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ABSTRACT. The salt-induced chromatin condensation in chicken erythrocyte nuclei is studied by differential
scanning calorimetry (DSC). The degree of chromatin condensation is measured for condensation induced
by monovalent, divalent, trivalent, or tetravalent cations and by a mixture of sodium and magnesium.
These last two cations show an evident competition effect. Salt-induced chromatin condensation is shown
to be an entropy-driven process. A simple model of chromatin based on the polyelectrolyte counterion
condensation theory is used in order to compute the charge neutralized by the cations in each chromatin
domain. The degree of chromatin condensation is shown to be related to the weighed sum of the square
of the phosphate charge of each domain. The model predicts the salt and the chromatin concentration
dependence of the condensation and the effect of H1 removal.

Chromatin adopts different degrees of compaction depend-an electrostatic repulsive force between the negatively
ing on the cation concentration. An increase of the ionic charged phosphate groups. Several authors have already
strength provokes the transition of the fiber from an extended suggested that the main contribution originates from elec-
10 nm fiber to the compact 30 nm fiber [for a review, see trostatic interactions (Widom, 1986; Clark & Kimura, 1990;
Widom (1989)], which was described as a solenoid composedSubirana, 1992). In order to understand the mechanism of
of 6 nucleosomes per turn with a 110-A pitch (Finch & Klug, the cation-polyelectrolyte interactions, several theories have
1976) but is now suspected not to be as regular as previouslyalready been applied to DNA, such as the Monte-Carlo (Le
thought (Zlatanova et al., 1994). The folding process was Bret & Zimm, 1984), Poisson-Boltzmann (Jayaram et al.,
studied by numerous methods, but in most of the techniques,1989) and Manning (1978) theories. However, treating
preparative steps, such as chromatin extraction from nucleichromatin in terms of cationpolyelectrolyte interactions is
for spectroscopy or fixative treatments for electron micros- more difficult, as the presence of histones and the complex
copy or X-ray scattering, perturb the chromatin structure and three-dimensional structure should be taken into account.
may cause artifacts. Furthermore, the above methods onlyManning theory, which is computationally the simplest, could
afford a measure of an average contraction ratio of the fiber seem the less adequate for treating chromatin because it is,
(e.g., by sedimentation analysis or light scattering). Dif- strictly speaking, valid only for an infinitely long line of
ferential scanning calorimetry (DS©9an be used to study charges in an infinitely diluted 1:1 salt. However, it was
the chromatirin situinside nuclei or even inside whole cells  shown that it gives correct results for finite length polyelec-
(Touchette & Cole, 1985) and offers a direct determination trolyte (Fenley et al., 1990), curved line charges, and helical
of the proportion of chromatin in different condensation states line charges (Fenley et al., 1992) in the presence of BNA
(Barboro et al., 1993). Nevertheless, probably due to a protein contact (Manning et al., 1989) and that under certain
previous controversy in thermogram interpretation that is now conditions it is equivalent to the theoretically more correct
definitely resolved (Cavazza et al., 1991), no extensive study Poisson-Boltzmann theory (Fogolari et al., 1993; Rajasekaran
of the effect of salt on chromatin condensation has been& Jayaram, 1994). Widom (1986) showed that chromatin
carried out by DSC up to now. condensation can be qualitatively interpreted in terms of

It is essential to have some understanding of the physi- Manning theory. In a very interesting quantitative treatment,
cochemical mechanisms underlying chromatin condensation.Clark and Kimura (1990) showed the existence of a relation-
The stability of the condensed chromatin structure is the ship between the degree of chromatin condensation and the
result of two opposing forces: an attractive force due to the electrostatic free energy of DNA. However, there were
formation of interprotein bounds, interactions from the limitations to their theoretical approach because they com-
transient dipoles resulting from concentration fluctuations puted the electrostatic free energy by treating chromatin as
in the counterion atmosphere (Marquet et al., 1991), etc. anda line of charges and they took into account DNA neutraliza-

tion by the different histones through a global neutralization
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neutralization factor for each domain. As the interdomain T - T -
distances are sufficiently large, each domain can be treated
separately. The electrostatic energy is the sum of the
electrostatic repulsions between the residual phosphate
charges of each domain.

A

0.5 kJ/K.mole bp

EXPERIMENTAL PROCEDURES

Preparation of Chicken Erythrocyte NucleBlood was
collected from freshly killed chickens, filtered on cheesecloth,
and dissolved in 1.5 vol of citrate buffer (0.76% sodium
citrate, 1%p-glucose, 0.5 mM PMSF, pH 7.4). The solution
was centrifuged at 9@D for 20 min. The pellet was
repeatedly washed with DM (75 mM NacCl, 24 mM Na
EDTA, 5 mM NaHSQ, 1 mM PMSF, pH 7.8) containing A §

0.5% (v/v) Triton X-100 and then centrifuged at 5@00r PR yeas 20
15 min until the pellet was totally white. The pellet was
then washed at least three times with DM, under the same
conditions, and resuspended in DM containing 50% (v/v) B
of glycerol. The nuclei can be kept in this solution-&20

°C for several months. The pellets were washed three times
with buffers containing sodium cacodylate (pH 6.5) and the
required salt concentration. They were equilibrated for 20
min in the buffer and then centrifuged at 4@Xor 10 min.

The samples (about 15 mg) were then sealed in a small
volume (20uL) aluminium DSC pan.

Calorimetry. The DSC experiments were performed on
a Solomat 4000 at a scanning rate of A0/min. The
thermograms were recorded on a personal computer directly
connected to the calorimeter. The heat capacity was T w 100 120
computed from the heat flow using a program furnished by Temperature °C

the Solomat Company (Stamford, CT). A linear baseline Ficure 1: (A) Differential scanning calorimetry thermogram of

was subtracted from the heat capacity versus temperaturgicken erythrocyte nuclei in the presence of 150 mM NaCl and
thermogram, which is then numerically deconvoluted by 600xM MgCl,. The continuous line is the experimental profile,
fitting a sum of Gaussian curves using a Marquardt- the dotted lines are the deconvoluted Gaussian endotherms, and

Levenberg algonthm To determ|ne the DNA ConcentratlorL the dashed line |S the sum of the .Gaussian endotherms. (B) DSC

the sample was dissolved in 1 mollL NaOH, and the thermograms of six samples of chicken erythrocytes nuclei in 150
. ! M NaCl.

absorbance of the solution was measured at 260 am ( mvi a

11 000 cm M1). This simple and widely used method

(Butler, 1980; Thomas & Khabaza, 1980; Bates et al., 1981;

Thomas & Rees, 1983) was shown to be very reliable (RussOnfijence interval of 5% for the relative area of the

etal, 199_5)' ) ) ) endotherms. The reproducibility and the accuracy of the
Resolution of Manning EquationsThe solutions of the  psc experiments were tested by repeating some experiments
Manning eqs were computed numerically using a modified gjy times as shown in Figure 1B. The experimental standard
Marquardt-Levenberg algorithm. The phosphate concentra-yeyiation of the DSC curves is 5%. The DSC thermogram
tion in the chromatin solution was equal to"$M in the is very sensitive to any DNA digestion. Barboro et al. (1993)
calculations. have shown that the minimal chain length that gives a DSC
RESULTS signal at 107°C is 2 kilobase pairs. The preparation
procedure using DM buffer is known to give intact high
In a typical thermogram of chicken erythrocyte nuclei molecular weight chromatin in a state very similar to that
(Figure 1), three main endotherms are observed around 80found in whole nuclei and nondegraded histones as already
°C [labeled Ill by Balbi et al. (1989)], 90C (labeled 1vV),  extensively shown by polyacrylamide and agarose gel
and 107°C (labeled Va) that are attributed unambiguously electrophoresis (Balbi et al., 1989; Cavazza et al., 1991;
to the denaturation of linker DNA, of core particle DNA in  Russo et al., 1995).
extended structure, and of core particle DNA for core  Dependence of Endotherm Temperature on lonic Strength.
particles interacting in condensed structures, respectively [for The temperature of transition Il in chicken erythrocyte
a review, see Balbi et al. (1989) and Cavazza et al. (1991)]. chromatin is higher than that reported by other authors for
The number of endotherms can be determined by simplerat hepatocytes (Barboro et al., 1993), calf thymus (Cavazza
visual inspection. Obviously, an increase of the number of et al., 1991), and HelLa cells (Touchette & Cole, 1992),
Gaussian components would improve the fit quality, but no indicating that the linker DNA is more stable toward thermal
physical interpretation can be attributed to the supplementarydenaturation in chicken erythrocyte than in other chromatin
Gaussians. The deconvolution of the thermograms with thetypes. The partial replacement of histone H1 by the H5
minimum number of endotherms is unique, and the param- variant in avian erythroid cells, which is known to bind more

Cp kJ/K.mole bp

Temperature °C

1 kJ/K.mole bp

C, kW/K.mole bp

eters are precisely defined as indicated by the small
confidence interval for the temperature in most cases and a
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3 (left panels). When the sodium concentration increases
from 60 to 80 mM, the areas of endotherms IV and Va
1 kJ/K.mole bp change from 45% of the total surface each to 30% and 60%,
respectively, as a result of chromatin condensation, and the
relative surface of endotherm IIl, which is only a small
fraction of total enthalpy, is relatively independent of ionic

A strength (Figure 3A). Any loss of enthalpy in endotherm
IV is compensated for by a proportional increase of endo-
B therm Va (i.e.,AHy + AHy = constant), indicating that
C
D
\/\/_/\

the condensation process is entropy drivéid{,ng = 0).

The same effect is observed with cations of higher charge.
The divalent cations calcium and magnesium induce con-
densation when their concentrations are greater tham 60
(Figure 3B,C), the trivalent cations terbium and spermitiine
induce condensation when their concentrations are above 75
uM (Figure 3D,E), and the tetravalent spernfininduces
condensation when its concentration is above/BO(Figure

3F). This suggests two remarks in agreement with Manning
theory: first, the greater the cation charge, the smaller the
concentration required to induce condensation; second, the

C, (kiA.mole bp)

\\ F final value of the degree of condensation and the cation
T T T T T concentration inducing condensation are independent of the

70 80 0 100 110 120 nature of the cation and depend only on its electrical charge
Temporature °C (compare Figure 3, parts D and E, where the difference

FicurRe 2: Differential scanning calorimetry thermograms of Detween the concentrations inducing condensation is at most
chicken erythrocyte nuclei in DM buffer in the presence of NaCl 10uxM). On the contrary, it was reported that precipitation
(A) 150, (B) 120, (C) 80, (D) 60, (E) 40, and (F) 20 mM. of 50% DNA requires twice as much spermidihas T"
(which is significantly different from what is observed here)
tightly to long DNA fragments (Kumar & Walker, 1980; pecause exclusion volume effects due to the larger size of
Thomas & Rees, 1983) than H1 and is supposed to bethe spermidin& molecule diminish the phosphate neutral-
responsible for the stability of the highly condensed state of jzation degree (Flock et al., 1995). However, in chromatin,
chicken erythrocyte chromatin (Bates et al., 1981), results the phosphate groups are neutralized nearly at 50% by the
in an increase of the thermal stability of the linker DNA.  hijstones, and thus the impact of counterions on condensation
The linker histone will have few effects on the thermal s greatly reduced, explaining the observed insignificant
stability of the core DNA as it is already mainly stabilized difference between the two trivalent cations. Marquet et al.
by the core histones, leavingyTand T, unchanged. (1988) also observed that the 3Tkconcentration needed to
The evolution of chicken erythrocyte nuclei thermograms induced 50% precipitation of chicken erythrocyte chromatin
as a function of sodium chloride concentration is shown in is twice the corresponding spermidifieconcentration. The
Figure 2. The variations of the temperature of endotherms lower efficiency of TB" for chromatin precipitation than for
IV and Va as a function of the concentration of different chromatin condensation has already been reported and
cations are shown in Figure 3. The slope of the regressionexplained by its affinity for the N-7 of guanine (Marquet et
lines passing through the points is not statistically different al., 1988).
from zero [for details about the statistical test, see Himmel-  The invariance of the temperature and of the total enthalpy
blau (1970)], and thus the temperature of transitions IV and with salt concentration indicates that chromatin condensation
Va are independent of the cation concentration. As ais a linear process. The enthalpy of endotherm Va is
consequence, the chromatin can be considered, from aproportional to the amount of condensed chromatin and the
thermochemical point of view, as a two-state linear system sum AHy, + AH,y is proportional to the total amount of
undergoing change from a decondensed state to a condensechromatin in the nuclei. The condensation ratio
state.
Dependence of Endotherm Enthalpy on lonic Strength. d= AHy, (1)
The total denaturation enthalplr = AHy + AHy + AH,, + AH,,
AHy) of DNA in chromatin is not dependent on the salt
concentration and is equal tdHr = 26 + 4 kcal/mole  represents the proportion of condensed chromatin in the
nucleotides. In order to study chromatin condensation, the nucleus. Figure 4 collects data relative to the sodium
relative area of transitions IV and Va is determined rather magnesium competition experiments. When the magnesium
than their absolute enthalpy, this reduces the experimentalconcentration is below 200M (Figure 4A,B), an increase
error due to the knowledge of the total amount of DNA of the sodium concentration over 80 mM changes the
present in the DSC pan. condensation ratid from 60% (a value that is higher than
As the sodium concentration decreases, the area of pealat 0 uM MgCl,, indicating that the presence of a small
Va decreases relatively to peak IV, leading at low salt magnesium concentration causes a partial condensation of
concentration to a broad band with poorly resolved peaks chromatin) to 80%. At 20kM magnesium (see Figure 5
(Figure 2). The variations of the relative areas of transitions for thermograms), an increase of sodium concentration from
IV and Va with cation concentration are reported in Figure 1 mM (where the chromatin is totally condensdds 80%,
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Ficure 3: Evolution of the peak temperatur®, right panels) and relative area (%, left panels) of the deconvoluted Gaussian endotherms
of DSC thermograms of chicken erythrocyte nuclei as a function of cations concentration: (A) NaCl, (B)(Ca®1gCh, (D) spermidiné",

(E) ThCk, and (F) sperminfe. Circles: endotherm IV; squares: endotherm Va; triangles: condensation datideftical bars are the
confidence intervals on the temperature parameter.

Figure 4C) to 80 mM induces chromatin decondensation. A model, provided the DSC measurements are carried out at
further increase in sodium concentration provokes chromatin the thermodynamical equilibrium by equilibrating the nuclei
recondensation, indicating a clear competition between with the buffer during 20 min before measurements. The
sodium and magnesium cations, in agreement with Manning counterion atmospheres of both condensed and decondensed
theory and with the sodiummagnesium phase diagram states are assumed to contain the same number of counte-
drawn by Widom (1986). Above 40@M, chromatin is rions. This assumption is correct if (1) DNA bending does
totally condensed at any sodium concentrations (Figure 4D not cause a change in the amount of “bound” cations, which
G), and the addition of sodium has nearly no effect on the was shown previously to be the case (Fenley et al., 1992);
degree of chromatin condensation. It can be concluded that(2) when two DNA molecules are brought close together,
a condensation ratid of 50% is characteristic of decon- there is no mutual perturbation of their counterion atmo-
densed chicken erythrocyte chromatin and that 80% is spheres, which is the case for distances greater than the radius
characteristic of the condensed state. Thus, the so-calledbf the Manning condensation volume, i.e., approximately 1.4
decondensed chromatin in the nuclei is not totally extended nm. The equilibrium is characterized by a Gibbs free energy
as it still has 50% of its structure that melts in endotherm AG°cong per nucleotide:
Va: there are already some interactions between nucleo-
somes, in agreement with the results of the scanning force
microscope experiments of Zlatanova et al. (1994), who
showed that even in the absence of salt the fiber is organized
in a three-dimensional array of nucleosomes. In the case ofThe AG°jonic term depends on the amount of counterions near
calf thymus chromatin, the condensation ratio of the decon- the polyelectrolyte. ThAG°onionic term, independent of the
densed and condensed states are respectively 25% and 65%mount of counterions localized near the polyelectrolyte,
(Cavazza et al., 1991). Thus, calf thymus chromatin is less takes into account all the contributions to the free energy
condensed than chicken erythrocyte chromatin, probably that are not due to the electrostatic repulsion between
because of the absence of H5 histones in the former. phosphate groups. As salt-induced chromatin condensation
is essentially an electrostatic process (see above), the
DISCUSSION variation of AG°nenionic With cation concentration is negligible
Modeling of Chromatin CondensatiorChromatin con-  With respect to the variation &G onic, and the second term
densation is modeled as a two-state equilibrium between aWill thus be supposed to be constant in future discussion.
condensed and a decondensed state even if it has been DNA in chromatin is modeled as being divided into three
reported not to be precisely the case. For example, DSCdomains. Domain | is linker DNA, free of contact with
experiments (Cavazza et al., 1991) show that uncondensecdhistones and containing Nucleotides. As itis located inside
chromatin AH,) is transformed in about 20 min into a the condensed fiber (Zlatanova et al., 1994; Bartdlahe
condensed stateAHy,) by passing transiently through a al., 1994; Labarbe et al., 1996), contacts between DNA and
semicondensed intermediate (revealed by an endothétm non-histone proteins are unlikely; hence, the fraction of
at 100°C). However, the kinetic intermediate does not have phosphate charges neutralized by the proteing, is= 0.
to be taken into account in the theoretical thermodynamic Domain 1l is the part of linker DNA, containing N

d
1-d

AGOCond: —kT |n( ) = AGOIonic + AGONonionic (2)
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Ficure 4: Condensation ratiaf of chicken erythrocyte nuclei as whered?; IS the phosphate Charge of the linker ﬂdR)_ IS

a function of sodium chloride for different magnesium chloride & geometrical factor depending on the radiusf bending
concentrations: (A) 50, (B) 100, (C) 200, (D) 400, (E) 600, (F) of the DNA. In order to condense chromatin, it is necessary
800, and (G) 80&M. Same symbols as in Figure 3. Vertical bars  to decrease the distance between negatively charged DNAs
are the confidence interval on the temperature parameter. of the nucleosomes of successive turns of the fiber, thus
resulting in a free energy of electrostatic repulsion between
phosphates of domains I, Il, and [ING®|, AG®,, andAG®y;,
respectively. From general electrostatic considerations (Strat-
ton, 1941), the free energy of electrostatic repulsion between
two DNA fragments of length.; andL, and of chargey;
andag is given by

nucleotides, that is partially neutralized by the basic histone
H1, resulting in a reduction of the negative charge of the
phosphate#, = 0.58 (Clark & Kimura, 1990). In chicken
erythrocyte chromatin, N= 92 and N = 40 (Thomas, 1984;
Van Holde, 1988). Domain lll is core DNA, is composed
of Ny = 292 bases, and has a fraction of phosphate charge
neutralized by core histonél, = 0.447 (Clark & Kimura,

X 4 ; ! [,dl
1990). The molar fractiongomainof Nucleotides in a domain AG®, = 4% L f L, dhdl; _ W% F(D,) (6)
are Aeqe”0 VO LiLory,  Amege,
N wheren =, Il, or lll, ry»is the distance between the element

Domain (3)

XDomain — —N| TN, + N, dl; anddl,. The integral term depends on the exact geometry

of the system and has been collected in a geometrical factor
where the subscript Domain is I, II, or Ill. The electrostatic F2(Pn) depending on the distandg, between the DNA
contribution AG®enc to the chromatin condensation free fragments in domaina. Combining egs 46, one obtains

energy per nucleotide is thus 1 , i
AG®\nic = 7—— (0 d" F(R)TH 07 (D) U

AG® i = drrege,
0AG gending T NAG + x AG® + 2, AG®, (4) X||q2|| [Fo(Dy) T C12||| [F,(D,,)B(7)
Domain | has a contribution due to the free enef§¥’sending Since the structure of the chromatin is not perfectly regular,

required to bend a linker in condensed chromatin fiber. From it is necessary to use average geometrical fadf(R) Cand
egs 3 and 6 in Fenley et al. (1992), it can be deduced that[F(D)[to take into account the local geometrical variations.

the bending free energy of DNA is equal to As a first approximation, we shall assume that, on average,
the factors(F0should be equal for each domain (We are

AG®gonging= qu,Fl(R) (5) developi_ng a model_describing the condensed structure of

Arre e, chromatin and carrying out numerical computations of the
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different geometrical factors in order to avoid this ap- A
proximation). Equation 7 can thus be approximated by 6.0
5.5
. o ~ 5.0
AG lonic — 4J'E€0€rq Tot (8) “'g 45
£ 40
where B 35
“ 30
2 _ 2 2 2 .
Aot = [29%0 + 9o + Q] 9) 25
with g, the residual phosphate charge in domaino?ro; is 20 o2 163 rerd  1a+s
not an average charge. From a physical point of view, it [Cation] uM
cannot even be defined as a charge (it is the sum of the square
of charges, not of charges): this term is only a short way to 500 - ;
indicate that the total free energy is the weighed sum of the 1o _7 d \ \
electrostatic contributions from each domain. However, for Jp— 434

concision, we will refer taj?ro; as the “total square charge”. 400 7Y/ f4183 / \
[(F(s a geometrical factor that depends on the exact positions 350 % 3 R adnl_

of the interacting charges (units, ®), ¢, is the vacuum 300 _/“2/ ‘ \ \
permittivity, ande; is the dielectric constant of the medium. / — o:

The double contribution of domain | (bending and electro-
static repulsion) to the total free energy is taken into account

[MgChj uM
1\\\,“
/
5

by the factor 2 in the first term of eq 9. The residual charge 150 —{—* \
g (N =1, 11, or lll) on a DNA domain is equal to 100 ———49 T 4T3 46843 ‘3"\“'50
w T\m\\ AN .
0, = (1 — Oya— NOy — 6,) (10) 5 & @ 75 % 105 120 135 150
[NaCl] mM

whereq is the proton charge), is the fraction of charge
neutralized by the proteins in the domam=€ |, I, or IlI), FiGUrRe 6: (A) Computed total square charge in chromatin as a
N is the charge of the cation W. 6y, and N@y are the function of cation concentrationa] tetravalent; M) trivalent; @)
fractions of charge neutralized, respectively, by sodium and divalent; () monovalent. Condensation occurs in the gray zone.

ltivalent cation that ted i h d . . (B) Computed total square charge as a function of both magnesium
multivalent cation that are computed in each domain using anq sodium concentrations. Units are in262.

the Manning theory. The equations were adapted from eqs

53 and 54 in Manning (1978) in order to account for the pe considered as the critical total square charge inducing
charge neutralized by the histones. . condensation. As the structure of condensed chromatin fiber
Salt-Induced Chromatin Condensation Is Predicted To Be 5 jndependent of the chromatin origin (McGhee, 1983), the
an Entropy-Drven Process. Two opposing forces are  cyjtical value of the total square charge can be expected to
controlling the transfer of a cation from the bulk solutionto pe independent of the chromatin type. However, the salt
the DNA surface (Manning, 1978): (1) the favorable concentration required to reach this critical total square
reduction of the electrostatic repulsion between adjacentcharge varies with chromatin type, depending on the length

phosphate charges on the DNA and (2) the unfavorable of the |inker DNA. Indeed, for a given salt concentration,
entropic decrease resulting from the diffusion of cations from ha residual charge in the linker domaip)(is higher than
bulk solution to “bound” state qf Ioca]ly hig_herconcentration. in other domains because of the absence of the positively
As the amount of bound cations is mainly driven by the cp5r4ed histones. According to eq 9, it can thus be predicted
entroplc term and chromatln condensatlon is controlled {hat the longer the linker length (largg), the higher the
mainly by the electrostatic repulsion betvyegn_ph,PSphatesa|t concentration required for condensation. As the linker
groups, which is dependent on the cation "binding”, Chro- o4 of sea urchin sperm, chicken erythrocyte, and rat liver
matin condeqsatlon is pred_lcted to be an entropy-driven ..o matin are respectively 77, 44 and 30 bp long, we expect
Process, thaf[ is exactly what is experimentally Obsef"e‘,’: WE hat the salt concentration required for condensation of these
are now going to show that our model offers a unified iterent chromatin types will decrease in the order sea urchin
mterp;etatlor? Olf' DSC measurements and of several observa—SIOerm> chicken erythrocyte rat liver, which is what is
tions from the literature. : .

The Model Predicts the Salt Dependence of the Condensa-gftsla"{ggg)e rved experimentally (Koch et al., 1987; McGhee
tion Ratio. The change ofg%,: as a function of cation B ' " )
concentration is represented in Figure 6A. As the cation 1h€ observed competition effect between sodium and
concentration increases, the residual phosphate charge degl@gnesium may be predicted on the basis of Figure 6. When
creases. Furthermore, the greater the cation charge, the morE'® magnesium concentration is 20, the total square
important the phosphate charge reduction is for a given cationcharge first increases as the sodium concentration increases
concentration. By reporting the cation concentration ranges @nd then decreases above 75 mM NaCl.
inducing condensation (Figure 3) in Figure 6, it can be seen In order to further verify the generality of the model, all
that condensation occurs when the total square charge ighe experimental data of Figures 3 and 4 were plotted versus
included in the gray zone of Figure 6. The central value of the theoretically computed?ry: (80 data points) in Figure
the zone (4.6x 1072 g® whereq is the proton charge) will 7. Combining egs 2 and 8, we obtain
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wherea = (—FD/(4meoekT) and b = (—AGnonionid/(KT).

The parametera andb in eq 11 are adjusted in order to get
the best fit curve, also plotted in Figure 7. The residuals
are randomly dispersed around the fitted curve (Figure 7,
bottom) with a scatter lower than 2 standard deviations.
Furthermore, the standard deviation of the fit (7.9%) is not
significantly different from the experimental error on the data
points (5%). The curve can thus be considered as a
reasonable fit of the data points (Himmelblau, 1970). From
Figure 7, it is clear that the valug?rot = 4.6 x 1072 ¢f
corresponds to a condensation ratioof 68%, i.e., at
midcondensation (condensation ratio varies from 50% to
80%).

The Model Predicts the Condensation Ratio Dependence
on Chromatin Concentration.The previous observations )
(McGhee et al., 1980; Marquet et al., 1988) that, contrary [TbCls] pM
to NaCl-induced 'chromatln cor}densatlon which is 'onIy Ficure 8: Computed total square charge (in"2@? light lines)
dependent on cation concentration, the Mg@r spermi- as a function of chromatin (vertical axis) and cation concentrations
dineé**-induced condensation is dependent on the fdfo  (horizontal axis) for (A) monovalent cations, (B) divalent cations,
= [cation]/[chromatin] may be explained by our model. The and (C) trivalent cations. The bold lines representligolines.
total square charge is predicted to be independent of the
chromatin concentration in presence of monovalent cationsconcentrations. All the points at constdf® are on a iso-
(Figure 8A). For higher charge cations (Figure 8B,C), the I/P line (bold line). In presence of M cation (Figure 8B),
total square charge depends on both cations and chromatirthe condensation ratio is constant on alif®lines because

[Phosphate] uM
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1000 Russo et al. (1995) have measured by DSC the H1-induced
condensation of H1l-depleted calf thymus chromatin and
showed that the free energy of condensation can be empiri-
cally related to the amount of H1 molecule bound on the

chromatin by

AG®yng= AG°. + D(RAG™ (12)

[MgCly] uM

whereAG®, is the free energy required to form the condensed
state in the absence of H1 angG is the free energy change
resulting from the interaction between H1-bound nucleo-
somes. ®(R), the fraction of H1-containing nucleosomes

100 T T T T T that is interacting, is equal to
15 30 45 60 75 90 105 120 135 150
[NaCl] mM
FicurRe 9: Computed total square charge (im46?) in H1-depleted _ > 2
chromatin as a function of magnesium and sodium concentration. P (R) = ZkFé((l —R)
k=c

they are parallel to the isocharge lines uplt® = 1/3.

Abovel/P = 1/3, the isoHP lines cross isocharge lines but  wherec is the minimal size of a cluster of nucleosomes that
in a region where chromatin is in its totally condensed state can form stabilizing interactions arid is the fraction of
anyway (fro < 4.6 x 102 ¢f). In the case of M" cations  nucleosomes that is occupied by H1 molecules. Eor
(Figure 8C), all the isd#P lines are parallel to the isocharge  superior to 1, chromatin condensation is cooperative. Russo
lines. For high charge cations, the condensation is thuset al. found a value ot = 2, thus only a very slightly
predicted to be only dependent on thE ratio. cooperative process.

The Model Predicts the Salt Dependence of the H1-  The use of polyelectrolyte theory in this case is justified
Depleted Chromatin Condensatiofi1-depleted chromatin - pecause H1 binding to DNA and chromatin was reported to
can no longer be condensed as completely as normalpe essentially an electrostatic process (Watanabe, 1986;
chromatin at high ionic strength with monovalent cations Kumar & Walker, 1980). In our model, the fraction of

(Butler, 1980; Ausio et al., 1986; Thoma et al., 1979). nucleotides in domain l(;) and domain Il £';}), when only
However Jin and Cole (1986) observed that magnesiuma fractionR of the H1 are bound are respectively

cations still induce chromatin condensation but at a higher
concentration and postulated the existence of a cross-link

between DNA fibers by multivalent cations, as already xX1=x+ Q- Ry,
proposed by Ausio et al. (1986). In fact, it is possible to C—R
explain the observations by the polyelectrolyte counterion X =™

condensation theory without assuming the existence of
hypothetical cross-links. In our simple chromatin model, the Introducing them into egs 2 and 4 gives
parameters beconidg = 132 and\;, = 0 when H1 has been
removed. Figure 9 shows the total square charge computed
with these new parameters. It is clear that at low magnesium AG°cong= AG; + RAG, (13)
concentrations, sodium cations cannot decrease the charge
density below the critical limit of 4.6x 102 & A .
. . . with

concentration of 35@¢M magnesium is necessary to reach
the critical 4.6x 1072 ¢f, in agreement with the observations.

The Model Predicts the H1-Induced Chromatin Condensa- AG; = Ny, (AGyonionic T

tion. Below 20 mM NacCl (Clark & Thomas, 1986), H1 + AG®.. . 4 AG®) + 7. AG®

binding to DNA is a non-cooperative process, but it is G+ 201)(AG gending )+ 2 )

cooperative above 50 mM NaCl with null binding enthalpy AG, = 7Ny AG®) — AGgenging— AG?)  (14)
u 1

(Watanabe, 1986). If one neglects complications due to the

inter-histone interactions, the binding results principally from

an electrostatic interaction between DNA and the protein whereNyyq is the number of nucleotides in a nucleosome;
(Watanabe, 1986). On the other hand, the binding of H1 to AG; is the electrostatic free energy of condensation of a
chromatin is a non-cooperative process, as shown bychromatin totally depleted of H1; amiiG; is the change of
sedimentation analysis (Allan et al., 1981) and DSC studies electrostatic free energy in domain Il due to neutralization
(Russo et al.,, 1995). A contradictory report (Watanabe, by H1. Fitting the Russo data with eq 13, one gk, =
1984) of a cooperative process is due to the reconstitution9.9 kJ/mol of nucleosome andG, = —23.0 kJ/mol of
technique used that did not preserve the nucleosome repeatnucleosome.AG; is positive because the condensation of
(Russo et al.,, 1995). Cooperativity in H1 binding to chromatin in the absence of H1 is not a thermodynamically
chromatin is unlikely because it occurs at independent sites,favorable process amiiG; is hegative because the repulsion
and there cannot be inter-histone interactions betweenbetween the negatively charged linker DNAs is reduced by
globular parts as they are used to seal the chromatosomethe positive histone. Now, remembering that
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= 1—R2RmkR’k_1
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and comparing the condensation free energy in both theories gparhe, R., Mignon, S., Flock, S., & Houssier, C. (1996)

(egs 12 and 13), it is obvious thAlG; = AG°. andAG; =
AGM™, So the empirical relation 12 can be interpreted in
terms of the polyelectrolyte theory provided that H1-induced
condensation is a non-cooperative process (L), which is
the case.
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