in the present work could help interpret the large data from such
mappings, especially since the proposed sequence-based approach
lends itself to high-throughput computational processing.
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