Eur Biophys J (1988) 16:231-241

European
Biophysics Journal

© Springer-Verlag 1988

Molecular flexibility of extended and compacted polynucleosomes **

A steady-state fluorescence polarization study

T. Hiard ' *, P.E. NielsenZ, and B. Norden !: ***

! Department of Physical Chemistry, Chalmers University of Technology, $-412 96 Goteborg, Sweden
2 Department of Biochemistry, The Panum Institute, University of Copenhagen, DK-2200 Copenhagen, Denmark

Received July 29, 1987/ Accepted in revised form June 9, 1988

Abstract. We have studied the effects of Na* (5-120
mM) and Mg?* (0—6 mM) on the internal and overall
flexibility of polynucleosome fragments from nuclease-
solubilized chromatin from Ehrlich ascites cells. The
mobility was monitored by the steady-state fluores-
cence polarization of the intercalated ethidium cation.
The internal polynucleosome flexibility decreases con-
tinuously as the extended chromatin fragments are
being compacted at increasing salt concentrations,
and it can be further suppressed at ionic strengths
above those where the 30 nm fiber is formed. The effect
may be visualized as an initial formation of a loose
30 nm fiber that is further compacted at increasing
ionic strengths. We observe several differences in the
effects of Na* and Mg?* upon chromatin compac-
tion. First, chromatin compacted by Mg?™* is less flexi-
ble than that compacted by Na™, suggesting a “tighter”
chromatin structure with Mg?*. Second, Mg? * affects
the internal mobility in polynucleosome fragments
shorter than 6--7 nucleosomes, which are too short to
be compacted with Na*. Third, Mg?* causes exten-
sive macroscopic aggregation at concentrations above
0.2-0.3 mM, but the aggregation is uncorrelated with
the intramolecular compaction. A quantitative evalua-
tion of the overall polynucleosome “tumbling” mobil-
ity indicates that the compacted fragments possess
more internal flexibility than do corresponding high
molecular weight chromatin fibers. Finally, we note a
correlation between the ethidium binding constant
and the internal chromatin flexibility, possibly arising
from lower torsional and “unwinding” flexibility of the
linker DNA segments of compacted chromatin fibers.
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Introduction

The proper folding of DNA into chromatin fibers and
further into chromosomes is essential for the function
of the genetic material in eukaryotic cells. While the
folding of the DNA around histone octamers into nu-
cleosomes is known in considerable detail (Richmond
et al. 1984), the condensation of polynucleosomes into
30 nm fibers and further into chromosomes is still in-
completely understood. There is a general consensus
about the dimensions of the 30 nm fiber and the exis-
tence of a 5—-6 nucleosome repeat unit (Butler 1983;
Felsenfeld and McGhee 1986 (reviews)), but the orien-
tation of the nucleosomes and the linker DNA within
this fiber is very much in dispute owing to non-
compatible results obtained by physical techniques
such as electron microscopy (e.g. Thoma et al. 1979;
Woodcock et al. 1984; Subirana et al. 1983; Greulich
et al. 1987), neutron (Suau et al. 1979) and X-ray scat-
tering (Widom and Klug 1985; Williams et al. 1986;
Bordas et al. 1986; Koch et al. 1987), hydrodynamic
measurements (Butler and Thomas 1980; Fulmer and
Blomfield 1982) and various optical methods: electric
dichroism (e.g. McGhee et al. 1983; Marquet et al.
1986), flow linear dichroism (Tjerneld et al. 1982;
Makarov et al. 1983, 1985, 1987; Kubista et al. 1985,
1988), electric birefringence (Marion 1984; Harrington
1985) and light scattering (Marion et al. 1981). Thus
several models for the 30 nm fiber have been presented
in the literature (Felsenfeld and McGhee 1986 (review);
Subirana et al. 1983; Makarov et al. 1985; Nielsen
1985; Williams et al. 1986; Bordas et al. 1986; Kubista
et al. 1988).

Chromatin condensation is induced by cations
such as Na®™ on Mg?* but also by spermine, sper-
midine, Mn?>*, Cu?*, Co?* (Sen and Crothers 1986),
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and recent studies have indicated that the structure of
the condensed chromatin is not independent of the
condensing ion (Widom 1986).

Here we present a study of the overall and internal
mobility of extended and compacted polynucleosomes
as it is reflected in the steady-state fluorescence polar-
ization anisotropy (FPA) of the intercalated ethidium
cation. Intercalating dyes have been shown to
bind primarily to linker DNA regions (Angerer and
Moudrianakis 1972; Paoletti et al. 1977; Genest et al.
1981; Kubista et al. 1985). The FPA therefore reflects
the torsional mobility of the linker DNA (Ashikawa
et al. 1983, 1985) as well as “segmental” mobility of
nucleosomes within the fiber, and also overall tum-
bling mobility of the polynucleosomes. The contribu-
tions of different motions can be extracted by compar-
ing the FPA of polynucleosomes and high molecular
weight (HMW) chromatin studied under the same
experimental conditions.

We have been particularly interested in differences
between polynucleosomes that are exposed to Na* or
Mg?* as condensing agents.

The effects of Mg?* have been studied by physical
methods. Thoma et al. (1979) prepared electron micro-
graphs, on which the degree of compaction can be
compared at different NaCl and MgCl, concentration
and recent studies have shown that chromatin conden-
sation by Mg?* produces larger aggregates of 30 nm
fibers which is not observed with Na* (Widom 1986).
Ashikawa et al. (1983, 1985) used the time-resolved
FPA decay of ethidium to measure the internal flexibil-
ity in high molecular weight chromatin for various
ionic conditions. McGhee et al. (1980 and 1983) used
electric dichroism to study the DNA arrangement
within the Mg?*-compacted fiber. Sen and Crothers
(1986) subsequently compared the effects of several
multivalent cations upon chromatin compaction. The
MgCl, induced compaction has also been studied us-
ing circular dichroism (Watanabe and Koujiro 1984),

We observe several differences in the effects of Na*
and Mg2™" on the internal and overall mobility, which
we attribute to a “tighter” packing with Mg?*. In par-
ticular, we note that Mg?* affects the mobility of poly-
nucleosomes that are too short to be condensed by
Na*. Furthermore, there is a continuous decrease in
the internal flexibility when excess salt is added after
formation of the 30 nm fiber. This decrease is not cor-
related with the simultaneously occurring intermolec-
ular aggregation (Sen and Crothers 1986). Finally, we
discuss an observed decrease in the stability of the
DNA /ethidium complex upon chromatin compaction.

Materials and methods

Materials. Ehrlich ascites cells were grown intra-
peritonally in mice, and nuclei from these cells were

prepared using a modification of a published (Lerner
and Steitz 1979) procedure: 9 grams (wet weight) of
cells were washed (2,000 g/5 min) in 150 ml 150 mM
NaCl, 10 mM Tris-HCl at pH 7.4, resuspended in
150 ml 140 mM NaCl, 1.5 mM MgCl,, 0.5% Nonidet
P40, 10 mM Tris-HCl at pH 7.5 and homogenized at
0°C with 10 strokes in a Dounce homogenizer. The
nuclei were isolated by centrifugation (3,000 g/20 min)
through a 50 ml sucrose cushion (0.8 M sucrose, 5 mM
MgCl,, 1% Nonidet P40, 10 mM tris-HCI at pH 7.5),
and resuspended in 20 m] digestion buffer (0.34 M su-
crose, 60 mM KCl, 15 mM NaCl, 1 mM CaCl,, 0.5%
Nonidet P40, 10 mM Tris-HCl at pH 7.4). 300 units of
micrococcus nuclease (Boehringer, Mannheim, FRG)
were added and the nuclei suspension was incubated
at 37°C for 15 min. The nuclei were reisolated by
centrifugation (5,000 g/5 min) and extracted with
10ml 1 mM EDTA at pH 8 and 0°C. The 10,000 g
(10 min) supernatant of this extract was laid on 10 mi
10-30% sucrose gradients (20 mM NaCl, 0.2 mM
EDTA) (1 ml sample/gradient) and run at 39,000 rpm
for 3 h in an SW40 rotor. 1 ml fractions were collected
from the top of the gradient and dialyzed for 16 h at
4°C against 0.25mM EDTA, and then overnight
against the experimental buffer (10 mM NaCl, 1 mM
sodium cacodylate, 0.1 mM EDTA at pH 7). Average
polynucleosome sizes were measured by running the
samples along with markers from a Hind ITI digestion
of lambda DNA on an agarose gel. The mono-
dispersity was estimated to within ~40% (90% mate-
rial) of the average polynucleosome length (Fig. 1).

Ethidium bomide (EB) was purchased from Sigma
Chemical Co. and dissolved in the experimental buffer
without further purification. Concentrations were de-
termined spectrophotometrically using the extinction
coefficient g,50 =13.2 x 10> M DNA base pairs ' cm™?
for the chromatin and &,,,= 5.6 x 103 for EB (Waring
1965). In preparing the chromatin/dye samples the
chromatin was added to a dilute dye solution to avoid
high local dye concentrations. The dye/DNA base pair
ratio was kept low (typically 0.015) to avoid distortion
of the chromatin conformation (Kubista et al. 1985).
The ionic strength was adjusted during the fluores-
cence titrations by adding small volumes of more con-
centrated NaCl and MgCl, solutions. The Mg?* con-
centrations referred to below have been corrected for
the presence of EDTA in the samples.

Calf Thymus (CT) DNA was purchased from
Sigma and dialyzed against the experimental buffer
without further purification.

Fluorescence measurements. Fluorescence polarization
was measured on an Aminco SPF-500 spectrofluo-
rometer using Polaroid sheet polarizers in the excita-
tion and emission paths. The steady-state fluorescence
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polarization anisotropy (r) was calculated from

_ Iy xG—Ipy
Fm——— 1)
Iy X G+21py
where I denotes fluorescence intensity, the subscripts
refer to vertical and horizontal positioning of the ex-
citation and emission polarizers, respectively, and
G =Igy/Igv corrects for polarizing effects in the emis-
sjon monochromator and the detector. The errors in
the FPA measurements are indicated as error bars
in Fig.3 (estimated standard deviations). The total
fluorescence intensity was taken to be proportional
to the denominator of Eq.(1). The temperature was
20+0.5°C in all experiments.
The FPA was corrected for contributions to the
depolarization from unbound dye molecules using the
relation

Iobs 77obs =fbound Ibound Fbound + (1 —fbound) Ifree ffree (2)

where I;,.. and 7., were measured separately at iden-
tical instrumental settings. The fraction of bound dye,
Joouna» Was calculated from the observed fluorescence
intensity, as described in the Results section.

Static light scattering was measured on the spec-
trofluorometer with both the excitation and emission
monochromators set on 700 nm.

Theory

Several effects contribute to the fluorescence depolar-
ization of ethidium intercalated in polynucleosome
fragments. First, the dye is not rigidly attached to the
DNA, but undergoes restricted librational motions
within the intercalative pocket with a correlation time
of ~100 ps (Magde et al. 1983). Second, there will be
a depolarization owing to the internal mobility in the
linker DNA segment (Ashikawa et al. 1983). This
mobility has previously been considered to be purely
torsional in character (Ashikawa et al. 1983, 1985;
Shibata et al. 1985), but there is recent evidence that it
may also contain some contribution of “out-of-plane”
mobility (Hard 1987). Third, there will be a “seg-
mental” mobility of the nucleosomes in the HMW
chromatin fiber and overall tumbling mobility of the
polynucleosome fragments. Finally, intramolecular
energy transfer between ethidium molecules inter-

)
«

Fig. 1. A Densitometer scans following gel electrophoresis of
two polynucleosome samples used in this study. The peaks corre-
sponding to the shortest oligomers and also the bands of some
of the “marker” DNA restriction fragments are indicated. The
average polynucleosome lengths of these two samples were
estimated as 24 and 5 nucleosomes (left and right curves, respec-
tively). B Histone content of a typical nucleosome preparation.
Coomassie-stained SDS-polyacrylamide gel
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calated in the same linker DNA segment will cause
additional depolarization (Genest et al. 1981).

Assuming that all these effects are uncorrelated, a
model of the time dependent FPA can be written
(Szabo 1984)

r{t)=ry(t) x ARF,, (3)
X ARFpr {(Py)” +(1 = {P,)%) exp(~—t/Tin )}

In this equation, ARF, and ARF;; are amplitude
reduction factors due to rapid dye librations and intra-
molecular energy transfer, respectively. ARF,, has been
experimentally determined (Magde et al. 1983). ARFg
will depend on the dye/DNA base pair ratio, and it will
approach unity (i.e. no effect) when this ratio is close to
zero. In this study ARFgy is obtained as the ratio of the
observed steady-state FPA to the FPA extrapolated to
zero dye concentration (Fig.6). The expression be-
tween the brackets in Eq.(3) is an approximate corre-
lation function for isotropic restricted internal mobil-
ity in the linker DNA and isotropic segmental nucleo-
some motions (Kinosita et al. 1977; Szabo 1984). The
parameters (P, and 1y, are the first (non-trivial) order
parameters due to the restricted mobility (Heyn 1979)
and the effective rotational correlation time, respec-
tively. The order parameter, (P, ), can be extracted
from recently published time-resolved FPA data
(Ashikawa et al. 1983, 1985).

The overall mobility of the polynucleosome frag-
ments cannot, in general, be considered to be isotropic.
In the case of cylindrical overall polynucleosome sym-
metry the anisotropy for the overall mobility, r,, (2),
is a triple exponential containing linear combinations
of the rotational diffusion constants, D and D, for
motions about the two principal cylinder axes. How-
ever, we cannot unambiguously distinguish between
these two rates of anisotropic macromolecular rota-
tions. Therefore, we introduce an “effective” correla-
tion time, t,,, to describe the overall polynucleosome
mobility, yielding

e (D)=2% exp(—t/tp). “@

In the expression for the steady-state FPA, to be
derived below, the effective correlation time is the
harmonic mean of the two correlation times for “cylin-
drical” overall mobility, 7, and 7, (Cantor and Schim-
mel 1983), ie.

1 t1/1 2
— =4 5
Ty 3 (r” T l) ©)
Under continuous illumination of the sample, the time
averaged anisotropy becomes

o0

F= [ (t)(1/1¢) exp(—t/zg) dt ©)

0

where 77 is the fluorescence lifetime. Integration of
Eq.(3) gives )

(P)* 1—<(P)?
14+te/tay 1 +T5/ T+t Tin

7=2x ARF, x ARFy; {

which will be used in the quantitative evaluation of the
overall polynucleosome mobility.

The difference in the correlation function for inter-
nal linker DNA mobility presented here and that of
Ashikawa et al. (1983, 1985) requires a comment. The
square of the order parameter, (B>, in our model is
identical to the a, parameter of the Ashikawa model.
The difference between the two models is that we use
an exponential to characterize the FPA decay, whereas
Ashikawa et al. use the non-exponential expression for
torsional DNA motions originally derived by Barkley
and Zimm (1979), and Allison and Schurr (1979). Ashi-
kawa et al. have shown that the non-exponential ex-
pression is a better approximation of the true FPA
decay of ethidium bound to the linker DNA when only
torsional motions are possible. However, two reasons
make us choose the other alternative (the single expo-
nential) in our analysis: i) Recently we showed (Hérd
and Kearns 1986 a, b) that the two alternatives lead to
very comparable results when the mobility is evalu-
ated from steady-state FPA data, and that there might
be some out-of-plane mobility in the complex (Hérd
1987). ii) The non-exponential formulation leads to a
very complicated steady-state FPA expression (J. M.
Schurr, Personal communication) that is difficult to
evaluate from experimental data.

Results
Fluorescence intensity and ethidium binding

Figures 2 A and B show the total fluorescence intensity
of intercalated ethidium upon addition of Na* and
Mg?*, respectively. The effect of increased ionic strength
is shown for three chromatin fractions containing frag-
ments of different lengths; 5 and 14 nucleosomes, and
HMW chromatin. In all cases there is a decrease in the
fluorescence intensity as the ionic strength is increased.
Time-resolved measurements (Ashikawa et al. 1983,
1985) show that the fluorescence quantum yield of
bound ethidium is not much affected in the ionic
strength intervals studied here. The observed decrease
in intensity can therefore be attributed to increasing
amounts of unbound dye at higher ionic strengths.
(The relative fluorescence intensity of quantitatively
bound ethidium is indicated in the figure.)

‘The binding constant at 10 mM NaCl is K=
1.0 x 10% M~ ! (Paoletti et al. 1977), and one can assume
the binding site density to be 0.5 x 20/160=0.0625
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Fig. 2 A and B. Fluorescence intensity of intercalated ethidium

as a function of NaCl (A) and MgCl, (B) concentration, for

polynucleosomes (5 nucleosomes (m) and 17 nucleosomes (e)),
HMW chromatin (a), and CT DNA (v). Excitation and emission
wavelengths 520 and 620 nm. The concentrations are 150 uM
DNA base pairs and 0.013 dye molecules/base pair. The inten-
sities of free and quantitatively bound ethidium are indicated

(DNA base pairs) ™! reflecting available binding sites
in the linker DNA in Ehrlich ascites cell chromatin
(Kubista et al. 1985; P.E. Nielsen, unpublished re-
sults). Using these data we calculated apparent bind-
ing constants at the higher salt concentrations from
observed fluorescence intensities. At 100 mM NaCl
the binding constant was 2.4 x 10° M ~! which com-
pares well with the 5-fold decrease in ethidium be-
tween 10 and 100 mM NaCl observed by Angerer and
Moudrianakis (1972) on sheared chromatin.

Note (in Fig.2) that ethidium in the shorter frag-
ment is less affected by NaCl addition than in the
HMW chromatin, whereas MgCl, addition affects the
ethidium binding equally in all chromatin fractions.

Fluorescence polarization of intercalated ethidium

The effects of Na* and Mg?™* addition on the FPA of
intercalated ethidium are shown in Figs.3 and 4. The
FPA has been corrected for contributions from un-
bound ethidium, as described in the Methods section.
(The uncorrected FPA values for the HMW fraction
are also shown in Fig. 3, for comparison.) Figure 3 A
shows the FPA of three chromatin samples (the same
samples as in Fig. 2) as a function of NaCl concentra-
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Fig.3A and B. Corrected FPA of intercalated ethidium as a
function of NaCl (A) and MgCl, (B) concentration (mM), for
polynucleosomes (5 nucleosomes (m) and 17 nucleosomes (o)),
HMW chromatin (a), and CT DNA (v). (The uncorrected data
for the HMW chromatin fraction are indicated with a dashed
line.) Experimental conditions as in Fig.1

tion. The FPA of the polynucleosome fragments is
lower than that of HMW chromatin indicating that
overall polynucleosome mobility contributes to the
depolarization. The FPA of the HMW fraction and
the longer polynucleosome fragments (17 nucleosomes)
increases with ionic strength, reflecting the decrease in
internal chromatin mobility that is a result of the intra-
molecular compaction from an extended fiber to a
condensed superstructure. This transition has a mid-
point in the interval 10~40 mM NaCl, and is complete
at 60 mM NaCl (Thoma et al. 1979; Widom 1986).
Note that the mobility continues to decrease as NaCl
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Fig. 4. Corrected FPA of intercalated ethidium as a function of
polynucleosome fragment length at 10 mM NaCl (e), 77 mM
NaCl (), and 10 mM MgCl, +0.18 mM MgCl, (m). Experimen-
tal conditions as in Fig.1

is added above this concentration. NaCl addition did
not significantly affect the FPA of the short polynu-
cleosome fragments (~ 5 nucleosomes long).

Figure 3 B shows the effect of MgCl, addition on
the FPA of the three chromatin fractions (all samples
also contained ~ 10 mM NaCl). Unexpectedly, Mg?*
drastically affects the FPA of all three samples. This
observed decrease in molecular mobility is not caused
by intermolecular aggregation, as will be shown below,
although such aggregation does occur at MgCl, con-
centrations above 0.2 mM (Sen and Crothers 1986).
The extended fiber to 30 nm fiber transition has been
shown to be complete at 0.2—0.5 mM MgCl, (Thoma
et al. 1979; Sen and Crothers 1986). A comparison
between FPA values in this concentration range and
those of the corresponding NaCl concentration inter-
val (40-60 mM NaCl) shows that the FPA is signifi-
cantly higher when compacted by MgCl,.

Figure 4 shows the FPA of polynucleosomes in 10
and 77 mM NaCl, and 10 mM NaCl+0.2 mM MgCl,
as a function of fragment length. This figure clearly
shows the different effects of Na* on pentanucleo-
somes versus the longer polynucleosomes. The mobil-
ity in the former sample is not much affected, whereas
the fragments in the latter are obviously being com-
pacted in 77 mM NaCl. Addition of Mg>™*, on the
other hand, drastically affects the mobility in both
samples.

Macroscopic aggregation at high Mg** concentrations

To monitor the extent of intermolecular chromatin
aggregation we measured static light scattering under
various ionic strength conditions. The effects of NaCl
and MgCl, concentration on the light scattering of

o 1L l__1 L 1
0 0.1 0.51.0 5 10mM
MgCl, Concentration

Relative Light Scattering Intensity

L 1
10 20 50 100 200 mM
NacCl Concentration

Fig. 5A and B. The effect of MgCl, (A) and NaCl (B) concentra-
tion on the light scattering intensity (turbidity) for polynucleo-
somes (o) (17 nucleosomes long), and HMW chromatin (a)

HMW chromatin and a polynucleosome sample are
shown in Figs. 5 A and B. The scattering is low at ionic
strengths below 80 mM NaCl and 0.2 mM MgCl,.
Above these concentrations there is a slight increase in
light scattering with NaCl, whereas additional MgCl,
causes a drastic increase indicating macroscopic ag-
gregation at MgCl, concentrations above 0.2 mM.
This critical MgCl, concentration agrees very well
with that observed by Sen and Crothers (1986) in
electric dichroism studies of chicken erythrocyte
chromatin (0.2 to 0.25 mM MgCl,). We did not observe
any length dependence in the aggregation of different
polynucleosome fragments (not shown).

Figure 6 shows the FPA and turbidity as a function
of time when the MgCl, concentration is increased
from 0.18 to 0.42 mM. It is obvious that the FPA
reaches its final value within the time resolution of the
measurement (a few seconds), whereas the light scat-
tering continues to increase for more than one hour.
We take this observation as an indication of un-
correlated microscopic and macroscopic condensa-
tions, i.e. the compaction within the chromatin fibers is
very rapid compared to the association of fibers to
each other.

Dye to dye energy transfer

Figure 7 shows the FPA as a function of the dye/DNA
base pair ratio for HMW chromatin at various ionic
strength conditions, and also for CT DNA. In the
chromatin samples energy transfer between dyes
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Fig. 7. Corrected FPA of intercalated ethidium as a function of
the dye/DNA base pair ratio for HMW chromatin at 10 mM
NaCl (e), 77 mM NaCl (a), and 10 mM NaCl+0.18 mM MgCl,
(m), and CT DNA (v) (10 mM NaCl)

located in the same linker DNA segment results in a
lower FPA, as previously shown (Genest et al. 1981).
Note that there are no significant differences in the
extent of energy transfer between the extended fiber (in
10 mM NaCl) and the compacted fiber (77 mM NaCl
or 10 mM NaCl+0.18 mM MgCl,), although the
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magnitude of the FPA differs between these samples.
We find that the amplitude reduction factor due to
energy transfer (ARFzr) equals 0.85-0.87 at 0.013
dyes/DNA base pair, independent of ionic strength
conditions. A shortening of the linker segment avail-
able for intercalation, upon compaction, is expected to
result in a higher rate of energy transfer because the
average distance between intercalated dyes would be
shorter. Thus, these observations are consistent with a
constant DNA linker length at the various stages of
chromatin compaction.

Discussion

We have shown that the internal chromatin mobility
decreases continuously when the extended fiber is com-
pacted by NaCl or MgCl,, and that the overall mobil-
ity of polynucleosome fragments is reflected in the
FPA. We find that an increased NaCl concentration
does not affect the mobility in fragments shorter than
6—~7 nucleosomes, as expected, but that MgCl,, rather
unexpectedly, does affect the mobility also in the
shortest polynucleosome fragments. Furthermore,
polynucleosomes and HMW chromatin form macro-
scopic aggregates at MgCl, concentrations above
0.2 mM, but the aggregation is uncorrelated with the
intramolecular chromatin compaction. We now dis-
cuss these effects in more detail to generate a picture of
how the internal chromatin flexibility is affected by
Na™* and Mg?™". In connection with this we make a
quantitative evaluation of the “tumbling” mobility of
the polynucleosome fragments. We also note an inter-
esting correlation between the internal chromatin
DNA mobility and the ethidium binding constant.

Continuous 10—30 nm fiber transition

We find that the FPA increases continuously upon
NaCl and MgCl, addition, and we interpret this effect
as a continuous decrease in the internal chromatin
mobility as the extended fiber is being compacted
(Finch and Klug 1976; Butler 1983; Williams et al.
1986). Electron micrographs obtained at different
NaCl concentrations (Thoma et al. 1979) show that
the chromatin fiber is extended in 10 mM NaCl and
fully compacted in 60 mM NaCl. Therefore, one might
have expected to observe a more pronounced “phase”
transition in the FPA data. However, continuous be-
haviour upon condensation is also observed in sedi-
mentation studies (Butler and Thomas 1980), where the
sedimentation coefficient of polynucleosomes (in the
size range 6.5—-45 nucleosomes) show a power-law de-
pendence between 5 and 125 mM NaCl, and also in
light scattering studies (Marion et al. 1981; Fulmer and
Bloomfield 1982).
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A reasonable explanation of these continuous
changes is that the flexibility within the fiber also con-
tinues to decrease after 30 nm fiber formation. One
may visualize this as an initial formation of a “loose”
fiber as seen on electron micrographs. The fiber is then
further compacted as the ionic strength is increased,
although its diameter is essentially unchanged.

Overall polynucleosome tumbling

The lower FPA of the polynucleosomes compared to
the HMW chromatin is due to larger overall rota-
tional mobility of the polynucleosome fragments, and
a quantitative evaluation of this “tumbling” mobility
at different ionic strength conditions can be made. The
different parameters of Eq.(7) for the various condi-
tions are listed in Table 1. The amplitude reduction
factor due to dye wobbling, ARF,,, is assumed to be
the same as in the non-nucleosomal DNA, i.e. ARF,, =
0.925 (Magde et al. 1983; Shibata et al. 1985), and the
amplitude reduction factors due to energy transfer
ARF;; are obtained from Fig, 6, as explained in the
Theory section. The fluorescence lifetimes of inter-
calated ethidium, t5, and the order parameters, (B>,
for the restricted internal mobility are taken from the
time-resolved fluorescence studies of Ashikawa et al.
(1985).

The correlation times, 1y, for overall polynucleo-
some mobility (tumbling times) are calculated in the
following way. The correlation times for the internal
chromatin mobility, t,,, are calculated from the FPA
of the HMW DNA with the assumption that t,, > 7;,,
(Ashikawa et al. 1985). The tumbling times of the poly-
nucleosomes are then calculated assuming that the
internal chromatin mobility is unchanged in the poly-
nucleosome fragments. The results are shown in
Table 2. Also indicated in this table are the expected
fiber dimensions for Ehrlich ascites cell chromatin
(linker DNA length of 20 base pairs) according to Wil-
liams et al. (1985), and the effective rotational correla-
tion times for anisotropic rotations of the correspond-
ing rigid bodies (oblate and prolate ellipsoids with the
same volume as the solenoid) (Cantor and Schimmel
1980). The tumbling times of the extended fragments
are, in general, longer than in the compacted state.
This is reasonable, because an elongated body is ex-
pected to rotate more slowly than a more spherically
shaped one with the same volume.

All experimental tumbling times in the compacted
state are significantly shorter than expected for rigid
overall tumbling. This could indicate that the calcu-
lated overall solenoid dimensions are too large. How-
ever, this is not likely, because it does not seem to be
possible to pack the fragments within a volume small
enough to bring calculated and rotational rates in
agreement. Also, alternative models of the 30 nm fiber

Table 1. FPA parameters for HMW chromatin under various
ionic conditions

10 mM NaCl 77 mM NaC(l 0.2 mM MgCl,
Tp? 23.6 ns 233 ns 233 ns
ARF, " 0.925 0.925 0.925
ARF, 0.84 0.86 0.86
(Pt 0.775%¢ 0.8244 0.842¢
FPAvw 0.2564 0.2740 0.2756
1, 6.7 6.2 42

Ashikawa et al. (1985) (values for chicken erythrocyte chro-
matin)

b Magde et al. (1983)

¢ 1 mM Tris, 0.2 mM EDTA, pH 7.5, T=20 °C

¢ 1 mM Tris, 0.2 mM EDTA, 50 mM NaCl, pH 7.5, T =20°C
¢ 10mM Tris, 10mM NaCl, 047mM MgCl,, pH 75,
T=20°C

Table 2. Correlation times for overall polynucleosome tumbling

Poly- Conditions Rotnl. corr. time  Fiber dimensions

nucl. v/ 1S nm
Length/
nuclsms (exp.) (calc) diameter length

8 10 mM NaCl 1.0
77 mM NaCl 0.5

0.2mM MgCl, 1.0 31 24 17
14 10 mM NaCl 1.3
77 mM NaCl 0.7

0.2 mM MgCl, 1.5 33 24 30
24 10 mM Na(l 3.8
77 mM NaCl 1.4

0.2 mM MgCl, 23 54 24 51
40 10 mM NaCl 4.6
77 mM NaCl 1.8

02 mM MgCl, 28 9.7 24 86

(e.g. Finch and Klug 1976) have similar dimensions.
Therefore, the polynucleosomes must possess some in-
ternal mobility, i.e. “segmental” motions of the nucleo-
somes within the fragment. Note that the segmental
mobility that is present also in the HMW chromatin
has already been accounted for in 7, , because 7, was
assumed to be very large in the HMW chromatin.
Consequently, there is some “extra” internal flexibility
in the polynucleosomes. The effect might be caused by
an insufficient number of stabilizing internucleosome
contacts in the fragments. Furthermore, there is less
internal mobility when the fragments are compacted in
MgCl, (0.2 mM) than in NaCl (77 mM) as judged
from the longer tumbling times, although electron
micrographs indicate the same “degree of compac-
tion” in the two cases (or even more compaction in the
NaCl compacted fragments) (Thoma et al. 1979). This
observation is further discussed below.



Tighter chromatin packing with Mg**

We observe several differences in the action of Mg?™
and Na* in comparing the chromatin fiber (apart from
the fact that Mg?* is active at much lower concentra-
tions than is Na™). i) MgCl, affects the mobility in
polynucleosome fragments that have been shown to be
too short to form a compact fiber structure with NaCl
(Butler and Thomas 1980; Marion et al. 1981; Marion
1984; Chauvin et al. 1985). It is not clear whether or
not these fragments are being compacted by Mg?* or
if the linker DNA mobility is reduced while the frag-
ment is still the extended form. ii) The internal mobility
is lower in the MgCl, compacted fibers at the critical
ionic strengths for solenoid formation. Electron micro-
graphs show that the “degree of compaction” is the
same in samples containing 40 and 60 mM NaCl, as in
samples with 0.2 and 0.5 mM MgCl,, respectively
(Thoma et al. 1979). A comparison between the FPA
data in Figs. 2 A and B shows that the internal mobili-
ty in the HMW fiber is significantly lower with Mg?*
at these two corresponding ionic conditions. iii) The
same effect is observed in the polynucleosome frag-
ments, as judged from the calculated tumbling times in
Table 2.

On the basis of these observations we suggest that
Mg?* forces the chromatin fiber into a “tighter” con-
formation, i.c. conformation with less internal flexibility,
than does Na™. Thus, the extent of internal chromatin
flexibility depends on both the ionic strength and the
particular counterion by which it is being condensed.
This behaviour is in accordance with the continuous
decrease in internal fiber mobility upon condensation,
as well as the synergistic effects of different multivalent
cations discussed by Sen and Crothers (1986).

Using only the present data it is difficult to give a
detailed mechanism for the tighter chromatin packing
with Mg?*. It is likely however, that Mg?* stabilizes
the fiber by promoting DNA-DNA interactions be-
tween consecutive linker DNA segments. Such a mech-
anism might also explain why the shortest polynucleo-
somes seem to be compacted by Mg?*: With Na ™, the
limited number of internucleosome contacts are not
enough to stabilize a 30 nm fiberlike conformation,
whereas Mg?* ions also might provide specific
“bridges”, binding neighbouring linker DNA segments
to each other. The effect is supported by recent studies
of associated/aggregated DNA fragments (Hird and
Kearns 1986), where Mg?™*, but not Na*, are found to
stabilize the aggregates.

Several models for the structure of the 30 nm fiber
have been proposed during the past decade. On the
basis of the orientation of the nucleosome cores
(roughly parallel versus perpendicular to the fiber axis)
and the path of the linker DNA (supercoiled versus
straight “cross-wise”), they may be divided into four
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categories. The original solenoid model by Finch and
Klug (1976) later refined by McGhee et al. (1980, 1983)
have supercoiled linkers and parallel nucleosomes.
“Cross-wise” linker models with perpendicular nucleo-
somes have been proposed by two groups (Makarov
et al. 1985; Nielsen 1985; Kubista et al. 1988) while
“cross-wise” linker models having parallel nucleo-
somes were suggested by Williams et al. (1986) and
Bordas et al. (1986). Finally Worcel et al. (1981) sug-
gested the twisted ribbon model in which the cross-
wise linkers do not traverse the center of the 30 nm
fiber and which have nucleosomes parallel to the fiber
axis.

Our results are in agreement with those of Bordas
et al. (1986), Makarov et al. (1987), Gerchman and
Ramakrishnan (1987) and Greulich et al. (1987), indi-
cating that the 10—-30 nm fiber condensation is a con-
tinuous process not including distinct phases. Further-
more, the compaction by Mg?* suggests a model with
close linker-linker interaction, stabilized by “Mg?*™-
bridges”. Thus our results support accordion models
(Makarov et al. 1985; Nielsen 1985; Bordas et al. 1986;
Williams et al. 1986; Kubista et al. 1988). On the basis
of our flow linear dichroism results (Tjerneld et al.
1982; Matsuoka et al. 1985; Kubista et al. 1985;
Nielsen et al. (in preparation)) and similar results by
Makarov et al. (1983, 1985, 1987), we favour the model
with the nucleosome cores almost perpendicular to the
fiber axis (Nielsen 1985; Kubista et al. 1988).

Correlation between chromatin mobility
and ethidium binding

The extent of ethidium binding is reflected in the
fluorescence intensity, and an apparent binding con-
stant can thereafter be caiculated from intensity data
as shown above. Figure 8 is a plot of the corrected
FPA of the HMW chromatin versus the apparent
binding constant at different NaCl and MgCl, concen-
trations. The plot reveals a correlation between the
mobility of the intercalative complex and the binding
constant. The correlation seems to be similar for Na*
and Mg?™, as judged from the “overlap” of the plotted
data points. The same effect is observed with the
polynucleosome fragments: Figure1 shows that the
fluorescence intensity is less affected by NaCl addition
in the shortest fragments (5 nucleosomes), in which the
mobility, too, is unaffected. MgCl, addition, on the
other hand, affects the fluorescence intensity, and sub-
sequently also the mobility, in all fragments.

The following argument might provide a physical
explanation to the observed effect. The torsional rigid-
ity of the linker DNA increases upon compaction of
the chromatin fiber, as shown here and in the studies
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Fig. 8. Corrected FPA as a function of the apparent ethidium
binding constant for HMW chromatin at various NaCl (e) and
MgCl, (a) concentrations (see text for details}

of Ashikawa et al. (1983, 1985). Therefore, more energy
is needed to produce the DNA unwinding that is a
prerequisite for intercalation, and the energy differ-
ence is reflected in a lower binding constant of the
intercalative complex. In this way there will be a direct
correlation between DNA torsional mobility and
ethidium binding. However, the effect might also be a
consequence of the larger shielding of the negatively
charged DNA phosphates at increased salt concentra-
tions. Since the shielding is coupled to the ionic
strength it is also correlated with the decreased
flexibility and the dye binding.

Conclusions

Polynucleosomes and chromatin fibers are continu-
ously becoming less flexible at increasing ionic
strength (5-120 mM NaCl and 0—6 mM MgCl,), and
the internal flexibility of chromatin in the compacted
conformation can be further suppressed by addition of
“excess” salt. Compacted polynucleosome fragments
exhibit more internal flexibility than do compacted
high molecular weight chromatin fibers.

Chromatin fibers and polynucleosome fragments
compacted by Mg?* are less flexible than those com-
pacted by Na™ at comparable degrees of 30 nm fiber
formation. Moreover, Mg2* affects the internal mo-
bility in polynucleosome fragments shorter than 6—7
nucleosomes, which are too short to be compacted by
Na™*. On the basis of these observations we suggest
that the chromatin is packed in a more “tight” con-

formation by Mg?*. The more rigid conformation is
possibly caused by Mg?*-promoted interactions be-
tween consecutive linker DNA segments in a cross-
wise 30 nm chromatin fiber.

Macroscopic aggregates are formed at Mg?™* con-
centrations above 0.2—0.3 mM. However, the aggre-
gation is uncorrelated with the more rapid intramolec-
ular compaction.

Finally, we note a correlation between the ethi-
dium binding constant and the internal chromatin
flexibility. We point out that the correlation may arise
from the lower torsional and “unwinding” flexibility of
linker DNA segments in compacted chromatin fibers.
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