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Abstract 

Nucleosome positioning along two DNA tracts, corresponding to tetramers of the light-responsive elements of pea 
rhcS-3A and &S-3.6 genes, were studied by experimental (exonuclease III mapping and band shift electrophoresis) as well 
as theoretical methods. 

Multiple nucleosome positioning with unique rotational phase was derived from both methods in satisfactorily good 
agreement, if nucleosome dyad axis positions are considered. Theoretical and experimental distributions of nucleosome 
frequencies appear different, probably on account of DNA sequence dependent digestion kinetics of exonuclease III. 0 1997 
Elsevier Science B.V. 
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1. Introduction 

The role of DNA in nucleosome organization is 
mainly attributed to DNA anisotropic bendability, 
which determines the orientation of the DNA double 
helix with respect to the surface of the histone 
octamer [I]. DNA bendability is dictated by DNA 
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sequence through the combination of local signals, 
mainly the roll angles of the 16 possible dinu- 
cleotides, according to a simple and successful near- 
est-neighbour approximation [2,3]. 

In the last few years, the attention of researchers 
has been focused on the relationships between DNA 
curvature and nucleosome positioning. In many cases 
curved sequences form nucleosomes more strongly 
than straight sequences. because less energy is re- 
quired to bend them around histone octamers. More- 
over, phased curved tracts give rise to multiple nu- 
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cleosome positioning with unique rotational phase. 
In nucleosomes, 146 base pairs of DNA are wrapped 
around the histone octamer; therefore, multiple posi- 
tions differing by one helical repeat should be quasi- 
isoenergetic. However, multiple nucleosome posi- 
tioning, far from being considered a rather obvious 
consequence of the Boltzmann distribution, could 
represent an important device for biological systems 
to regulate nucleosome dynamics [4-61 and the pos- 
sibility for DNA sequences complexed with histone 
octamer to become readable for transcription factors. 

Multimers of curved DNA tracts, in phase with 
B-DNA double helix, should assemble in nucleo- 
somes having a unique rotational phase; therefore, 
they can be helpfully used to study multiple nucleo- 
some positioning. Moreover, a number of virtual 
nucleosome positions spanning the same sequence. 
therefore characterized by equal curvature and chem- 
ical interactions, can be identified on DNA multi- 
mers. These features should be of help in testing the 
accuracy of experimental methods of nucleosome 
mapping. 

Using the theoretical method developed in our 
research group [2,3], as well as experimental meth- 
ods such as band shift assay and Exo III footprinting 
analysis, we have studied nucleosome organization 
on multimers of the light-responsive elements (LRE), 
of two pea rbcS genes (see Fig. 1) [7]. The two 
LREs and their in-phase multimers have defined 

(LRE-3A)4 

(LRE-3.6)4 

superstructural features [S] that influence their inter- 
actions with the polycation spermine [9], and should 
give rise to a well defined multiple nucleosome 
positioning. 

2. Materials and methods 

2.1. Materials 

Restriction endonucleases, bacteriophage T4 
polynucleotide kinase and ligase, were obtained from 
USB and Sigma. Exonuclease III was from 
PROMEGA. Radiochemicals were from Amersham. 

2.2. DNAs 

Monomers of LRE-3A and LRE-3.6 were ligated 
with T4 ligase, separated on a 5% polyacrylamide 
gel and stained with ethidium bromide. Tetramers 
were electroeluted, filled with Klenow, and cloned in 
the SmaI site of pUC 18. Recombinant plasmids were 
used to transform DH5o E. Cdi cells. The DNA 
fragments were obtained by digesting the recombi- 
nant plasmids with EcoRI-HindIII. The inserts were 
purified on polyacrylamide gels. 

5’-terminal labelling was performed according to 
a standard procedure. To label DNA fragments only 
at one end, plasmid DNA was first digested with one 
enzyme, then 5’ labelled and finally restricted with 
the appropriate secondary enzyme. The fragments 
were separated on 1.5% (w/v> agarose gel elec- 
trophoresis and the band of interest was recovered by 
electroelution. 

2.3. Nucleosomes 

Nucleosomes were obtained from chicken erithro- 
cyte nuclei digested with micrococcal nuclease and 
purified through 5-20s sucrose gradient ultracen- 
trifugation according to the method of Forte et al. 
1101. 

2.4. Reconstitution procedure 

Nucleosomes were reconstituted on the 299 bp 
DNA fragment according to the salt dilution protocol 



described by Drew and Travers [I]. Reconstitution 
was monitored on 5% polyacrylamide gel elec- 
trophoresis in 0.5 X TBE buffer (0.045 M Tris-borate, 
0.001 M EDTA, pH 8). 

Mononucleosomes were purified by 1 .O% agarose 
gel electrophoresis [I 11. 

2.5. l5onuclea.se III 

Reconstituted samples were made in 66 mM Tris- 
HCl (pH 8), 3 mM MgClz, 1 mM 2-mercapto- 
ethanol. and equilibrated at 30°C. Exonuclease III 
(Exo III) was added at a final concentration of 
IO-100 UrnI-‘. and reactions were stopped by 
adding an equal volume of 15 mM EDTA, 10% 
(w/v) sodium dodecylsulfate, and heating at 100°C 
for 2 min. Samples were extracted with phenol, 
precipitated with ethanol, resuspended in sequencing 
gel loading buffer, and run on a polyacrylamide-urea 
denaturing gel. Gels were dried. autoradiographed 
and analysed with an LKB laser densitometer. 

2.6. Theoretical prediction of nuclensome position- 
ing 

Theoretical prediction of nucleosome positioning 
was obtained by evaluating the distortion energy 
required to transform the intrinsic DNA superstruc- 
ture in the nucleosomal shape for recurrent 145 bp 
tracts along the 299 bp sequences. The energy values 
are relative to those characterizing a straight DNA 
tmct [2.3]. 

3. Results 

3.1. Gel electrophoretic mobility of d$Ferently posi- 
tioned histone octamers on (LRE-3A), and (LRE-3.61, 

Nucleosome assembly on (LRE-3A), and (LRE- 
3.61, was carried out in order to obtain only the 
mononucleosome complex. As it is possible to ob- 
serve in Fig. 2, in all the experiments a substantial 
amount of free DNA was present. Under these condi- 
tions mononucleosome is the only complex present. 
This is confirmed by running reconstituted samples 
on a I% agarose gel; only two bands are present, 
corresponding to naked DNA and to mononucleo- 
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Fig. 2. (a) 5% polyacrylamide gel electrophoresis of (LRE-3A), 
(lanes A-D) and (LRE-3.6), (lanes E-H). Lanes A. C, E, G. free 
DNA; lanes B. D, F, H. nucleosomal complex. In lanes A, B, E. 
F, DNAs were 5’ lahelled at the G‘coRI site: in lanes C, D. G. H. 
at the Hind111 site. 6) Densitometric profiles of the nucleosomal 
complexes autoradiographs shown in Fig. ?a. 

some (data not shown). On the other hand. on a 5% 
polyacrylamide gel it is possible to observe different 
positions of the histone octamer along the DNA 
fragment, since they give rise to bands having differ- 
ent mobilities [4-61. Histone octamer positions on 
DNA seem to determine nucleosome migration on a 
nucleoprotein polyacrylamide gel similarly to the 
way the position of a bend in a DNA fragment is 
linked to its retardation in polyacrylamide gel [6,12]. 
As previously shown, nucleosomes in which the 



histone octamer is located near the middle of the 
DNA fragment migrate as the slowest band, whereas 
end-positioned nucleosomes migrate in a faster band 
[Cl. 

The main bands originating from nucleosome po- 
sitioning on the two 299 bp long DNA fragments are 
six in number, with minor bands that could be 
identified as shoulders (Fig. 2). 

Taking into account that the length of the two 
DNA fragments is about twice that of nucleosomal 
DNA, the number of nucleosome positions could be 
(299 - 146)/10 = IS; it is reasonable to predict 7 + 
1 differently migrating electrophoretic bands due to 
7 X 2 nucleosome positions, equidistant from the 
DNA fragment ends, plus I central position. In Fig. 
2 the most retarded band probably corresponds to 
nucleosome positions near the middle of the DNA 
fragments, while the other five bands should corre- 
spond to symmetric positions at the two sides. each 
differing by one B-DNA turn if the different nucleo- 
somes have the same rotational phasing. The band 
with the highest mobility is the one most repre- 
sented, suggesting a preference for the terminal nu- 
cleosome positions. The difference between the pre- 
dicted and the experimentally detected number of 
nucleosome positions could reflect a partial separa- 
tion of different bands on polyacrylamide gels. 

3.2. Exo III nuclrosome mapping on (LRE-3A), arul 
on (LRE-3.6!, 

The localization of nucleosome borders was ob- 
tained by Exo III digestion; the progress of this 
enzyme, which digests starting from the 3’-end, is 
impeded by the presence of a nucleosome. Prominent 
pauses in the time course of Exo III digestion should 
therefore signal the presence of major nucleosome 
positions. 

Fig. 3a shows Exo III digests of naked DNA and 
reconstituted mononucleosome on (LRE-3A), and 
(LRE-3.6), S-end labelled on either strand. Since 
naked (LRE-3A), and (LRE-3.6), show some bands, 
probably due to sequence-specific pausing of the 
enzyme, care was taken to carry out Exo III diges- 
tion in the absence of free DNA. This was obtained 
by isolating mononucleosome from 1.07~ agarose 
gel. where all the different bands detected in poly- 
acrylamide gel collapsed in a unique large band [I I]. 
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Fig. 3. (a) Autoradiograph of Exo III digestion patterns. The DNA 
was 5’.end labelled at the EwRI (laws A and B) or Hinrlll/ 
(lanes C and D) ends. Lanes A and C. free DNA; lanes B and D. 
reconstituted nucleosome: lane E, undigested DNA: lane F. 
molecular weight marker obtained by H/x/II digestion of pUC 18 
DNA. (h) Nucleosome dyad axiD positioning derived from Exo III 
stop patterns on either strand. (LRE-.?A),, top; (LRE-3.6),. hot- 
tom. 

The Exo III stops on naked DNA do not correspond 
to the stops found on the reconstituted complex. 

Exo III digestion patterns appear as sets of regu- 
larly spaced bands, indicating that a number of dif- 
ferently populated sets of molecules with one well 
positioned nucleosome are present (Fig. 3a). To lo- 
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calize nucleosome stops with respect to the DNA 
sequence, the band patterns have been analysed as 
densitometric tracings in the range between 300 and 
147 bp, which corresponds to a ‘bona fide’ nucleo- 
some (146 bp). Nucleosome positions were assigned 
taking into consideration Exo III digestion from both 
directions. Exo III stops on the two DNA strands 
differing by 14 6 + 2 bp identify the borders of the 
same nucleosome (see also ref. [ 11,131 for experi- 
mental details). The results are reported in Fig. 3b. 

The main feature emerging from the distribution 
of nucleosome dyad axis translational positions is the 
presence of 12 main bands in the case of (LRE-3A), 
(see Fig. 3b, top) and of 14 main bands in the case of 
(LRE-3.6), (Fig. 3b, bottom) between 80 and 220 
bp. In both cases, the phasing of the bands (as 
evaluated by Fourier transform) corresponds to 10 A 
0.3 bp; therefore, the bands can be attributed to 
different nucleosome translational positions with the 
same rotational phase. 

Fig. 4. Top: theoretical nucleosome positioning reported for each of the possible positions of the nucleosome dyad axis. The values of DNA 
distortion energy in forming nucleosome with respect to straight DNA are reported in kcal/mole of nucleosome. Bottom: stereoviews of 
nucleo\ome positions along the DNA fragment corresponding to each energy minimum. (a) (LRE-3A),: (b) (LRE-315)~. 



In analysing band distribution we have to consider 
two different parameters, namely the band position 
and the band height. It is worth observing that bands 
are symmetrically positioned with respect to the two 
terminals and thus should give rise respectively to 6 
or 7 bands in the band shift assay, in agreement with 
the results reported in Fig. 2. 

The band heights should represent the frequencies 
of nucleosome distributions, but, as previously re- 
ported [ 131, the heights could also be influenced by 
differences in Exo III digestion kinetics of the two 
strands. which are not completely eliminated by the 
averaging of the two distributions. Alternative expla- 
nations are the different chemical recognition be- 
tween DNA and histones and/or entropic effects 
that favour peripheral positioning of nucleosomes. 
This last factor has been shown to cause changes of 
the binding constants associated with peripheral or 
middle site positioning of the CAP protein [ 14,151. It 
is worth noting that the different heights of the bands 
corresponding to dyad positions differing by 62 bp 
inside the two LRE tetramers, corresponding to nu- 
cleosome positions spanning the same DNA se- 
quence, demonstrate that Exo III kinetic effects are 
surely relevant. 

3.3. Theoretical predictiorl of nucleosome position- 
ing 

To diminish the influence of errors intrinsic to all 
the experimental methods of nucleosome mapping, 
nucleosome positioning on the two DNAs has been 
calculated using a previously developed theoretical 
analysis [2,3]. Recurrent 145 bp tracts along a DNA 
sequence were constrained to deform in agreement 
with an ‘open model’ of the nucleosomal superstruc- 
ture, characterized by two 60 bp tracts of a regular 
superhelix of 3/4 turns with 43 A radius and 28 A 
pitch interconnected 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. 

If c(n) and c’(n) are respectively the starting 
intrinsic curvature function of a 145 bp DNA tract 
and the final nucleosomal curvature function, the 
deformation potential energy E, adopting the first- 
order elasticity model, is given by: 

E=;b(lc(n) -c+z)I’) 

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 

c(n) = c d(s) exp(2nis/v) 
71th turn 

is the curvature at the position n of the sequence 
given in modulus and phase; b, the isotropic elastic 
bending constant of the 145 bp DNA tract: 

b = 1.45 X 79 kcal per mole of nucleosome. rad-’ 

V, the B-DNA periodicity; d(s) = p - i7, the local 
deviations of the sth dinucleotide step from the 
canonical B-DNA structure in terms of the roll. p, 
and tilt, r, angles; and 

c’(n) = -kexp[2ni(rz -73)cu/145] 

(k = 435” except for 60 5 YZ I 8.5 where k = 0); and 
(Y. the pitch angle of the nucleosomal superhelix = 
tgg’ 28/(27r X 43). The deformation energy values 
are given with respect to that of a straight DNA tract. 

Theoretical analysis results are reported in Fig. 4a 
for (LRE-3A),, and in Fig. 4b for (LRE-3.6),. At the 
top, the distortion energy minima are reported versus 
the nucleotide sequence. At the bottom, the stere- 
oviews show 15 different nucleosome positions, re- 
ferring to each energy minimum. 

4. Discussion 

A comparison between theoretical and experimen- 
tal nucleosome mapping, derived from Exo III foot- 
printing analysis, is reported in Fig. 5a in the case of 
(LRE-3A), and in Fig. 5b in the case of (LRE-3.6),. 

Two basic parameters characterizing nucleosome 
positioning (namely the number and the position of 
the nucleosome dyad axis along the nucleotide se- 
quence) result in satisfactorily good agreement be- 
tween theoretical and experimental analysis. The av- 
erage dispersion of the dyad values is in the range 
$2 bp, and is thus significant in the comparison of 
theoretical and experimental methods. 

The experimental evaluation of multiple nucleo- 
some positioning by band shift assay on polyacryl- 
amide gel relies on the influence of the form of the 
complex on its hydrodynamic properties (namely the 
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Fig. 5. Comparison between the nucleosome dyad axis positions 
deduced from ExoIII stops and the theoretical dyad positions. (a) 
(LRE-3~)~: (b) (LRE-3.61,. 

electrophoretic mobility). The possible different nu- 
cleosomes are represented by a reduced number of 
electrophoretic bands on account of the almost sym- 
metric positioning of pairs of nucleosomes with re- 
spect to the ends of the DNA fragments. and to the 
resolving power of the 5% polyacrylamide gel. It is 
worth remembering that the six bands of the com- 
plex collapse into a unique large band on I% agarose 
gel. 

Considering the height of each band, indicating 
the frequencies of nucleosome distributions, notice- 
able differences are evident between theoretical and 
experimental nucleosome mapping. A general feature 
of theoretical nucleosome distribution is the regular- 

ity arising from the chemical and superstructural 
equivalence of 146 bp long nucleotide tracts, due to 
the multimerization. The experimental mapping ap- 
pears irregular (see Fig. 3b) and suggests kinetic 
effects due to sequence-dependent Exo III digestion 
rate. 

Nucleosome positioning could also be influenced 
by entropic effects arising from fluctuations of free 
DNA tracts of different lengths [ 14,151. This could 
explain the different intensities of the electrophoretic 
bands reported in Fig. 2b. On the other hand, Exo III 
mapping does not show increased intensities of the 
terminal bands, probably on account of the simple 
averaging of the two strand cleavages. 

In conclusion, experimental and theoretical nucle- 
osome positioning result in fairly good agreement 
considering the number and the rotational phasing of 
nucleosome positions (Fig. 5). Chemical recognition 
between histones and DNA is not considered theoret- 
ically and is difficult to derive from nucleosome 
experimental mapping due to the inherent ambiguity 
of sequence-dependent Exo III kinetics of DNA 
cleavage, as is clearly demonstrated by the different 
frequencies of nucleosomes spanning the same se- 
quences on the two tetramers examined. 
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