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Abstract 

Nucleosome positioning on two 384 bp DNA fragments, obtained from the upstream regulatory region of two pea rbcS genes, 
relevant in photoregulated transcription, was predicted using our theoretical method, based on the evaluation of the sequence 
dependent DNA bending energy. The theoretical prediction was checked by experimental evaluation of nucleosome positions 
after in vitro reconstitution, by mapping Exonuclease III-resistant borders and by digesting monomeric sequences with various 
restriction enzymes. Both approaches satisfactorily confirmed the theoretical predictions, showing that the nucleotide sequence 
intrinsic bendability has a dominant role in nucleosome positioning. 
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1. Introduction 

It is now generally accepted that DNA superstruc- 
tural features, depending on the fluctuations of the base 
sequence, in phase with the periodicity of the B double 
helix, are relevant to its physico-chemical properties as 
well as its biological behaviour. 

Although the physicochemical origin of DNA cur- 
vature is still a matter of debate, sound evidence has 
been accumulated of a major contribution of the near- 
est-neighbor differential interactions within the dinu- 
cleotide steps [ l-51. 

We have previously shown that DNA curvature can 
be predicted, integrating the slight local deviations in 
terms of roll and tilt angles, obtained on the basis of 
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energy conformational calculations for the 16 dinu- 
cleotide steps [ 2,3]. 

This method was successfully applied to predict the 
curvature of numerous synthetic as well as natural 
DNAs and is found to be in surprisingly good agree- 
ment with experimental measurements, based on gel 
electrophoretic retardations and cyclization kinetics 
14361. 

Besides the prediction of intrinsic DNA curvature, 
the method appears successful in predicting DNA 
induced superstructures due to nucleosome formation, 
since the correlation between the theoretical analysis 
and experimental evaluation in a number of systems of 
biological interest, reported in the literature, is very 
satisfactory [ 7,8]. 

The results obtained, encouraged us to take advan- 
tage of the theoretical method, in studying nucleosomes 
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Fig. 1. Sequences of the DNA fragments 384-3A and 384-E9. Sequences are aligned to show similarities. Sequences homology was estimated 
as 83% on the whole region under examination and 90% in the region between - 200 and + 50 with respect to the transcription origin. Alignment 
and homology estimation was done using the best fit program [27]. 

organization on DNA regulatory sequences, since 
nucleosome positioning on these regions seems to play 
an active role in the regulation of basic biological proc- 
esses such as DNA replication and transcription 
[9-111. 

In this paper, we have analyzed both theoretically 
and experimentally, by Exonuclease III (Exo III) and 
restriction enzymes selective DNA cleavage, nucleo- 
some positioning on two 384 bp fragments from the 
regulatory regions of two pea genes, rbcS-3A and rbcS- 
E9, that encode the small subunit of ribulose-l,Sbis- 
phosphate carboxylase (a key enzyme in 
photosynthesis). The largely different transcription 
efficiency of these two genes (rbcS-3A, 40% of the 
total transcript; rbd-E9, less than 7% [ 121) has been 
connected, on the basis of genetic and biochemical 
analysis, to the upstream regulative region from about 
- 400 to the start site of transcription [ 131. The region 
between - 164 and - 114, containing three short 
sequences (Box I, Box II, and Box III) conserved in 
all rbcS genes [ 141, has been named the light respon- 
sive element (LRE) because it confers light respon- 
siveness and tissue specificity [ 14,151. Box II and Box 
III, situated between - 1.51 and - 114, bind to the 
regulative protein GTl [ 1.51. 

We have previously studied the superstructural fea- 
tures of the two regulative regions by theoretical anal- 
ysis and cyclization kinetics. In spite of the remarkable 
sequence homology (see Fig. 1 legend), their super- 
structural features are different; in fact rbcS-3A, the 
most transcribed rbcS gene, presents an higher curva- 
ture of the 5’ regulative region with respect to that of 
the rbcS-E9 gene [ 61. 

In this paper we show that the difference in super- 
structural features of the regulative regions of the two 
rbcS genes are relevant, not only in cyclization kinetics, 
but also in nucleosome positioning; in fact we find that 
nucleosome preferential locations are quite different in 
the two cases. We have analyzed the positioning of 
only one nucleosome on the two 384 bp DNA frag- 
ments (see Fig. 1)) although up to two nucleosomes 
could be accomodated on the two DNA fragments. The 
choice of a nonsaturated system allows us to compare 
theoretical distortion energy profiles with nucleosome 
positioning, avoiding the effects of nucleosome-nucle- 
osome interactions. The results obtained strongly sup- 
port the main role of DNA intrinsic flexibility in 
nucleosome positioning and the satisfactory predictive 
power of our method. Furthermore, these results indi- 
cate that differences in nucleosome positioning could 
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be relevant to the large difference in transcription effi- 
ciency of the two genes. 

2. Materials and methods 

2.1. Materials 

Restriction endonucleases, T4 polynucleotide 
kinase, and Exonuclease III were from USB; micro- 
coccal nuclease was from Pharmacia; Tuq DNA poly- 
merase was from Promega; radiolabelled chemicals 
were from Amersham. 

2.2. DNAs 

The DNA fragments 384-3A and 384-E9 were 
obtained respectively from an HueIII-EcoRV fragment 
( -331/ +36) from the clone pUC18-3A/E9 [ 121, 
and from an HincIIIEcoRV fragment ( - 320/ + 47) 
from the clone pBR325E9 [ 161. The two DNAs were 
then ligated into the SmaI site of pUC18. Plasmids were 
prepared by the alkaline lysis method. Two different 
labelling procedures were followed: in order to obtain 
DNA fragments 5’ labelled on only one strand for the 
Exonuclease III experiments, plasmids were linearized 
with EcoRI or BumHI, situated at either side of the 
inserts, and 5’ labelled with T4 Kinase and [‘y- 
32P] dATP; the 384 bp fragments were obtained with a 
second digestion with either EcoRI or BumHI, and elec- 
troeluted after electrophoresis on agarose gel. For 
restriction enzyme digestion experiments, fragments 
were produced by 30 cycles PCR synthesis in the pres- 
ence of [ CZ-~‘P]~ATP, in order to obtain internally 
labelled DNAs (dATP/ [ CZ-~~P] dATP molar ratio, 
500). The sequences of the two DNA fragments are 
reported in Fig. 1. 

2.3. Nucleosome reconstitution 

Nucleosome core particles were prepared from 
chicken erythrocyte chromatin digested with micrococ- 
cal nuclease and purified through 5-20% sucrose gra- 
dient ultracentrifugation [ 171. Nucleosomes were 
reconstituted on 200 ng ( lo5 cpm) radiolabelled DNA 
fragments according to the salt dilution protocol [ 181 
starting from 0.85 M NaCl to 0.05 M NaCl. Reconsti- 
tution was performed at fixed nucleosome/labeled 

DNA ratios (10/l), with different amounts of nucle- 
osomal DNA as competitor. The reconstitutes were 
analyzed for resistance to micrococcal nuclease diges- 
tion. The normal nucleosome pattern was observed 
(data not shown). Reconstitution was monitored by 
gel electrophoresis in 0.8% (w/v) agarose in 
0.5 XTBE buffer (45 mM Tris/45 mM boric acid/l 
mM EDTA) . To assess the purity of the mononucleo- 
some preparation, reconstituted samples were sepa- 
rated from the remaining free DNA and nonspecific 
aggregates by ultracentrifugation through a 5 to 30% 
glycerol gradient in 50 mM Tris-HCl ( pH 7.4)) 1 mM 
EDTA, 1 mM dithiothreitol, 0.1 mM phenylmethyl- 
sulfonylfluoride, and 0.1 mg/ml bovine serum albu- 
min, using a SW40 ultracentrifuge rotor at 35 000 revs/ 
min for 20 h at 4°C. 

2.4. Exonucleuse III analysis 

Reconstituted samples were made with 66 mM Tris- 
HCl (pH S), 1.66 mM MgCl,, and 1 mM 2-mercap- 
toethanol. Exonuclease III digestions were carried out 
at 30°C; samples were withdrawn at appropriate inter- 
vals and reactions stopped by adding an equal volume 
of 15 mM EDTA, 1% (w/v) sodium dodecylsulfate, 
and heating at 100°C for 2 min. Following extraction 
with phenol and precipitation with ethanol, the samples 
were analysed on 6% denaturing polyacrylamide gels. 
Gels were dried and autoradiographed; autoradi- 
ographs were analyzed with an LKB laser densitome- 
ter. 

2.5. Restriction enzyme analysis 

Reconstituted samples were digested for 5 min at 
37°C with micrococcal nuclease (2 U/ml), in 10 mM 
Tris-HCl/ 1 mM CaCl, buffer. After proteinase K treat- 
ment and phenol extraction, the nucleosomal DNA was 
subjected to electrophoresis on a 6% native polyacryl- 
amide gel and purified by electroelution. Purified mon- 
omer DNA was then digested with restriction enzymes 
and analyzed on 6% polyacrylamide gels. 

3. Results 

3.1. Theoretical prediction of nucleosome 
positioning 

Nucleosome positioning along a DNA sequence is 
defined by two parameters: the translation, marking 



270 S. Cacchione et al. 1 Biophysical Chemistry 53 (1995) 267-281 

-Sequence: 384 RBCS3A 
VIRTUAL NUCLEOSOME POSITIONING 

D 3 
I 
S 
T. * 

E -3 
N 
E 
R -6 

G. I I I I I I I I I 
-300 -250 -200 -150 -100 -50 0 

DYAD TRANSLATIONAL POSITIONING 

-Sequence: 384 RBCSE9 
VIRTUAL NUCLEOSOME POSITIONING 

D 3 
I 
S 
T. ’ 

’ I’ 
I 

I 
I 

E 
N 

-3 

E 
I’ 

R -6 
G. 1 I I I 1 I I I I 

-300 -250 -200 -150 -100 -50 0 

DYAD TRANSLATIONAL POSITIONING 

Fig. 2. The distortion energy (kcal/nucleosome) of recurrent 145 bp DNA tracts, with respect to that of an equivalent tract of a straight DNA 
represented by the zero line, is reported for each of the possible positions of the nucleosome dyad axis. Only the energy values less than 3 kcal/ 
nucleosome are reported. Each minimum represents a virtual position of a nucleosome spanning a DNA tract 72 bp on both sides. The average 
distance between the minima is 10.3, as evaluated via Fourier transformation. (a) 384-3A and (b) 384-E9. 

where the histone octamer dyad axis is placed, and the 
orientation of the octamer dyad axis relative to the 
direction of the average curvature. Many authors agree 
that little is known about the translation, whereas the 
rotational parameters appear to involve structures 
where the A/T rich minor grooves face in towards the 
protein core [ 19,201. Recently, we have developed a 
theoretical method to obtain the virtual nucleosome 
positioning from the sequence by localizing the minima 
of the DNA bendability energy function. This was eval- 
uated adopting our theoretical method of the sequence 
dependent curvature and assuming a principle of min- 
imum deformation energy (in a simple harmonic 
approximation) of the intrinsic superstructure neces- 
sary to obtain the induced superstructure [ 81. 

Therefore, recurrent 145 bp tracts along a DNA 
sequence were constrained to deform in agreement with 

an “open model” of the nucleosomal superstructure, as 
characterized by two 60 bp tracts of a regular superhelix 
of 314 turns with 43 A radius and 28 A pitch intercon- 
nected by a straight tract 25 bp long. Such a model 
contains a dyad axis perpendicular to the superhelical 
axis and was adopted on account of the superstructural 
features of nucleosomal DNA [ 191. 

If c( n) and c’(n) are the starting intrinsic curvature 
function of a 14.5 bp DNA tract and the final nucleo- 
somal curvature function, the deformation potential 
energy E, adopting the first order elasticity model, is 
given by: 

E= 1/2b((c(n) -c’(n)) I (c(n) -c’(n))) 

namely a quantity proportional to the square of the 
modulus of the vectorial difference between the local 
curvatures, averaged over a 145 bp tract, where 
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Fig. 3. (a) Mobility of the DNA fragments 384.3A (lanes l-3) and 384-E9 (lanes 4-6) after reconstitution to form nucleosomes. Nucleosomal 
DNA added as a competitor: no DNA added, lanes 1, 4; 1 pg, lanes 2, 5; 2 Mg, lanes 3, 6. F indicates free DNA, Mn, mononucleosomes, Dn, 
dinucleosomes. (b) Glycerol gradient analysis of reconstituted mononucleosomes on 5’-labelled 384 bp DNA fragments. (c) Electrophoretic 
analysis of some of the fractions (from left to right: 18,20,23, 24, 27, 29) from the gradient shown in (b) 

c(n) = C d(s) exp(2tisln) 
nth turn 

is the curvature at position n of the sequence given in 
modulus and phase; b, the isotropic elastic bending 
constant of 145 bp DNA tract; n, the B DNA periodicity 
and d(s) = (pir) the local deviations of the s-th din- 
ucleotide step from the canonical B DNA structure in 
terms of the roll, p, and tilt, T, angles; and 

c’(n) = -kexp[2n(n-73)a/145] 

(k = 43.5” except for 60 I n I 85 where k = 0) 

a, the pitch angle of the nucleosomal superhe- 
lix=fg-‘28/(2r43) 

Fig. 2 shows the distortion energy profiles obtained 
for rbcS-3A and rbd-Li9, by calculating for successive 
145 bp tracts along the sequence of the vectorial dif- 
ference between the local curvature of the DNA tract 
and the corresponding curvature of the nucleosomal 
form with both phases referred to the same central 73th 
bp. The periodical patterns represent the phasing 
between the intrinsic and induced average curvatures 
of recurrent 145 bp tracts, and the minima indicate the 
translational positioning of the virtual nucleosome 
dyad axis fixed on the pseudo dyad axis of the central 
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Fig. 5. Reconstituted mononucleosomes on 384-3A, digested with 60 U of ExoIII for 30 min at 30°C. (a) 6% Denaturing polyacrylamide gel. 
Lane 1, DNA labelled at the EcoRI site; lane 2, labelled on the BamHI site. M is a pUC19/HpaII digest. The numbers indicate the centres of 
distributions of positioned nucleosomes; bands corresponding to the borders of the same nucleosome has the same number. In (b) and (c) the 
densitometric profiles of lanes 1 and 2 are shown. (d) Localization of the main nucleosome dyad axis positions. 
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Fig. 6. (a) ExoIII digestion of mononucleosomes reconstituted on 384-E9. Lane 1, DNA labelled at the EcoRI site; lane 2, labelled on the 
BamHI site. M is a pUC19/HpaII digest; (b) and (c), densitometric profiles of lanes 1 and 2, respectively. (d) Localization of the mair 
nucleosome dyad axis positions. For experimental conditions see Fig. 5. 
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Fig. 7. (a) Schematic profile of 384-3A showing sites of the restriction enzymes used in the experiments. (b) Nucleosomal DNA, obtained 
from micrococcal nuclease digestion of mononucleosomes reconstituted on 384.3A: lane 1, unrestricted; lane 2, cut with TaqI; lane 3, cut with 
HindIII; lane 4, cut with D&I. (c) Densitometric profile of lane 4. M, pUC19 digested with HpaII. (d) List of the lengths of the DNA fragments 
after restriction. Samples were run on a 8% native polyacrylamide gel. 

positions at about - 230, - 120, and - 40, and two 
regions with a lower probability of forming nucleo- 
somes, located between - 200 and - 140, and between 

- 100 and - 60. Also in this case, in the region between 
- 210 and - 140 the distortion energy is higher than 
for a straight DNA. 
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Fig. 8. (a) Schematic profile of 384-E9 showing sites of the restriction enzymes used in the experiments. (b) Lane 1, unrestricted nucleosomal 
DNA; lane 2, cut with HindIII; lane 3, cut with Sau3AI; lane 4, cut with SspI. (c) Densitometric profile of lane 3. (d) List of the lengths of the 
DNA fragments after restriction. For experimental conditions, see Fig. 7. 

It is interesting to note that in all cases the minima nucleosome multiple translational positioning charac- 
of the distortion energy appear as a distribution of very terized by the same rotational phasing. The periodicity, 
sharp peaks spaced each about 10 bp, predicting a evaluated via Fourier transformation, was equal to 10.3 
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Fig. 9. Comparison between experimental (top) and theoretical (bottom) nucleosome positioning along the 384.3A sequence. On the horizontal 
axes are indicated the positions of the dyad axis. On the vertical axes, the percentage frequency of the diverse positions from Exo III mapping, 
and the calculated distortion energies. 

in all cases. Such a typical energy pattern is obtained 
also adopting the Trifonov roll and tilt angles [ 11, but 
with some differences in energy values. Finally, a sim- 
ilar pattern is obtained if the occurrence frequency in 
facing toward the protein core of AA + ‘IT dinucleotide 
steps in the minor groove is calculated in agreement 
with the Travers findings [ 201. 

3.2. Monitoring the exchange between nucleosomes 
and the two 384 bp DNA fragments 

The exchange between nucleosomes and the two 384 
bp DNA fragments was monitored by agarose gel elec- 
trophoresis; the higher molecular weight and reduced 
charge of the nucleosome with respect to naked DNA 
causes a reduced electrophoretic mobility. 

As shown in Fig. 3a, the reconstituted fragments 
show two bands of reduced mobility, which can be 
attributed to dinucleosome and mononucleosome, 
respectively; in fact, increasing the amount of nucleo- 
somal DNA as competitor, the first decreases and the 
second increases up to a ratio between fragment and 
nucleosomal DNA of about l/ 10, where only monon- 

ucleosome is present. Throughout this research, we 
have used only this type of reconstitutes. 

The presence of only mononucleosomes in our study 
has been confirmed by the use of density gradients (Fig. 
3b). The reconstitution mixture has been applied to 5- 
30% glycerol gradient and the presence of mononu- 
cleosome in different fractions was checked by gel 
electrophoresis (Fig. 3~). Electrophoretic analysis of 
the material purified on gradients shows that mononu- 
cleosome represents a homogeneous population. 

3.3. Nucleosome borders by Exonuclease III analysis 

The localization of nucleosome borders was 
obtained by Exo III digestion. This exonuclease 
removes nucleotides starting from 3’-ends of double 
stranded DNA; the presence of a nucleosome blocks 
the progress of the enzyme. Prominent pauses in the 
time course of Exo III digestion should, therefore, indi- 
cate nucleosome positions [ 21,221. 

Fig. 4 shows Exo III digests of the naked and recon- 
stituted 384-3A DNA fragment 5’-end labelled on 
either strand, at increasing reaction times; experimental 
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Fig. 10. Comparison between experimental (top) and theoretical (bottom) nucleosome positioning along the 384-E9 sequence. The values on 
the ordinates are as in Fig. 9. 

Table 1 
Comparison between nucleosome positioning by Exonuclease III and 
by restriction enzyme analysis 

DNA 
Fragment 

Enzyme Dyad axis 
position by RE 

Dyad axis 
positions 
by Exo III 

384-3A 

384-E9 

Hind III 
Dde I 

Taq I 

Hind III 

ssp I 

Sau 3Al 

-25 -23 
-44 -47 
-71 -71 
-84 -86 

- 105 - 108 
- 220 -221 
- 259 - 260 

-25 -27 
-50 -44 
-31 -30 
-47 -44 
-69 -67 

- 248 - 242 

details are reported in the figure legend. The amount of 
nucleosomal DNA added to the reconstitution mixture 
assures that in all cases only mononucleosome is pres- 
ent (see Fig. 3a). After 30 min of digestion the band 
pattern of naked DNA almost disappears, while the 

positions and intensities of Exo III stops do not change 
with increasing time, indicating that all mononucleo- 
some main positions have been detected. This finding, 
together with the observation that the main Exo III stops 
from mononucleosome digests do not correspond to 
those from free DNA digests, allow us to assume that 
all bands from the reconstituted fragment derive from 
DNA complexed with histone octamer. 

The band patterns appear complex, indicating that 
nucleosomes have more than one preferential location 
on the sequence considered, and that a number of dif- 
ferently populated sets of molecules with one well posi- 
tioned nucleosome are present. 

To localize nucleosome stops with respect to the 
DNA sequences, the band patterns have been analyzed 
as densitometric tracings in both DNA fragments, as 
reported in Fig. 5 (384-3A) and Fig. 6 (384-E9). Nine 
main positions, assigned taking into consideration Exo 
III stops from both directions, are detectable on 384- 
3A, each one is characterized by the presence of bands 
of lower intensity differing from the main band of lO- 
11 bp. The densitometric tracing, deriving from the gel 
electrophoretic analysis of 384-E9 fragments, reveals 
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seven main bands; also in this case, the distribution of 
satellite bands about the main one has a periodicity of 
10-11 bp. These results show that nucleosome posi- 
tioning on the two sequences is characterized by a dis- 
tribution of preferential locations with the same 
rotational phasing, but differently populated. The main 
nucleosome positions emerging from Exo III experi- 
ments, indicated as the dyad axis positions, have been 
reported with respect to the sequence maps in Figs. 5d 
and 6d. It can be seen that a remarkable difference 
between the patterns of nucleosome positioning on the 
two DNA fragments exists; in the case of rbcS-E9, two 
main nucleosome positions are centered in the LRE 
region, while no nucleosome dyad axes are present in 
this region in the case of the most expressed gene, rbcS- 
3A. 

3.4. Restriction enzymes cleavage analysis of the 
reconstituted mononucleosomes 

In order to obtain further evidence on nucleosome 
positioning we adopted an independent measurement. 
Nucleosome monomers were obtained digesting recon- 
stitutes with micrococcal nuclease; the nucleosome- 
bound DNA was purified and digested with three 
different restriction enzymes cutting only one time on 
the two DNA fragments. The rationale of the experi- 
ment is that we will obtain undigested DNA if the 
restriction site is external to the DNA region occupied 
by a nucleosome, and two fragments if the restriction 
site is inside a positioned nucleosome. However, if 
multiple positions are present, a number of fragments 
would be obtained by each restriction enzyme digest 
[ 23,241. The central region of the fragment cannot be 
analyzed with this method because of the lack of unique 
restriction sites and the difficulty to assign an univocal 
nucleosomal position from digested fragments. A large 
amount of undigested DNA is predicted, since several 
different positions for the mononucleosome have been 
found by nucleosome theoretical prediction and by Exo 
III specific cleavage. In fact, for both fragments we 
found a remarkable amount of undigested DNA (see 
Figs. 7 and 8). At the moment, the restriction enzyme 
analysis must be considered mainly qualitative and 
from the size of the restriction fragments it is possible 
to estimate the nucleosome positions, as reported in 
Figs. 7d and 8d. 

From the results obtained, a nucleosome multiple 
positioning with the same rotational phasing clearly 
appears. Therefore, this feature of nucleosome posi- 
tioning is confirmed by an independent approach with 
respect to Exo III analysis, ruling out, as previously 
shown [23-251, effects due to enzyme invasion of 
nucleosomes [ 221. 

4. Discussion 

The correlation between theoretical nucleosome 
positioning and experimental mapping from Exo III 
digestion can be evaluated by deriving, from gel elec- 
trophoresis densitometric tracings, the preferential 
locations of nucleosome dyad axis along the sequence. 

To this end, we have considered densitometric trac- 
ings from a number of different experiments, each con- 
sisting of two densitometric profiles derived from the 
Exo III digestion of the same fragment labeled on the 
two 5’-ends. With this approach it is possible to derive 
the dyad location from two independent measurements 
of the same experiment. Furthermore, considering a 
number of densitometric profiles from different exper- 
iments, we have averaged the nucleosome location fre- 
quency. 

The results are shown in Figs. 9 and 10, and for many 
positions of the dyad axis result in fairly good agree- 
ment with those obtained with restriction enzyme map- 
ping and reported in Table 1. Figs. 9 and 10 also show 
the comparison between experimental mapping and 
theoretical distortion energy profiles. The theoretical 
profiles are the same as shown in Fig. 2, but with the 
scale inverted in the ordinate direction for sake of com- 
parison. The agreement between theoretical and exper- 
imental nucleosome positioning is very satisfactory, if 
we consider the probability of the different DNA 
regions to be organized in a mononucleosome. If we 
consider the two positionings in detail, namely the fre- 
quency of nucleosome population for the different posi- 
tions of the dyad axis, some differences are evident, 
mainly in the case of rbcS-E9. 

From the reported results, some general considera- 
tions can be derived. 
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4.1. Relevance of DNA intrinsic curvature, as 
predicted by the nearest-neighbor approximation, in 
nucleosome positioning 

The good agreement between the theoretical predic- 
tion and experimental mapping of nucleosomes in the 
two sequences examined demonstrates that DNA 
intrinsic curvature has a dominant role in nucleosome 
positioning, and is in agreement with previous results 
from many synthetic and biological systems 
[ 19,25,26]. 

Furthermore, since our theoretical prediction derives 
from the nearest-neighbor approximation [ 7,8], the 
results obtained show that this simple model is reliable 
(using the same matrix of roll and tilt angles) in pre- 
dicting DNA physico-chemical properties, such as gel 
electrophoretic mobilities [ 451, cyclization probabil- 
ities [ 61, as well as specific interactions with histone 
octamer ( [ 7,8], this paper). 

However, it is worth noting that the comparison 
between nucleosome theoretical and experimental 
mapping (see Figs. 9 and 10) shows that the population 
of some nucleosome minima is remarkably different. 
This could derive from inherent features of nucleosome 
cleavage by Exo III as previously discussed by Shrader 
and Crothers [ 261, as well as by local specific inter- 
actions between histone side chains and DNA bases; 
this topic, however, deserves further investigation. 

4.2. Nucleosome multiple positioning from 
theoretical and experimental mapping 

Nucleosome multiple positioning with the same rota- 
tional phasing was found both by Exo III and restriction 
enzyme mapping, for the two sequences examined, and 
appears as a common feature of all the positions of the 
dyad axis. Nucleosome multiple positioning can be 
considered as characteristic of many investigated sys- 
tems in vitro and in vivo [ 11,251 and was clearly shown 
by van Holde and co-workers [24] to correspond to 
equilibrium distributions, that arise from differences in 
energy of about 1 kcal/nucleosome. 

Considering the nucleosome theoretical distribu- 
tions of the dyad axis, it is interesting to note that whilst 
energy differences in nucleosome rotational position- 
ing are of the order of 10 RT about the minima of the 
energy diagrams, changes in the translational position- 
ing nearby the energy minima require an energy cost 

of the order of RT. This explains the finding that phas- 
ing of nucleosomes is sequence dependent whereas the 
translational positioning, about a minimum, appears to 
be less predictable. 

Finally, it is tempting to comment on the possible 
relevance of our study with respect to the different 
transcription efficiency of the two genes, considering 
the high sequence homology of the two upstream reg- 
ulative sequences (see Fig. 1). The absence of nucle- 
osomes centered on the LRE of the most expressed 
gene, rbcS3A, suggests that a different accessibility of 
these sequences to regulatory proteins could contribute 
to explain the difference in the expression of the two 
genes. 
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