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The effects of divalent cations on the DNA and chromatin conformation have been investigated by electric birefringence

and birefringence relaxation measurements at low and constant ionic strength (0.001). An important decrease of the in-
trinsic optical anisotropy of DNA has been found in the presence of Mn2* and Cu?*, but not with Mg2*. A complex varia-
tion of the mean relaxation time with the ratio 7/P of ion to DNA-phosphate molar concentration has been evidenced in
the presence of Mn2?* and Cu?*, while the mean relaxation time monotonously decreased in the presence of Mg2*. These
observations are interpreted in terms of a specific organization of DNA in a compact, rigid structure, in the presence of
Mn?* and Cu?*, and a non-specific coiling in the presence of Mg?*. Drastic conformational changes encountered by chrom-
atin in the presence of Mg2* and Mn2* cations have also been evidenced through electric birefringence measurements. They
are interpreted by the formation of a superhelical compact arrangement of nucleosome strings which yielded a reversal of
the birefringence sign with respect to the negative anisotropy observed in the preser.ce of Na* ions. The removal of the
histone H1 prevented the appearance of this quaternary structure. More extended fragments of the chromatin chain ob-

tained by ECTHAM chromatography of sonicated chromatin could not afford such compact arrangements.

1. Introduction

The presence of metal cations strongly bound to
native samples of DNA, RNA and chromatin has
been demonstrated by radiochemical methods and
emission spectroscopy. The most abundant are Mg2+,
Ca2*  Mn2*, Zn2* and Cu??, their relative proportion
in the analysed samples depending on their origin.
They play an essential and functional role in many
enzymiic reactions; they are involved in the transfer
of genetic information and in the degradation of the
nucleic acids. They have also stabilizing effects on the
structure of nucleic acids and of their complexes with
proteins (chromatin, ribosomes). These different
aspects have been discussed in several recent reviews
[1-3]. .

Mgz"“ ions interaci with the phosphate groups of
DNA by electrostatic atiraction. In addition to this
process, cations of transition metals such as Mn2+
and Cu?* can form a coordination complex with
nucleic acids bases; this coordination predominantly

occurs at guanine sites in DNA [1—15]. Mn?* and
Cu?* form bidentate complexes with a phosphate
group and the N, of guanine (chelation) [1—4,
6—10,13—15]. In the case of Cu2*, the binding

takes also place inside the double helical structure

and involves either a single G base [13—15]1, two

bases of adjacent G-C planes (intercalation) [7,8]

or two bases of the same G-C pair (insertion) [13—15].
In chromatin, the binding of divalent cations, especial-
ly Mg2* and Mn2*, is influenced by the presence of
histones; their number oi binding sites is reduced but
their binding constant dces not seem to be apprecia-
bly affected as compared to DNA [16-18].

Recent physico-chemical studies on the interaction
of metal ions with nucleic acids aimed to determine
the conformational changes induced in macromolec-
ular structure upon their binding, with the hope of
elucidating their mechanism of action in biological
processes.

An alteration of the circular dichroism spectrum
indicative of a conformational change in the DNA
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structure has been reported in the case of transition
metal cations [4—7,9]; this conformational change
seems to be related to a B to C transition of the se-
condary structure of DNA.

In electron microscopy, chromatin fibers at low
ionic strength consists of strings of spherical par-
ticles {nucleosomes), 80 to 100 A diameter, connect-
ed by fibrils sometimes as thin as 15 A (for a review,
see refs. [19—22]). At physiological salt concentra-
tion and in the absence of chelating agents, this linear
arrangement of beads condenses into fibers of 200
to 300 A diameter, which seems to be the native struc-
ture in nuclei [18—-22]. There is good evidence from
electron microscopy studies to support the proposal that
divalent cations [18,22,23] and histone H1 [23—25]
are involved in the stabilization of this condensed,
thick chromatin fiber. It seems also that the presence
of histone H1 is always required in order to observe
such a change in the diameter of the chromatin fiber,
even in the presence of divalent cations [23,26].
These results must be correlated with the studies of
the ionic condensation of chromatin in solution which
intimately depends on the presence of histone H1
[27—30]; in this process, divalent cations also appear
to be about fifty times more effective than mono-
valent cations [29,30]. All ihese resuits point out the
dominant role played by divalent cations and histone
H1 in the structural organization of condensed chrom-
atin; it seems also plausible that divalent cations and
histone HI act jointly.

In the present work, we describe results of electric
birefringence and birefringence relaxation which will
give us some further insight into the conformational
changes induced in the DNA and chromatin structure
upon binding of, divalent cations. We also studied the
effect of divalent ions on H1-depleted chromatin and
on two chromatographic fractions of chromatin.

2. Material and methods

Calf thymus DNA was prepared using the deter-
gent method [31]. Native samples having molecular
weights of the order of 12 X 10% were obtained.
Stock solutions at about 2 g 171 were dialysed against
double distilled water (pH adjusted at 6.5 by addi-
tion of a dilute NaOH solution) in order to eliminate
the excess of ions precipitated with the DNA at the
end of its purification.

After isolation of cell nuclei following the method
of Chauveau et al. [32], the chromatin from calf
thymus was extracted according to Fredericq [33],
dialysed against double distilled water at pH 7 and”
stored at —15°C. Prior to their use, the solutions of
the gel-forming chromatin (at a concentration of
about 50 mg d1~1 in DNA) were sonicated either
during 15 min at 20 kHz or during 30 min at 800
kHz as already described [34]. Sonicated chromatin
had a sedimentation coefficient of about 37 Sin
1 mM NaCl by band centrifugation. Its protein to
DNA weight ratio was about 1.5—1.7. Chromatin
depleted from histone H1 was obtained using the
procedure of Bolund and Johns [35]. The chromatog-
raphy of sonicated chromatin on ECTHAM cellulose
was performed as described by Simpson and Reeck
[36]. Elution by 0.01 M tris-0.01 M Na(l solution
yielded a broad peak of which the early-eluted (CH-1
or condensed fraction) and late-eluted (CH-II or
extended fraction) fractions corresponding to the
first and last 10% in volume, were separated. These
eluates were dialysed against double distilled water
and in some cases concenirated by evaporation under
vacuum. The CH-I and CH-1I fractions showed in
1 mM NaCl, thermal denaturation temperatures of
83 and 77°C, and protein to DNA weight ratios of
2-2.2 and 1.3—1.6, respectively. In circular dichroism,
the Ae (280 nnm) of the CH-I and CH-II fractions were
0.65 and 1.5, respectively. These characteristics are
comparable to the differences between the condensed
and extended fractions obtained by Simpson and
Reeck [36].

Sample solutions of DNA or chromatin were ob-
tained by direct dilution of the stock solutions in
the unbuffered medium of appropriate ionic compo-
sition. All the cations studied (Na*, K*, Mg2*, Mn2*
and Cu?*) were introduced in the form of chloride
salts. The various ratios of divalent cation to DNA-
phosphate molar concentrations (//P) were made at
constant 7 (3.33 X 10~%) and variable P (ranging from
6.2X1075t0 6.2 X 10—4), except at low I/P (below
0.5) where P was maintained constant (3.1 X 10™%)
while 7 varied (1.6 X 10~ to 1.6 X 10~% M). The
total ionic strength of the solutions was always kept
constant at 10> by addition of a dilute Na{l solu-
tion if necessary (at low 7/P). The pH of chromatin
solutions was kept at about 7 * 0.3 by addition of
a dilute NaOH solution while the pH of DNA solu-
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Fig. 1. Variation of intrinsic optical anisotropy of native DNA with increasing ratio 7/P; (1) Mg?*, (2) Mn®", (3) Cu*™. Ionic
strength: 1073; pH 6—6.5. The optical anisotropy factor (g, — £p) is obtained from the experimental data Ang/4 ;2(, by the yeia-
tion (g3 — £b) = (Ang/d ;go)sz;%nﬁ] 2x5, wheze n is the solution refractive index (1.33 for dilute aqueous solution), £ ;%xm the
extinction coefficient in the (ml/g)em™? scale at 260 mum (20 000 for DNA); the partial specific volume ¥ is equal to 0.55 em? /g
in 1 mM NaCl, and has been considered constant under all our experimental conditions. This approximation does not introduce
any appreciable error in the values of g, — gp since it has been shown that the variations of ¥ in the presence of Mg?* and Mn?*
are very small {7]. It seems reasonable to consider that these variations are also small in the presence of Cu?+.

tions ranged from 6 to 6.5. The DNA concentrations
of the solutions was determined spectro photometrical-
ly, taking e(260) = 6450 or 6800 M~1 cm™1 for
purified DNA or chromatin, respectively 133].

Electric birefringence and birefringence relaxation
measurements were performed using the technigue
previously described in detail [34,37]. An appreci-
able improvement of the experimental setting has
been achieved by use of a very fast transient recor-
der (Biomation model 8100) interfaced to a mini-
computer (Modular computer systems, 1I/10) with a
10° words disc unit. A general description of the
whole system and an indication of the stability and
reproducibility of the measurements have been pre-
sented elsewhere [38].

The analysis of the field strength dependence of
the steady-state anisotropy (An) yields the orienta-
tion function @ which gives access to the permanent
and induced dipole terms, while the saturation value
of the birefringence Ang yields the intrinsic optical
anisotropy factor of the particles (g, — g3,) = &ng
» (11/2wc?), n is the refractive index of the solution,

¢ the polymer concentratidn and & the partial specific
volume of the polymer {34,37.39]. This analysis was
performed with a general multiparametric program
for non-linear least-square fittings (available from
Meites [401).

For all the resulis presented in this work, the
orientation function used was that of a pure induced
dipole orientation mechanism, since the small con-
tribution of permanent dipole or slow polarizability
detected in some cases by the reversing pulse technique
has no significant influence on the shape of the field
strength dependence of the birefringence [34]. In
order to obtain a satisfactory fitting of the data,
three terms with different polarizabilities had to be
introduced and the birefringence curve was represent-
ed by the general equation [37,39]:

3
An=An 21 6, B(Aa;) 8}
g:::

where Aq; is the electrical polarizability anisotrepy
and ¢; the weighting factor. The use of a maximum of
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Fig. 2. Dependence of the mean relaxation times 7 of DNA on the ratio 7/P; (1) Mg?*, (2) Mn?”, (3) Cu®*. Ionic strength: 1073;
PH: 6—6.5. The mean relaxation time of DNA in the presence of Na* or K™ ions is equal to 870 * 20 us. All the relaxation times

are determined at £ = 13 kV/icm.

three terms is imposed by the limit of accuracy of
such a fitting procedure for which the relative un-
certainty on the mean polarizability values Aa =
Z¢; Aoy may reach more than 20 to 30 percents. We
recognize that such a procedure is only a provisional
empirical approach in the absence of appropriate
treatment of the electro-optical properties of flexible
polymer chains.

The relaxation of the birefringence after the
sudden removal of the electric field is given, for a
polydisperse solution, by [37]:

An, = Z A”O,i exp(—t/7;)- )
F

‘The relaxation times 7; were determined from the bire-
fringence decay curve with the aid of the same multi-
parametric curve-fitting program as used for the bire-
fringence versus field strength curves. Generally,
three relaxation times had io be taken into account
in order to obtain a satisfactory fiiting of the data.
The mean relaxation time 7 = X; Ang ;7,/Z; Ang ;
will be considered in the discussion of the results.

All the electro-optical measurements were made at

room temperature (20°C) and at a wavelength of
550 nin.

3. Results and discussion
3.1. Electro-optical behaviour of DNA

Strong evidence for binding effects and con-
formational changes in the double helical structure
of native DNA upon interaction with metal ions was
obtained from the determination of the intrinsic op-
tical anisotropy in the presence of Mg2*, Mn2* and
Cu?* cations at various /P values (fig. 1).

In the presence of Mg?™ cations, the (g, — B)
value of DNA is equal to —(2.05 £ 0.03) X 10" “, in-
dependently of the ratio f/P. This value is the same as
that determined in the presence of monovalent cations,
irrespective of their nature, in agreement with flow
birefringence observations [41]. No influence of the
concentration of DNA (in the range of 2 to 20 mg%)
nor of the nature of other buffered media used (caco-
dylate, citrate, phosphate or tris-HCL, in the pH range
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5 to 9) on the (g, — g,) value has been noticed. The
absence of modification of the intrinsic optical
anisotropy upon Mg2* binding as compared to mono-
valent cations, was also observed in flow bire-
fringence [41] and electric dichroism [42] studies
in ionic strength conditions quite different from
those used in the present work. On the contrary,

in the case of Mn?* and Cu2* cations, the optical
anisotropy of DNA, which remained negative, de-
creased with increasing //P, in a two-phases process
for the Cu?*-DNA interaction (fig.1). We observed
the same general trend for the variation of An/C
with 7/P at high and low fields which reflects the
small variation of polarizability (see below) also evi-
denced by the small modification of the shape of the
orientation function. These modifications cannot
simply be explained in terms of changes in the DNA
conformation from a B to C-like structure as the cir-
cular dichroism observations suggest [4—7.,9] since
this kind of conformational change would produce

a tilting of the base planes with respect to the helical
axis of less than 8°. We rather think that the observed
decrease of anisotropy reveals the organization of the
DNA in a more compact structure as a resuli of the
coordination of MnZ* and Cu?* jons to electron-
donating sites of the bases.

The formation of a more compact structure is
clearly evidenced by the distinct shape of the decrease
of the mean relaxation time 7in the presence of Mn2*
and Cu?* cations. At low I/P (below 0.2 and 0.5 for
Mn2* and Cuz"', respectively) the mean relaxation
time decreased sharply; an increase of 7, corresponding
to an extension of the macromolecule then follows
at higher 7/P, with a subsequent decrease characteriz-
ing a recondensation of DNA at 7/P above 0.7—0.8
(fig. 2). This particular biphasic behaviour indicates
that the DNA condensation in the presence of Mn?*
and Cu?* ions proceeds by a very complex mechan-
ism. On the contrary, 7 monotonously decreased in
the presence of Mg?"", reaching a constant value at
I/P above 0.5. The relative decrease of the relaxation
times is to be related to the sedimentation behaviour
previously reported for DNA in the presence of
Mg2*, Mn?* and Cu?* cations [6].

1t should however be emphasized that, in our
opinion, the relaxation times are related in a com-
plex way to the flexibility and overall dimensions of
the molecules investigated so that it is not possible to
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Fig. 3. Influence of Mg2*, Mn2* and Cu?* ions on the field
strength dependence of the DNA orientation function
& = An/Ang. Ionic strength: 1073; pH: 6—6.5.

derive quantitative estimations of changes of their
overall size or persistence length.

The field strength dependence of the orientation
function & = An/An_ is presented in fig. 3. It is
difficult to realize a quantitative study of the varia-
tion of polarizability with the nature of the cation
and with the ratio 7/P because of the low accuracy of
the polarizability determination from the fitting of
the function &, which implies to take into account
three terms of polarizability (see sect. 2). Consequent-
ly, we have preferred to make a gualitative compari-
son of the curves ® = f(£2).

The following general features were evidenced in
this way (fig. 3):

i) No significant difference was found between
Na*-DNA and K¥-DNA (Aa~ 22 X 10732 Fm?2)in
agreement with the observations of Hornick and Weill
[41]; in the wotk of these authors, however, the op-
tical anisotropy factor was deduced from flow bire-
fringence measurements and the electric polarizabili-
ty subsequently obtained from the Kerr constant.

ii) While the polarizability was found only slightly
lower with Mn?* (A& =~ 18.5 X 10~ 32 F m?) com-
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pared to Na¥ and K*, 2 more important decrease of
A® occurred in the presence of Mgz* (A= 155
X10-32 F m?) as previously reported for sonicated
DNA [41]; no regular variations of the electric
polarizability with I/P were detected for Mg2* and
Mn?*.

iii) In the case of CuZ*-DNA, the Aa vaiue at low
I/P (=13 X 10~ 32 F m?) was smaller than in the
presence of Na* and K7, increased with /P (fig. 3),
reaching a plateau at //P above 0.9 with values of the
same order or slightly higher than those of Na*-DNA
or K*-DNA (data not shown).

The interpretation of the electrical polarizability
changes observed in the presence of divalent cations
is rendered difficult by the concomitant conforma-
tional change of the DNA occurring. According to the
theory, the electrical polarizability is dependent on
the square of the charge of the counterion and on the
third power of the length of the polyion [41,43.44].
In particular, the molecular flexibility of native DNA
which alters the effective length of the polyelectrolyie
could greatly influence its electrical polarizability. If
the polarizability was following the changes in di-
mension reflected by the decrease of the mean relax-
ation times (fig. 2), then it should decrease by a fac-
tor of about 10 in the presence of Cu?* at high /P,
in opposition with the experimenial findings.

A general interpretation of the decrease of polari-
zability can be found in the increase of the electro-
static repulsion between counterions as a result of
the increase of their charge and of the decrease of
the thickness of the divalent counterion layer [41.43,
44]. In the case of MgZ*-DNA, an increase of flexibili-
ty of the DNA chain would also occur as a consequence
of the decrease of electrostatic repulsion between the
phosphate groups, while for the Mn?* and Cu?* inter-
action, a stiffening of the DNA structure associated
with the conformational change suggested above,
seems to us the best explanation compatible with the
decrease of relaxation times.

3.2. Electro-optical behaviour of chromatin

The electro-optical observations on chromatin
(CH), on its chromatographic fractions (CH-I and
CH-II) and H1-depleted chromatin in Na*-salt solu-
tions are summarized in table 1 and fig. 4 (part A).
The lower value of the intrinsic optical anisotropy

(bng/A328™ y compared to Na™-DNA evidences a sig-
nificant change in the orientation of the DNA bases
with respect to the orientation axis in the electric
field, when DNA is incorporated into chromatin. It
results from the folding of chromatin DNA into a
tertiary structure [34,45], especially in the nucleosome
subunits. Hl-depleted chromatin is very similar to
whole chromatin in regard to its optical (An/4),
hydrodynamical (7) (table 1) and electrical (Ax)
properties (table 1 and fig. 4); this is in good agree-
ment with the observations of Frisman et al. [46]
using viscosity and flow birefringence measurements.
This may be explained on the basis of X-ray diffrac-
tion siudies which have shown that histone H1 is not
involved in the stabilization of the tertiary structure
of chromatin [28,47,48]. The birefringence decay
curves of whole chromatin and H1-depleted chromatin
were not monoexponential; they could be fitted with
a minimum of three exponential terms, giving mean
relaxation time values of the order of 12—13 us. On
the contrary, CH-I and CH-II fractions showed mono-
exponential relaxation decays with ¥ values of about
30 us (table 1). They had very similar electrical polar-
izabilities as well as relaxation times while they both
showed lower optical anisotropy than whole chrom-
atin.

Strong evidence for conformationail changes in the
chromatin structure in the presence of divaient ca-
tions was also obtained from this electro-optical study.
Complex variations of the optical anisotropy and of
the relaxation times with I/P were evidenced, with a
distinct behaviour for the various samples {figs. 4 and
6, table 1). The general trends of the observations may
be summarized as follows.

While the electric birefringence of DNA in the
presence of Mg2* and Mn2* cations remained negative,
a change of iis sign was observed in the case of chrom-
atin, at high 7/P. The bireiringence sign is negative at
low I/P either in the presence of MgZ* or with Mn?*
ions but becomes positive at 7/P above 0.8 in the
presence of Mn2*. Composite signals with posi-
tive and negative birefringence contributions were
observed at 0.3 < I/P< 0.8 and I/P>> 0.5 for Mn?*
and Mg2?* respectively. The particular shape of the
electro-optical signals observed was perfectly repro-
ducible and remained unchanged upon consecutive
pulsing of the same sample or under pulses of longer
duration; the effect is thus not due to an artefact. The



X. Emonds-Alt et al. [Electric birefringence of DNA and chromatin 33

Table 1

Electro-optical behavior and parameters of whole chiromatin, it§ chromatographic fractions and H1-depleted chromatin in the
presence of Na*, Mg2™ and Mn®* cations. The symbol neg/pos indicates that the sample solution shows a composite electro-optical

signal
Sample (Cation 1/P range Birefrin- Optical anisoiropy Mean electric Mean relaxation
gence sign (angA320) x 107 polarizability time
AT X 1032 (Fm?) F(us)at E=13%kV/icm
CH Na* - neg -7.4 14 13=1
Mg?* 0-0.5 neg decrease with 7/F 11 decrease with 7/P
(fiz. 2A) (fig. 4A)
>0.5 neg/pos neg. tomp.: decrease neg. comp.: 11 neg. comp.:. 10-15
with 7/P
(fig. 2B); pos. comp.:
0.28 (constant) pos. comp.: 28 pos. comp.: =200
M2+ 0-0.3 neg decrease with I/P 11 decrease with //P
{fig. 2A) (fig. 4A)
0.3-0.8 negfpos neg. comp.: decrease neg. comp.: 11 neg. comp.: 10-15
with 7/P
{fig. 2C,B); pos. comp.
0.77 {constant) pos. comp.: 25 pos. comp.: =200
>0.8 pos increase with /P =80 decrease with J/P
(fig. 20 (fig. 4A)
Hl«c}‘ei- Na* — neg ~7.7 14 12+1
let 4
g; ¢ M2 0-5 neg decrease with /P 11 decrease with I/P
: (fig. 2D) (fig. 44)
CH4 Na” - neg —~3.5 14 291
Mg?* >0.5 pos +0.9 (constant) 25 210 = 11 (constant)
Mn?* >0.5 pos +2.7 (constant) 25 180 = 10 (constant)
CH-II Na* — neg —~5.6 14 31 =1
Mg=* 05 neg ~3.6 {constant) 11 31 = 2 {constant)
Mn2* 05 neg decrease with I/2 11 decrease with I/P
(fig. 2E) (fig. 4B)

occurrence of composite electro-optical signals with
solutions of biological or synthetic macromolecules
under pulsed electric fields has been reporied in

a number of cases [37,49], and the procedure for their
decomposition has been described [49].

Since the electric polarizability corresponding to
the positive birefringence component was much larger
than that of the negative component, saturation of the
former one occurred at lower field so that the com-
posite signals were observed at low fields as in previous
studies. The origin of this behaviour was believed to
be in the presence of two eutities, orientable in the
electric field, which in the case of chromatin, could
be thought as being the extended and condensed frag-

ments CH-1 and CH-II. The electric birefringence of
Hi-depleted chromatin, on the other hand, always re-
mained negative, even in the presence of high Mn?*
contents.

The field strength dependence of the orientation
function An/An , which is directly correlated to the
electric polarizability, is presented in fig. 5 for the
different experimental conditions studied. The fol--
lowing general features were found: (i) no significant
difference was found between the effect of Mg?* and
Mn?* ions on the electric polarizability; (i) no regular
dependence of the electric polarizability on /P was ob-
served, except in the case of whole chromatin at I/P above
0.8, in the presence of Mn?* where it slightly increased
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Fig. 4. Intrinsic optical anisotropy of whole chromatin (CH),
Hi-depleted chromatin and of the CH-II chromatin fraction

in the presence of Mn?* and Mg2* as a function of 7/P. Part

A: negative birefringence of CH at low //P; Part B: negative
component of complex electro-optical signals of CH (slightly
higher anisotropy of this sample in the absence of divalent
cations, as compared to the sample used for the measurements
of part A); part C: positive birefringence of CH in the presence
of Mn®* at high 7/P.

with the ratio 7/P; (iil) an important increase of electric
polarizability was always noted when the birefrin-
gence became positive, while its value was of the
same order as that determined in the presence of Na*
when the birefringence was negative, independently
of the nature of the chromatin fraction considered.
As for DNA, we believe that the absence of variation
or the increase of electric polarizability observed here
reflects an important increase of rigidity of the chro-
matin structure which counterbalances the decrease
of polarizability due to the counterion charge effects.
This would be related to the formation of a compaci
and more rigid quaternary structure as we shall discuss
below.

We shall now consider in more detail the distinct
behaviour of optical anisotropy and of relaxation,
displayed by whole chromatin, H1-depleted chromatin
and by the CH-I and CH-1II fractions, as a function of
I/P.

(i) Whole chromatin. In the case of whole chroma-
tin, a decrease of the intrinsic optical anisotropy was
observed at low 7/P (where the birefringence is nega-
tive) in the presence of Mg2* and Mn2* ions (fig. 4,
part A); this reflects the beginning of condensation of
the chromatin structure. At 0.3 < /P < 0.8 and
above 0.5 for Mn?* and Mg2+ respectively (composite
signals), the optical anisotropy of the positive bire-
fringence component was constant at all 7/P (table 1).
Consequently, the molecular entity responsible for
this component is strongly condensed (positive bire-
fringence) and the condensation which is more im-
portant in the presence of Mn2+, has reached a maxi-
mum value (constancy of the anisotropy with 7/P). On
the other hand, the molecular entity responsible for
the negative component of the birefringence is more
progressively folded when 7/P increases (fig. 4, part B);
this folding is restricted in the presence of Mg?* cations
since the anisotropy reaches a constant negative value
at very high 7I/P. In the presence of Mn?2* cations,
the folding becomes gradually more pronounced until
a positive optical anisotropy is reached for the overall
chromatin structure (fig. 4, part C). These resulis also
show that, in opposition to the case of DNA, Mgz"' ions
are able to induce a specific folding of the chromatin
structure as well as Mn2* ions. Consequently, this
folding primarily depends on the binding of divalent
cations to phosphate residues. However, it can only
become important in the presence of Mn2* which also
indicates the requirement for an interaction of the
cation with the DNA bases.

Important variations of the relaxation times have
been evidenced (fig. 6, table 1). At low 7/P, a very
small decrease of the mean relaxation time 7 was ob-
served in the presence of Mg2*, while Mn?* yielded
an extension phase similar to that observed for DNA,
as shown by the increase of 7 in the range of /P =~ 0.2
(fig. 6, part A). At I/P above 0.3 and 0.5 for Mn>*
and Mg?* respectively (composite signals) the mean
relaxation time of the negative birefringence compo-
nent remained very close to the value observed in the
presence of Na™ ions (table 1) and was not appreciably
affected by the ratio J/P. The positive birefringence
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Fig. 5. Field strength dependence of the electric birefringence of whole chromatin (CH), of its chromatographic fractions (CH-1
and CH-II) and of Hl-depleted chromatin in the presence of Na* (part A) and Mn?* (parts B and C). Part C: o, 2: CH at I/P = 0.4
and 0.65 respectively, for positive birefringence component. ¢, : CH at 7/P below and above 0.3 respectively, for negative bire-
fringence component. ®, a: CH-I at /P = 0.5 and 2 respectively. v, v: CH-II and H1-depleted chromatin, respectively for 0 < 7/P

<S3.

component showed much larger 7 values independent
of the nature of the divalent cation and of {/P (table 1).
The reported values of 7 in the case of composite bire-
fringence signals should be considered only as rough
estimations since their determination was made dif-
ficult by the decomposition of the signals. When
whole chromatin displayed a pure positive birefringence,
ie.in the presence of Mn?* at J/P above 0.8, 7 was
greater than the values determined in the presence of
Na™ ions and monotonously decreased with increasing
I/P (fig. 6, part A).

ii) Hl-depleted chromatin. The interaction of
Mn“" jons with H1l-depleted chromatin produced a
decrease of the intrinsic optical anisotropy (fig- 4,
part D) without change of the birefringence sign. Thus,

the absence of histone H1 does not appear to prevent
a restricted folding of the chromatin structure but

its presence seems to be required for the formation

or stabilization of the folded structure responsible for
the positive birefringence. A phase of extension of the
chain was also evidenced by the increase of the mean
relaxaticn times in the range of 7/P =~ 0.4, followed
by a continuous decrease of 7 at higher I/P (fig. 6,
part A).

(iii) CH-I and CH-II fractions. More distinctive fea-
tures for the behaviour of the CH-1 and CH-1I frac-
tions were observed in the presence of Mg2* and Mn2*
than in 1 mM NacCl solution. The electric birefringence
of CH-II remained negative at all I/P either in the
presence of Mg2* or Mn?* cations, while CH-I displayed
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Fig. 6. Dependence of the mean relaxation times 7 on the
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All the relaxation times are determined at £ = 13 kV/cm.

a positive birefringence at high I/P (fig. 4, table 1).
in the presence of Mn2* the phase of extension of
the chain evidenced by the variation of 7 at low 7/P
in the case of whole chromatin, Hi-depleted chroma-
tin, and of DNA, was also observed with the CH-II
fraction (fig. 6, part B) but not with the CH-I fraction.
The mean relaxation times of the latter fraction (in
the presence of MgZ* or Mn2* and independently of
the 7/P ratio) were bigger than those determined for
the former and were of the same order of magnitude
as the values determined for the positive component
of the composite signals of whole chromatin in the
range of intermediate J/P values (table 1).

Composite electro-optical signals as observed with
whole chromatin have never been detected in the case
of the CH-T and CH-1I fracticns.

All these findings are indirations of a possible
correlation between the CH-1 fraction and the molec-
ular entity responsible for the positive contribution
to the electric birefringence of whole chromatin in the
presence of divalent cations.

4. General cenclusions

The following conclusions can be drawn from the
present study.

4.1. DNA

Binding of Mg2" cations, which interact only with
the phosphate groups and reduce the electrostatic
repulsions between them, brings about a smaslil and
non-specific coiling of DNA by an increase of molec-
ular flexibility which is evidenced by the decrease of
relaxation times and, partially, by the modification
of electric polarizability. This kind of conformational
change does not produce any alteration of the intrinsic
optical anisotropy of DNA since the macromolecular
orientation in the electric field proceeds essentially
by an orientation of smaller segmenis in which the ar-
rangement of base planes is almost unaltered, as shown
by circular dichroism studies [5,7].

On the contrary, coordination of Mn2* and Cu2*
to DNA brings about a specific organization of this
macromolecule into a more compact structure as
shown by the drastic decrease of intrinsic optical
anisotropy and relaxation times. This compact struc-
ture seems also to be more rigid as is qualitatively in-
dicated by the electric polarizability determinations.
Another possible explanation for the drastic decrease
of optical anisotropy would be a modification of the
inirinsic optical properties of the bases chromophores
upon interaction with Cu?* and Mn?*, resulting in the
appearance of a component of transition dipole moment
parallel to the double-helical axis, without conforma-
tional modification. We de not favour this latter inier-
pretation because of the important variations of the
relaxation times, which are strong evidence for altera-
tions in the DNA structure.

The difference in the amplitude of the structural
changes observed and in the range of I/P where they
occur can be accountied for by the different electronic
structures of the Mn?" and Cu?* cations which can
introduce slight differences in the geometry of the
complexes formed, or by the fact that Cu?* can form
various kinds of complexes with DNA bases [7,8,
13—151 so that a competition between the modes of
binding is always present.

The mechanism of DNA condensation in the presen-
ce of Mn2* and Cu2* seems to be very complex as dis-
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played by the biphasic variation of relaxation times
with /P (fig. 2). The extension of the macromolecule
at intermediate J/P could be interpreted by an un-
stacking of some bases which then permits a further
condensation. Such an extension phase of the macro-
molecule prior to the condensation has been theore-
tically considered in the folding of DNA, by Crick
and Klug [50]. In this context, the mode of binding
of Mn>* and Cu?* by chelation to the phosphate
group and the N, of guanine [1-4,6—10] seemsto
us to be particularly important since it can simultane-
ousiy induce perturbations in sugar-phosphate linkage
and in base stacking. )
As already stated in the discussion of the results,
the interpretation of the changes in relaxation times
cannot be made unambiguously hecause of the con-
comitant influence of flexibility and overall dimen-
sions on this parameter. A more detailed examination
of the influence of molecular weight on the observa-
tions described in this paper should be performed
using monodispersed short DNA fragmenis suchas
those obtained with the aid of restriction enzymes.
Thus, our electro-optical study clearly shows that
the change of DNA conformation in the presence of
Mn?* and Cu?* is not only restricied to a simnall varia-
tion of secondary structure as previously reported in
circular dichroism studies {4-7.,9] but implies a great
modification of the overall spatial structure of DNA.

4.2. Chromatin

Chromatin can also be condensed into a compact
structure when interacting with divalent cations. At
low ionic strength and in the absence of divalent
metal cations, chromatin fibers of about 100 A dia-
meter consist of linear and flexible arrays of nucleo-
somes, while in the condensed state, a superhelical
organization (guaternary structure) would be formed,
yielding a chromatin fiber of 200—~300 A diameter in
which each nucleosome is in close contact with four
or six others [51,52]. If native chromatin corresponds
to this model, then shearing and ultrasonic degrada-
tion which are statistical processes, would produce
in solution a mixture of: (i) fragrnents with closely
spaced nucleosomes; (ii) fragments with relatively long
internucleosome segments resuiting either from an un-
folding of the original internucleosome segments or
from a partial disruption of nucleosomes; (iii) perhaps

some free nucleosomes with or without tail; (iv) var-
iable amounts of fragments with many structural inter-
mediates containing regions of closely spaced nucleo-
somes and other regions of more extended conforma-
tion.

Even though there is an important supercoiling of
DNA helix in the nucleosomes, the intrinsic optical
anisotropy of whole chromatin (and of the chromatog-
raphic fractions CH-1 and CH-1I) remains negative in
the presence of Na* ions (table 1) probably because
of a sufficient amount of unfolded internucleosome
segments and of the absence of closely packed super-
helical arrangement of nucleosomes. 1t should be
noted that the electric dichroism of nuclease-resistant
fragments of chromatin was also found to be negative
[531; these fragments are probably not isolated nucleo-
somes but linear arrays of nucleosomes or nucleosomes
with tails, in which a sufficient amount of DNA is in
an extended conformation.

The action of divalent cations can then be under-
stood as a folding of the linear arrangement of nucleo-
some strings into a superhelical arrangement, in the
presence of the histone H1. On the basis of the struc-
tural parameters presently reported for the nucleosome
particle and for the condensed superhelical array of
nucleosomes, we previously estimated [54] that the
superhelicoidal axis of the nucleosome DNA should
be perpendicular to the main axis of this quaternary
structure in order for the resulting opticel anisotropy
to be positive, as observed in the presence of Mg?*
and MnZ* at high J/P. This interpretation rests on the
assumption that the form contribution to the mea-
sured anisotropy is not the dominant effect; the
estimation of this contribution is still subject to such
uncertainty that a satisfactory appreciation of its
importance cannot be made in such cases. We cannot
completely exclude the possibility that the changes
in relaxation times and in the sign of the anisotropy
could be partially due to some aggregation of the
samples. Some turbidity was present for the highest
I/P in the case of the chromatin-Mn2* interaction but
not in the case of DNA. It should however be emphas-
ized that the most important alterations of the zlectio-
optical parameters occurred for the highest J/F values
where the polymer concentration is the lowesi. The
effect of the divalent cations would result from z
decrease of electrostatic repulsion between the phos-
phate groups. Mn?* ions, however, appear more effec-
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tive for the formation of the quaternary structure
owing to its specific interaction with the DNA bases.
Indeed, the extension phase evidenced by the relaxa-
tion behaviour at low 7/P during the condensation of
the DNA chain, was also observed with chromatin
(fig. 6). This would also occur in the internucleosome
segiments. The observation of larger relaxation times
for the positive birefringence componenis is under-
standable on the basis of the much more rigid charac-
ter of the compact superhelicoidal structures in com-
parison to the flexibility of the unfolded structures.
These interpretations are in line with the observa-
tions that the addition of divalent cations (Mg2*,
Ca?*, Mn?*) produces an important condensation of

chromatin at ionic strengths simnaller than in the presence

of monovalent cations and that it is intimately depen-
- dent on the presence of histone H1 [27—30]. Electron
microscopic observations of Finch and Klug [23] also
indicated a helical arrangement of nucleosomes in

the simultaneous presence of histone H1 and Mg2*
fons at a concentration of 2 X 10~% M {our divalent
cation concentration was 3.3 X 10~% M). Rosenberg
[55] also suggested that the removal of histone H1
produces an “‘opening” of the chromatin structure
resulting from the unfolding of the internucleosome
segments.

Although the ECTHAM chromatography of sonicat-
ed chromatin cannot be expected to allow a clear
separation of two distinct entities, it can however yield
two fractions CH-I and CH-11 which display some
distinctive features characteristic of more condensed
and more extended regions of whole chromatin, re-
spectively. The CH-I fraction would contain more
closely spaced nucleosomes allowing the formation
of compact superhelical arrangements with positive
birefringence, while the presence of relatively long
internucleosome segments in CH-11 fraction inhibits
this condensation. It would be now useful to study
the electro-optical behaviour of nucleosome strings of
various sizes obtained by mild micrococcal digestion.
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