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Abstract

In spite of the knowledge of the nucleosome molecular structure, the role of DNA intrinsic curvature in determining
nucleosome stabilization is still an open question. In this paper, we describe a general model that allows the prediction
of the nucleosome stability, tested on 83 different DNA sequences, in surprising good agreement with the experimental
data, carried out in ours as well as in many other laboratories. The model is based on the dual role of DNA curvature
in nucleosome thermodynamic stabilization. A critical test is the evaluation of the nucleosome free energy relative to
a Crithidia fasciculata kinetoplast DNA fragment, which represents the most curved DNA found so far in biological
systems and, therefore, is generally believed to form a highly stable nucleosome.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction terized by a flat solenoid-like structure in which a
DNA tract of 145 bp is wrapped around the histone
Static and dynamic curvature is involved in core with a pseudo-dyad symmeit,2]. Recently,
fundamental DNA functions such as transcription, a 1.9 A resolution electron density map of the
recombination and chromatin organization. Their nucleosome was obtaind@], which confirms the
role is associated to the recognition mechanisms main features of the previously proposed structure
involving proteins as a relevant factor in the [4] However, the deeper knowledge of the molec-
differential stabilization of DNA—protein complex-  yjar structure, which reveals a large mass of details
es, like nucleosomes. . of both DNA and the protein core, provides a
Nucleosome is the DNA association complex gramatic image of the great complexity of the
with the h_|stone octamer and represents the ele'preferential nucleosome positioning along DNA.
mental unit of chromatin. Its structure is charac- Nevertheless, it is generally accepted that position-
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a role in nucleosome positioning is still considered
an open question.

Competitive reconstitution experiments allow
the determination of the differential thermodynam-
ic nucleosome affinity along a DNA sequence,
providing a sound basis for discovering the
sequence effects on nucleosome stabiliy-21].

involved in the nucleosome formation. The theor-
etical free-energy values so obtained showed a
satisfactory agreement with the experimental data
for a number of DNAs but major deviations for
others. This disagreement, however, was positively
correlated(R=0.98) with the DNA effective cur-
vature, (A¢y, which represents in modulus and

Several authors have made attempts to find the phase the extent of similarity between the curva-
sequence features that enhance or, on the contraryfure of the free and the nucleosomal DNA. This
reduce the stability of nucleosomes. strongly indicated the existence of a curvature-
The original hypothesis was that intrinsically dependent contribution to the free energy, which
curved DNA, characterized by phased sequencesappears to destabilize the nucleosome. This was
of AA-TT dinucleotide steps, could have a large interpreted as due to the groove contractions in
propensity to form nucleosomes. This is consistent intrinsically curved free DNAs, which stabilizes
with the finding about the preferential distribution the water spine and counter-ion interactid82—
of such sequences facing towards the histone core39], adding a further energy cost to the nucleosome
[22]. However, a complex role of curvature formation, where a part of these free energy
emerged from these investigations. Shrader andcontributions is lost and substituted by the DNA—
Crothersl5,6] found that some intrinsically curved histone moiety interactions.
DNAs, which were supposed to form highly stable  Therefore, the intrinsic curvature results to play
nucleosomes, surprisingly showed lower affinity two opposite roles in nucleosome formation: one
for the histone octamer than relatively straight stabilizing the nucleosome by reducing the elastic
DNAs with similar sequences. DNAs isolated in energy required to distort a DNA tract in the
the mouse genome, characterized by runs of threenucleosome structure; the other, apparently related

or four adenine-phased residues, extensive CAto the curvature of the DNA free form, reducing

repeats, andTATA tetranucleotides, form very
stable nucleosomes despite their low integral cur-
vature [11]. Furthermore, SELEX experiments,
carried out with a large pool of random DNA
fragments, allowed the isolation of individuals
having the highest histone affinity obtained so far.
They were characterized by relatively low curva-
ture [13].

Aside DNA curvature implications, an alterna-
tive point of view was proposed, which tries to
explain the stability of the DNA—histone associa-
tion as due to few specific DNA sites, which some

the affinity with histone octamer. Such a dual role
clearly appears when the experimental free energy
of a homogeneous pool of DNA fragmen(s,6]

of close length and base composition is reported
vs. the free DNA average effective curvatyug)
[31]. The plot shows a free energy minimum for
an average curvature of approximately 1.5 rad,
which confirms the dual role of the curvature in
the nucleosome stability; as a consequence, higher
intrinsic curvature is a destabilizing factor of
nucleosomes as well as low curvature, at least in
the analyzed range.

authors localized nearby the nucleosome dyad axis Extrapolating the model to high curvature leads

[5,6,22-29.
Recently, we have developed a statistical
mechanic model to derive the differential affinity

between DNA and histones from the sequence-

dependent curvature and flexibilit}30,31. We

evaluated the equilibrium constant of the compet-
itive nucleosome reconstitution in terms of ther-
modynamic and structural parameters of the
dinucleotide steps adopting first-order elasticity to
calculate the pertinent canonical partition functions

to the prediction that highly bent DNAs should
form relatively unstable nucleosomes, contrary to
the generally accepted opinions. Therefore, a crit-
ical test for the validity of the model is the
evaluation of the histone affinity of the well-known
highly curved tract ofCrithidia fasciculata Kine-
toplast DNA[40Q].

Crithidia DNA fragment is characterized by in-
phase repetitions of 4-5 AAT dinucleotide steps
facing towards the histone surface. The direct
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electron microscopy and atomic force microscopy
(AFM) visualization[41,43 and the high PAGE
retardation(Fig. 1) prove its high curvature. As a
result, accordingly to generally accepted nucleo-
some model[24], it should be an optimum in
nucleosome formation. On the contrary, we report
in this paper that Crithidia DNA fragment has a
high nucleosome-formation free energy, compara-
ble with that of telomeres, the least stable nucleo-
somes found so far in eukaryotic genomes
[14,19,21.

2. Materials and methods
2.1. Experimental

The 223 bp Crithidia fragment, with sequence

GATCCCGCCT  AAAATTCCAA
CCGAAAACCA CCCAAAATCA
AGCGAAAATA CCCCGAAAAT
CCCTGAATTT  TAGGCGAAAA
AAATCAAAAT CTGAACGTCT

CCGAAAATCG CGAGGTTACT TTTTTGGAGC
AGGAAAAATG GCCAAAAAAT GCCAAAAAAT
TGGCAAAAAT TAACAAAAAA TAGCGAATTT
AACCCCCGAA AATGGCCAAA AACGCACTGA
CGG

containing the original Crithidia 211 curved tract
insert[40], was prepared from Crithidia kinetoplast
minicircle, after insertion in the plasmjdPK 201/
cat and digestion with BamH1. Synthesis, multi-

merization and cloning of 222 bfomo sapiens

telomeric sequence were performed as previously

described12]. The 159 bp sequence TAND-1 was
a gift of Andrew Travers.

The procedure used for the competitive recon-
stitution was that of Shrader and Crothgb$ with
minor modifications. Three micrograms of H5-
depleted polynucleosome, obtained from chicken
erythrocyte, were mixed with 30 ng of radio-
labelled 223 bp Crithidia fragment andu3) (Rs),

5 ng (Rs) and 7pg (R,) of sonicated calf thymus
DNA as competitor in 6ul of 0.9 M NaCl, 10
mM Tris—HCI pH 8.0, 1 mM EDTA pH 8.0 and
0.1% Nonidet P40. After incubation at room tem-
perature for 30 min, the salt concentration was
lowered to 50 mM NacCl, step by step with addition
of the same buffer without NaCl. Samples were
then resolved on 5% acrylamide gel in &5TBE
buffer. The relative quantities of the reconstituted
and free DNA were assayed by scanning dried
gels with Instant ImagetPackard. The free ener-
gy values were obtained from three ratios with

different competitor amounts, measured at least in

CRITHIDIA TAND-1

F R; Rg Ry

F RyRs Ry M

CRITHIDIA TELOMERE
F RyR; R, M F Ry Ry R,

650
5560

450

350

250

(b)

Fig. 1. Competitive nucleosome reconstitution assay. An exam-
ple of nucleosome competitive reconstitution experiment of
223 bp Crithidia fragment compared wita) 159 bp TAND-
119,23 and(b) 222 bpH. sapiens telomeric DNA fragment.

three separate experiments and the results obtained
were averaged.

2.2. Theoretical evaluation of the nucleosome
stability

If AG(k) represents the nucleosome reconstitu-
tion free-energy difference of thith DNA tract
with L=145 bp along a sequence with bp, the
free energy per mole of nucleosonis;, pertinent
to the whole DNA is

BAG=—In Ni/zexp[— BAG(K)]

k=L/2

(1)
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where is 1/RT. The exponential term represents
the equilibrium constant pertinent to the nucleo-
some reconstitution of theth DNA tract.

The relation with the pertinent canonical parti-
tion functions allows us to write the nucleosome
reconstitution free-energy difference as

Qn(f) +|n Qf(k)

AG(k)=—1|
BAGD=~In =, 07

)

where 0,(k) is the configurational canonical par-
tition function of thekth nucleosomal DNA tract
along the sequencea:(k) is that relative to the
corresponding free DNA and).* and Q¢ are
those pertinent to an ideal standard intrinsically
straight DNA with a random sequence. The parti-
tion functions of the remaining DNA tracts not
involved in thekth nucleosome are considered in
a first approximation equivalent to those of the
free DNA and cancel in the ratio. We evaluated
the elastic contributions to the partition functions,
related to the sum of the bending and twisting
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logarithm of this term corresponds to the average
contribution to the free energy due to the fluctua-
tions of the double-helix phasing in the nucleosom-
al structure.

AE. (k) is evaluated as

i b* /T t*
a8u0) =3, (7 YA+

X <TT*> RrATW(OJ2 4)

where b* and r* are the apparent bending and
twisting force constants for a standard DNA and
ATw(k) represents the twisting number difference
between the nucleosome and the fidh DNA
tract. The latter term was evaluated imposing a
DNA periodicity of 10.2 bp per turn according to
the experimental evidend,4].

It is worth noting that the ground-state elastic
energy is calculated in terms of the squared differ-
ence between the Fourier terms, andA;. On the
basis of the Parseval's equalif#5], this corre-

energies necessary to distort the intrinsic structure sponds to distort the global shape of the free DNA

of the kth DNA tract in the nucleosomal form.
Assuming first order elasticity we obtained

BAGe|(k) = BAEél(k)
3. /T |
(Y ez-niin @

where AE. (k) is the minimum elastic energy
required to distort thekth tract of L bp in the
nucleosomal form{7T/T*) is the average normal-
ized dinucleotide empirical melting temperature of
the kth DNA tract, which suitably represents the
DNA differential rigidity, as recently supported by
the analysis of DNA images by AFNU3,44; Z

is equal to(Bb/L){T/T* YA A;, Where A, and A;
are the Fourier transform amplitudes of frequency
—0.17 of the nucleosome and the free DNA
curvature function along thd. bp tract of the
sequence. It is worth noting that,A; represents
the correlation between the curvature of the nucle-
osomal DNA and that of the free form, according
to the convolution theorem; finallyl(iZ) is the
Bessel function of the imaginary argumefitThe

tract involved in the nucleosome formation, leav-
ing the DNA local features practically invariant.

Alternatively, it is possible to evaluate the free
energy pertinent to each nucleosome position along
DNA, by constraining its dyad axis to lie on the
pseudo-dyad axis in the large groove of the suc-
cessive base pairs according to the X-ray structure.
In this case, the logarithm of the Bessel function
in Eq. (3) is replaced by a periodic function of
the angle between the directions toward which
effective intrinsic curvature points, and the major
groove axis.

BAG (k) =BAE"(k)

3 T
——=LIn{ =— Y+Z—-Zcos 5
> <T*> e ©

Eg. (5) produces an evident tenfold periodicity
in the trend of the nucleosome stability along a
DNA sequence, especially for curved tracts, in
which the bending energy differences between in-
phase and out-of-phase nucleosomes are dramatic.
However, as in the partition function, nucleosomes
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Fig. 2. (a) Deviations between the experimental and theorefieklstio nucleosome reconstitution free energy for the whole pool

of the investigated DNAs as a function of the intrinsic effective curvature, represented by the average Fourier arplituds,
Comparison between theoretical and experimental nucleosome reconstitution free energies for the Crithidia fillgmitet
telomeres([J) and the other sequencé®) reported in Table 1. Data are related to the TG pentamer as a stadgrdvalues

are reported iRT units (1 RT=0.59 kcafmol at room temperatuje (c) Comparison between theoretiddll) and experimental

(O) nucleosome reconstitution free energies for the whole set of DNA fragments reported in Table 1, sorted according to increasing
curvature (A;) (). Connecting lines are guides for the eye and have no physical meaning. DNA tracts are identified by the same
numbers reported in Table 1.

are weighted by the inverse of the exponential of 3. Results

the free energy, those characterized by low bending

energy count much more than the others. There- Fig. 1 illustrates two examples of nucleosome
fore, despite the absolute values given by EG3. competitive reconstitution experiments of 223 bp
and (5) being slightly different, the predicted Crithidia fragment compared with TAND{19,27
relative nucleosome stability results practically and 222 bpH. sapiens telomeric DNA fragments.
unaffected. Incidentally, it is interesting to note the different
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Table 1
The whole set of DNA fragments, ordered by increasing value of curvatare,
N # Sequence Reference (As) AAGey,
(rad/nucl) (kcal/mol)
1 H. sapiens telomere(458 bp 21 0.02 2.05
2 CGG, [8] 0.04 0.34
3 H. sapiens telomere(254 bp [19] 0.04 2.80
4 H. sapiens telomere(192 bp [19 0.06 3.20
5 H. sapiens telomere(218 bp Personal communication 0.06 2.90
6 B. mori telomere [19 0.07 2.70
7 T. termophila telomere [19 0.08 3.80
8 A. thaliana telomere(236 bp [19 0.09 2.40
9 CGG?® [8] 0.10 0.42
10 S. cerevisiae telomere [19 0.10 3.50
11 CTG? 7 0.10 —0.80
12 K. lactis telomere [21 0.12 1.78
13 CTG® | 0.12 -0.71
14 H. sapiens telomere(222 bp This paper 0.12 2.90
15 C. reinhardtii telomere [19] 0.15 2.80
16 A. thaliana telomere(195 bp [19] 0.17 2.75
17 34 [6] 0.17 2.00
18 CTG® [8] 0.17 -0.24
19 5S rDNA [21] 0.20 1.50
20 TRGC [5] 0.25 1.30
21 20 [6] 0.28 1.55
22 BADSECS-2 [16] 0.30 0.84
23 AOUT [6] 0.30 1.80
24 CAG-runs-CAG [11 0.30 0.12
25 19 [6] 0.32 0.90
26 X. borealis 5S [15] 0.38 1.35
27 5S RNA gene [8] 0.40 0.25
28 TAND-1 [19,22 0.41 2.00
29 22 [6] 0.45 1.60
30 NoSecs-1 [11 0.47 0.40
31 IGC [6] 0.48 1.30
32 TGGA-3 [16] 0.51 1.47
33 TGGA-2 [16] 0.51 1.50
34 TGA [16] 0.53 1.50
35 EXGC [6] 0.55 1.55
36 TGGA-1 [16] 0.56 1.38
37 KICEN2 [20] 0.57 1.30
38 KICEN3 [20] 0.58 1.50
39 5S rDNA dimer [21] 0.60 0.95
40 BADSECS-1 [16] 0.62 1.02
41 SCEN6 [15] 0.65 0.70
42 EXAT [6] 0.66 0.70
43 H4 ACTG 7 0.67 0.04
44 Mouse minor satellite [19 0.67 0.06
45 H4 ACTG/CGG 7 0.78 0.12
46 CA-runs-CA-1 [11 0.84 0.30
47 Histone H4 gene [7 0.86 —-1.21
48 A-tracts A-1 [11 0.89 0.12
49 618 [13] 0.96 —0.83
50 47 [17] 1.02 —-0.89
51 ANISO [6] 1.02 0.75
52 FIN [6] 1.02 0.42

53 TATA-tetradsTATA [11] 1.16 —-0.35
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Table 1(Continued)

N # Sequence Reference (Ary AAGey,
(rad/nucl) (kcal/mol)

54 ANNA [6] 1.19 0.15
55 KICEN4 [20] 1.23 1.00
56 KICEN1 [20] 1.27 1.00
57 57 [17 1.27 -1.01
58 TG [5] 1.28 0
59 KICEN1 [15] 1.32 0.21
60 67 fragment 9 [18] 1.40 —1.42
61 IAT [6] 1.43 0.50
62 67 fragment 2 [18] 1.50 —-0.35
63 67 fragment 6 [18] 151 —-1.12
64 67 [17] 1.52 —1.60
65 GT [5] 1.54 0.00
66 67 fragment 8 [18] 1.55 —-1.01
67 67 fragment 5 [18] 1.56 —0.65
68 67 fragment 4 [18] 1.57 —0.50
69 67 fragment 7 [18] 1.58 —-1.15
70 67 fragment 3 [18] 1.58 —0.50
71 67 fragment 10 [18] 1.63 —-1.84
72 61 fragment 13 [18] 1.64 —2.19
73 TIATR [6] 1.64 0.60
74 77 [17 1.69 —1.60
75 61 fragment 12 [18] 1.82 —1.18
76 61 [17 1.86 —0.50
77 56 [17] 1.86 -0.71
78 AEXT [6] 2.06 0.50
79 TTT [6] 2.15 0.90
80 51 [17 245 —0.59
81 53 [17] 2.53 —0.50
82 20 [17 2.56 —0.89
83 Crithidia fragmen(223 bp This paper 3.58 3.20

PAGE mobility of Crithidia and the telomeric DNA  erythrocyte nucleosomes. Both experimental val-
fragments associated with the histones. They con-ues of the free-energy differences are relative to
tain practically the same base pair number, but arethe TG pentamel5,6].

characterized by curved and straight residual free These values are reported in Table 1 and com-
DNA tracts and, as a consequence, by a different pared with the other experimental free energy
electrophoretic behavior. It should be noted that values available in the literature. They constitute
from the first lanes of Fig. la and b, which a pool of 83 DNA tracts. Such a large set of

represent the Crithidia free DNA, was obtained a sequences was used to reformulate the contribution
PAGE retardation factor equal to 2.8, in agreement assigned to water and counter-ion interactions in
with our model[46] (data not shown terms of effective curvature.

The thermodynamic association constants of the The free energy differences between experimen-
Crithidia fragment nucleosome results equal to tal and theoretical elastic data were fitted with a
AAG=3.2+0.3 kca)mol. It is very similar to that  good correlation(R=0.99) by a function, which
of the 222 bpH. sapiens telomere nucleosome, can be conveniently expressed as(4'°in RT
equal toAAG=2.94+0.3 kca)mol, which shows  units (Fig. 23. It should be noted that the slight
one of the lowest stability constants in the literature modification with respect to the former formulation
(Table 1), substantially lower than that of TAND-  does not sensitively change the previously obtained
1, which represents the average stability of chicken theoretical results.



14 A. Scipioni et al. / Biophysical Chemistry 107 (2004) 7-17

§ §
—— £ xp ". —=E xp .a"
6 me{JmnThr d 6 ==Cm=Satchwell et al. ..'
2 4 )
c c
= } 3
= —
x 2 x
Q Q
< <
< 0 <
o (]
o
2 b o %W *8
ﬂ@ L (R
-4 L L 1 4 1 ® 1
(@) o 1 2 3 4 (b) o 1 2 3 4
<Af> (rad / nucleosome) <Af> (rad / nucleosome)

Fig. 3.(a) Experimental®) and theoretica(CJ) nucleosome reconstitution free energy vs. the effective curvatiire, for a subset
of DNA fragments(sequence numbers: 4-7, 10, 12, 14-18, 21-24, 29-38, 40-48, 50-73, 75—798, @tar&8terized by a close
range of length(160—230 bp. (b) Comparison between the same experimental (@pnand the theoretical nucleosome reconsti-
tution free energy of the set of chicken erythrocytes nucleosome cores studied by SatchwelP8&t @) as a function of the
effective curvature(As).

Fig. 2b illustrates the comparison between the and sequencing the chicken erythrocyte chromatin.
experimental and theoretical free-energy values of Fig. 3b shows that also this biologically significant
the whole set of 83 DNA tracts in Table 1, 35 sampling of nucleosomal DNAs is interpolated by
more of those reported in our previous papers practically the same function that fits the experi-
[30,31. Data display a good linear correlation mental data in Table 1, when plotted vs. the
(R=0.92. Fig. 2c shows the same data in Fig. effective curvature.
2b, sorted by increasing curvature. In spite of the
apparent favorable conditiothigh curvature and 4. Discussion
convenient distribution towards the histone core of
the AA-TT stepg, Crithidia DNA shows a low Despite the complexity of the nucleosome struc-
thermodynamic association constant, similar to the ture, which involves a large number of differential
telomeric ones, in agreement with the prediction. interactions between DNA and the histone core,

To illustrate the dual role of curvature, Fig. 3a our model appears to be surprisingly capable of
reports the nucleosome competitive reconstitution predicting the sequence-dependent free energy of
free energy trend vs. the effective curvature of a nucleosome formation, as shown by the good
subset of DNA tracts characterized by a close agreement between experimental and calculated
range of length(160—-220 bp. Similar parabolic  data of more than 80 different DNA sequences,
functions, with a minimum localized at the TG studied in our as well as in many other research
pentamer curvature, interpolate both the experi- groups. A critical test of the model is the relative
mental and theoretical data. The substantial agree-low stability of the nucleosome ofrithidia fas-
ment between experimental and theoretical free ciculata generally considered as the most curved
energy data allows us to plot the theoretical results natural DNA. An alternative explanation of such
of the whole pool of 177 nucleosomal cores a low stability could be related to possible
studied by Satchwell et al[22]. They were increased rigidity of the relatively long AAT
obtained by digesting with endonuclease, cloning repeating tracts. However, AFM results seem to
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dependent differential flexibility superimposed. It

clearly demonstrates the higher flexibility of the

11.08 Crithidia tracts with respect to the adjacent canon-
ical DNA tracts and the satisfactory melting tem-

1104 perature representation.

Therefore, we advance the conclusion that the
intrinsic curvature is the main factor that controls
nucleosome stability and, consequently, nucleo-
some positioning. It produces two opposite effects:
oo Pt Jpes it decreases the distortion energy of the free DNA
oT-3 R R S N tract necessary to assume the nucleosomal shape
0 02 M pegon 2T and increases the free-energy cost, corresponding

to releasing a part of the water spine and counter-
(b) ions, consequent to the nucleosome formation.
As a matter of fact, the obtained results show
—r T T that DNA mechanical properties, as averages of
A 2 U the sequence dinucleotide steps, are the main
determinants of the stability and, probably, the
kinetics of DNA—histones association process. The
latter issue is a speculative consequence of our
findings, which suggest that the rate-determining
step in nucleosome formation is the transformation
of the DNA curvature of the free state in that of
the nucleosomal state.

<SD(C, (n))> (degree) e <TAT>
N B —

24

22 L
20 L 41.02

18 -
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1 1 1]

oie 0.8 1 The good results obtained prompted us to inves-

'
1

. ' '
I 1 1

0 02 04
fractional position tigate the phasing and the translational positioning
(a) of nucleosomes along large DNA tracts. Also at

this higher structural level, we assume that the
Fig. 4. (a) Curvature profile obtained by averaging the cur- Interactions betwee_r_] the nuclgosomgs a'°”9 the
vatures of a large ensemble of AFM images of a palindromic DNA are not specific and their packing mainly
DNA construct containing the Crithidia fragmer(b) Flexi- depends on the phasing of the nucleosomes.
bility profile, as evaluated from the curvature dispersion of the  Attempts are in progress to predict the best nucle-
AFM images, with the normalized melting temperature p_rofile osome packing in genome tracts from nucleosome
adopted to represent the sequence-dependent differential flex- .
ibility superimposed. Curvature and flexibility profiles are giv- sequence. In the present post-genomic era_’ Wh_en
en for recurrent tracts of 31 bp. the known DNA sequences are accumulating in
the data banks, the need of translating the available
information into functional elements is becoming
exclude such a hypothesis. In fact, Fig. 4a illus- even more crucial. Nucleosome positioning by
trates the curvature profile obtained by averaging means of free-energy predictions points toward
the curvatures of a large ensemble of DNA AFM such a direction.
images of a palindromic construct containing the
Crithidia fragment, as reported in a previous paper Acknowledgments
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