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ABSTRACT

We attempt to model DNA packaging at the various stages of ever increasing DNA
folding, from the 100-A nucleosome filament to various further stages leading up to the
metaphase chromosome. We have assumed that a phase transition has induced chromatin
into a condensed mode. The mean-field model allows the simultaneous discussion of
chromatin with packaging ratio 1} and DNA replication at various stages of folding. We
derive a formula correlating (during the S phase of the cell cycle) the DNA polymerase
velocity rf (measured in nucleotides per minute) in a relation of inverse proportionality
with the degree of DNA packaging: TJ = Ai?"1'1, where the dimensional constant A has
been determined. This model suggests that in the heterochromatic regions of chromatin
there is reduced activity of DNA polymerases. We discuss the possible relevance of our
model to late replicating telomeres in yeast and several higher eukaryotes.
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i.'iiW"1 1. IffTRODDCTJOW

1.1 On the Identification of principles that may govern
the folding of both protein chains and nucleic acids

The understanding of the underlying mechanism that
controls the folding of any polypeptide chain into unique
three-dimensional protein structures was the aim of the
pioneering experiments on ribonuclease folding (Anfinsen,
1973). This problem still remains an important active area
of research in theoretical biology (Bryngelson and
Wolynes, 1987).

On the other hand, the analogous problem of the
folding of the 100-A nucleosome filament is of fundamental
importance to the question of gene expression. Some
insights have so far been gained (Widom, 1989).

There is a hierarchy of levels of folding beyond the
100-A nucleosome filament: The next level of complexity is
provided by 300-A filament, which is arranged into a
solenoidal configuration with about six nucleosomes per
turn (Finch and Klug, 1976). During interphase in the cell
cycle it is this solenoidal arrangement that constitutes
the most abundant form of chromatin. However at later
stages in the cell cycle this structure serves as the
basis for further folding, ending up at the highest degree
of folding observed at the metaphase chromosome. In view
of the basic role played by all the stages of the
hierarchy, it is of considerable interest to find
eventually a formalism by means of which we can anticipate
the rather regular manner in which DNA folds in chromatin.
This problem Is of considerable difficulty.

For these reasons In this paper we restrict our
attention on DNA folding in the later stages of chromatin
compaction. The biochemical basis for the difference
between the more dense, compact structure
(heterochromatin) and the less dense <euchromatin) remain
unknown - in both cases the 100-A nucleosome filament
contains approximately the same DNA / histone ratio
(Watson et al., 1987a). Heterochromatin appears most
frequently at the centromeres and telomeres of the
chromosomes (Darnell et al., 1990) and is characterized by
highly repeated sequences; the genetic function of highly
repeated sequences has not been determined yet (Kornberg
and Baker, 1992a), although some models attempt to account
for impeding fork movement at a terminus w'lere such
repeated sequences may be observed (Kornberg and Baker,
1992b). We discuss these questions in the context of mean-
field theory. In the simplest approximation the equations
are analytically identical, but their parameters are
assumed to differ at the different chromatin packaging
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regimes. We are led, in Sec. 3, to a relationship between
heterochromatin and late DNA replication.

We now proceed to introduce the basic concepts used in
the theory.
1.2 The packing density of chromatin

The state of matter that concerns us here is
chromatin. This is DNA complexed with DNA-binding
proteins. The most abundant such proteins are the
histones, which are known to be of five different kinds.
They are small, in the range 11-21 kilodaltons (kDa) .

DNA and histones form the bulk of the eukaryotic
chromosome. Other proteins are, nevertheless, present and
physiologically relevant such as the four types of highly-
mobile group. The packing density of chromatin requires
some definitions.

The chromatin repeat length (X) is the average amount
of DNA wound around a core of histones. To be more
precise, the X parameter consists of two segments:

(i) The first one (I) consists of two full turns of
DNA wound about the histone core, contributing a fixed
number of base pairs to the overall value of X.

(ii) The second segment is called linker DNA (I)
which is a variable length of DNA; its average length
varies with species, cell type and developmental stage. It
links adjacent nucleosomes, contributing in this manner
to the flexibility of the chromatin fiber.

We may summarize the above information in terms of a
simple formula:

k - I + 1
(1.2.1)

A selection of values of X is given in table 1 for a
wide range of eukaryotes, from sac fungi and true slime
molds to cells from a variety of tissues from echinoderms
and chordates: In other words, this parameter ranges from
154 to 241 bps. However, what is more interesting to
notice is that for a given cell, X also changes at
different stages of ontogeny <cf., the examples of the rat
liver cells, and Chela-Flores, 1992a).

The packing density of chromatin ranges from about 102

to 10 in the more dispersed state of interphase nuclei.

The value goes up to 10 in the more compact metaphase
chromosomes. Indeed, we can say that the basic level of
organization is the 100-A filament. This is then folded

into a 300-A filament, possibly induced by histone HI as a
cross-linker, to yield a structure with packing density
PJQU close to that of interphase chromatin p .

We have summarized some of these results in table 2.

1.3 Thermodynamic considerations

When histones bind on the 100-A nucleosome filament to
linker-DNA, chromatin folds into the 300-A filament
conformation. In thermodynamic terms we may denote by
AG(T) the stabilizing free energy required for chromatin
to fold into the 300-A filament conformation, where T is
the homeostatic temperature. This state of chromatin, in
which the degree of DNA packaging is higher than at the
100-A level, has a packing density p corresponding to its
more dispersed state in interphase nuclei. In the past
AG(T) has been assumed to be provided mainly by the
binding of linker histones.

We would like to emphasize the fact that the 300-A
filament conformation corresponds to the more dispersed
state of interphase nuclei, since further contributions to
AG(T) must be added by the subsequent binding of specific
non-histone proteins, so that chromatin n>ay reach the more
interesting" packing density regime of late-replicating
DNA.

Since the observation was originally made that
heterochromatin synthesizes its DNA at a later stage than
the rest of the chromosome (Lima-de-Faria and Jaworska,
1968), nothing is yet known about two basic aspects of
gene expression (Fangman and Brewer, 1992) :

(i) the mechanism that causes the switch to late
replication, and

(ii) the mechanism that distinguishes early and late
origins in the replication bands of mammalian chromosomes.

From the 300-A filament to the mitotic chromosome
(me), the pparameter is an increasing function from p3QQ
to pfflc
occurs,

the range of p in which late replication (ir)

ranges over a further two orders of magnitude of
[
g

compaction [from to p I by specific nonhistone
proteins forming the skeleton, or scaffolding, of the
chromosome. The present model provides one possible way of
correlating the alterations in chromatin structure with
the observed alterations in the rate of movements in DNA
replication forks

<Plr>
(1.3.1)



An explicit formula with the functional dependence of
Eqn. (1,3.1) will be derived in Sec. 3, and its
relationship with the observed phenomenon of late
replication of heterochomatin will be discussed in the
concluding section.

1.4 What is the mechanism that causes the switch to late
replication?

In addressing the question regarding the nature of
the mechanism that causes the switch to late replication
(cf., (1) above), our analysis suggests that the unknown
mechanism may be the gradual approach of chromatin to the
heterochromatic regime (due to the gradual incorporation
of linker histones and, later, also the incorporation of
non-histone proteins into the 100-A filament.

The variations discussed in Sec. 4 in the rate of
advancement of the fork; are remarkable: As emphasized in
our earlier work (Chela-Flores, 1992b), the parameter rf
maintains to a large extent a constant value, even in
cases in which we would expect it to vary, as in the case
of early embryogenesis, when the rate of DNA synthesis is
greatly magnified. For these reasons in this paper we
restrict our attention to the possible sources of such r

variations.

We assume that biological functions, such as DNA
replication and compaction, are more correlates of
collective behaviour than of chemical detail.

This assumption receives more formal bases in a
preliminary analytical approach in terms of mean-field
theory, which is sketched in Sec. 3, and is a new one-
order-parameter phenomenological model analogous to the
two-order-parameter phenomenological model of polymerase
dynamics (Chela-Flores, 1992b).

2.TBXOKMTXCAL BASIS

2.1 The condensation hypothesis

In order to understand the condensation hypothesis
(Delbruck, 1963; Frohlich, 1977; Chela-Flores, 1985;
Salam, 1991) consider the following argument:

There are many examples of structures that are
ordered in position, such as crystals. Condensed matter
ordered in momenta is less well known, in spite of the
fact that such state of matter was discovered over eighty
years ago. We will mention the phenomenon of
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superconductivity in metals and superfluidity in liquid
helium four: When we consider ordinary condensation as
temperature decreases, we may appreciate that atoms, for
instance, in liquid water assume an orderly pattern in a
crystal lattice. The less evident pattern of order
observed in a superfluid ia a pattern in motion rather
than in position. The effect of the establishment of such
new order is easy to observe, for it manifests itself
macroscopically in spite of being quantum-mechanical in
origin: The viscosity of helium flow through capillaries
vanishes, hence the term 'superfluid helium'.

2.2 The analogous approach of de Gennes refers to complex
chemical systems, rather than biological systems

In this respect a similar approach to complex
chemical systems, rather than biological systems (such as
may occur in molecular genetics) has been developed
independently (de Gennes, 1992):

In his study of polymers and stratified fluids called
smectics, certain physical approximations can bring these
systems to theoretical understanding by addressing the
problem in the right variables (in the same spirit as the
earlier approach of Frohlich (1977) to the plasma membrane
of the living cell).

In the light of these approaches as well as our
previous studies of molecular biology (Chela-Flores, 1985,
1992a,b) we now assume the existence of a new order in
the context of genetics . We recall that a factor that may
influence the onset of DNA replication is intracellular
ion concentration: Experiments with rat liver-cell nuclei
may indicate that chromatin structure and nuclear volume
display abrupt transitions as function of ion
concentration in the nuclear environment. These
experiments have suggested (Nicolini et al., 1984) that
the chromatin structural changes may be discussed in terms
Of phase transitions caused by either the modification in
bound positive ions or by enzymatic protein modifications.

2.3 Chromatin packaging may be studied in terms of either
the variable T) parameter or the order parameter.

Chromatin packaging may be studied in terms of the
variable tl parameter, just as the analogous phenomena in
condensed matter may be studied in terms of the energy
gap. To be more specific this possibility may be
illustrated by emphasizing two aspects of chromatin
structure:
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(a) The folding of the 100-A fiber yields DNA
concentrations p within localized regions of interphase
nuclei, which are significantly lower than the values of p
for metaphase chromosomes (Olins and Olins, 1974).

(b) The packing ratio T| (or degree of condensation of
chromatin) is given by

(2.1.1)
where L, denotes DNA length in the fully extended state,
and L2 denotes the length of the coiled/ or folded state
achieved at any state of condensation (Finch and Klug,
1976).

3. TBX ANALYTICAL MODEL

3.1 The mean-field theory approach

In the mean-field theory approach (Ginzburg and
Landau, 1950), the modulus of the order parameter is
interpreted in terms of the density p of the condensed

system (p = R ; cf., Eqn. A,1.1). For this reason the
f

manner in which the T| parameter is introduced in
biochemistry, is equivalent to the order parameter itself.
We prefer in this paper to refer to the order parameter
rather than the T] parameter.

We assume as a working hypothesis that chromatin In
interphase nuclei is condensed in the same physical sense
of Bose and Einstein (this assertion is discussed in Sec.
2.1. Its packing density is higher than that of liquid
helium II, another form of condensed matter in which Bose-
Einstein condensation may also occur

p. > p (helium II) - 145 mg/ml.

(3.1.1)

Thus the analogy with phase transitions will be
accessible, once again, to the analytic formulation of
mean-field theory. Following this approach sketched in
Appendix A we have derived the formula (A.3.14):

kp
•112

(3.1.2)

which relates, during the S phase of the cell cycle, both
the chromatin packaging of density p and the DNA
polymerase velocity rf (measured in base pairs per minute).

4. DXSCUSSXOH AND CONCLUSIONS

The present theoretical approach suggests that there
is a decrease in /y as the replicating fork approaches

heterochromatin from a euchromatic region of the
chromosome. This may account for the experimental
observation that heterochromatin synthesizes its DNA later
than the euchromatic regions, for which there has been
experimental support for over forty years (Lima-De-Faria
and Jaworska, 1966) .

However, although the molecular mechanism correlating
heterochromatin and late replication remains unknown, such
a relationship is nevertheless expressed in the present
approach by the formula in Eqn, (3.1.2).

It is possible that improvements in the solution of
the equations of motion may lead to variations in the
formula (3.1.2). One such variation could occur in the
(-1/2) exponent, which in the present formulation may
depend on the explicit approximations used (for example,
the restriction of the solution to one dimension).

In addition, we must underline the fact that the t

parameter does not always have the same constant value.
This remark may be further illustrated with the
observation that there are instances both in prokaryotes
(Escherlchia coll), as well as in eukaryotes
(Saccharomyces cerevisiae) , in which the replicating fork
slows down under certain conditions:

a) In Bscherichia coll the slowing down of the r
parameter has been observed when replication and
transcription occur in opposite directions (French, 1992).
An earlier interpretation of such phenomena is that the
slowed down movement of the fork may be understood in
terms of its obstruction by transcription complexes
temporarily immobilized on the DNA template (Pato, 1975).

b) In the budding yeast Saccharomyces cerevislne
there is an origin of replication 40 kilobase pairs (Jtbps)
from the end of chromosome III (the teloraere, ending with
approximately 100 bps of irregularly repeated sequences)
Bidirectional replication begins early in the S phase;
one fork moves outward toward the telomere, initially at
rf - 4 kb /min/fork. In the terminal 15 kbps the fork

slows down to rf - 1.3 kb /min/fork (Fangman and Brewer,
1991).



In table 3 we have shown the theoretical expectation
for the slowing down of the rf parameter in cases in

which the fork that moves outwards towards the telomere
finding an impediment that slows down its movement. We
consider a selection of such variations of the r

parameter in several eukaryotes ranging from yeast to
Homo. We remind the reader that at the ends of all linear
eukaryotic chromosomes there are unique structures that
have been called telomeres (Watson et al., 1987b); as we
have already mentioned in Sec.1.1, telomeres may be
characterized by heterochromatin.

Our work suggests that the packaging of chromatin in
higher order folding may account, in part, for such
regulation of the values of the rf parameter. In this
context it should be stressed that heterochromatin appears
at the telomeres (cf., Sec. 1.1). In such conditions we
expect from our formula (3.1.2) that the value of the r

parameter will decrease; this ia in agreement with the

observations of Fangman and Brewers in S. cerevisiae.
In conclusion, in this preliminary study we have

suggested a possible way of approaching theoretically a
very complex problem. With the present formalism we have
considered some of the regularities observed in the
problem of DNA folding of the 100-A nucleosome filament
into both the 300-A filament, as well as into higher order
structures, such as in the case of the heterochromatic
packaging at the telomeres.
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APPENDIX A

A.I A THXFMODYmtilC-HBAH-riKLD THEORY APPROACH

In a thermodynamic approach we denote by AG(T) the
stabilizing free energy required for chromatin to fold
from the 100-A filament conformation into the 300-A
filament conformation. In the folded state we expect the
free energy to assume a minimum value in a single-orderd
condensed conformation.

We make the following hypotheses:

A.I.I With Gibbs, we assume that when chromatin is changed
from an unfolded to a folded state, the underlying
structural change is such that the free energy is
minimized. We let G, denote the Gibbs free energy

corresponding to the folded state.

A. 1.2 As in the theory of superfluidity, we write the
complex variable V as a modulus R and a phase S:

"t
= It expfiS )

f f
and equate the 'superfluid1 velocity
the phase of the wavefunction:

(A.I.I)
with the gradient of

10
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r = \-ihVS ! / m

(A.1.2)

A.2 DERIVATION OF TBE KQUATIOSS OT MOTION

A.2.1 Expansion of the 'reseated' Gibbs free energy

We assume that a second order phase transition has
taken place into a condensed folded state in which a
single order parameter \y. has been assigned for both the
DNA polymerase and chromatin. We have the usual expansion
of the 'rescaled' Gibbs free energy:

w h e r e * - = G, / Q , i.e. gr

g = a lyr \2 + (1/2) p \ Y \4 +...

f f f f
(A.2.1)

denotes the Gibbs free energy per
unit volume, and the dots represent further contributions,
including kinetic energy terms. In those regions of space
where the yr functions may vary their gradient, a further
term is needed; in fact, this new term is a kinetic one:

kin 2
g I w } = (U2m ) I -ih V y I

/ / f f
(h.2.2)

where m represents the mass (i.e., the molecular weight)
f

of the replication fork (h shall be taken in this note to
be Planck's constant divided by 2n) .

Equations (A.2.1) and (A.2.2) may be taken to be a
reasonable representation of the Gibbs free energy of the
whole system, genome and DNA polymerases:

2
g (0) + a\y I + < fi/2)
f f

4 kin
v i + B I V 1
f f f

ih.2.3)
where g denotes the free energy for active chromatin,

whereas# (0) denotes the corresponding free energy for

unfolded chromatin.
From the usual procedure for variations of the order

parameter we obtain the following equations of motion:

2 2
0 ~ a vf +B I w I W +<l/2)m I -ikV | ^

f f f f f f f
(A.2.4)

Taking a homogeneous system, we have that:

11

V = V (A 0 )

h.2.2 A remark on the approximations

(A.2.5)

The significance of this constraint is that we assume
we may neglect any changes to the kinetic term due to
motion of the 100-A filament. We may keep in mind two
related analogies:

A.2.la In the superconductivity analogy the external field
is usually neglected when we wish to avoid local
variations of the order parameter (Ginzburg and Landau,
1950) .

A.2.1b In the superfluidity analogy, the velocity field -
the condensate velocity - may be neglected.

From the equations of motion (A.2.4), we obtain the
first constraint,:

I \r (p, 0) I = - a I P

(A.2.6)
On the other hand, at the onset of folding we may

consider the Gibbs free energy expression per unit volume;
since the order parameters vanish, we may write:

8 = S ( 0 ) ,

kin
g = 0

(A.2.7)
We let the further contributions to the free energies

(arising from factors other than the DNA polymerases
themselves) be denoted by E, .Therefore, the general form

of the Gibbs free energy G may be wrttten as:

G- g + E

f f
(A.2.8)

where g£ is given by Eqn. (A.2.3). Once again, in the
folded 3tate we are led to a second constraint:

a (p, 0
2

I +( p / 2 )
f

12

( p, 0 ) i + E = 0
f

(A.2.9)



Therefore, from Eqns.(A.2.6) to (A.2.9) we obtain:

2
E = a 12$
f f f

{A.2.10)

A.2.3 A more convenient form of the equations of motion

Putting the first constraint into Eqn. (3.2.4):
2 2

(h 12m ) V \r(p.x) =
- P I v (p,0) \\f (p.x) + J3 ly (p,x)\ Y (p.x)

f f S f f f
(A.2.11)

which may be conveniently written as
2 2

(h I 2m ) V y (p, x) =
2 2

P [ - I V <P'O) I + IV (P.') * 1 V ( P.x )

(A.2.12)

Using a new rescaled order parameter:

f (p,x) = w (P.*) I ¥(P.O)
f f f

we are led to the convenient form:
(A.2.13)

2 2 2
V ¥ = K { -I + I f I ] <¥

f f f f
(A.2.14)

where,
2 2

K = (2m p I h ) I yr < p. o) I
(A.2.15)

However, the condition a, < 0 must be taken into
account because at the minimum of the Gibbs function

G < 0
(A.2.16)

Hence, writing la ) =a , in Eqn. (A.2.6), we obtain:
f f

2

a = p i v (p. on
(A.2.17)

From Eqns. (A.2.17) and (A.2.10) we may solve for /L :

13

0 = IE I \V (p,0) \4

f f f
(3.2.18)

Then, introducing Eqn.(A.2.18) in Eqn. (A.2.15):
2 2 2

K = 4m E I h IV < p,0) I

(A.2.19}

A.3 A SOLUTION OF TBS EQUATIONS OT MOTION

A.3.1 A search for analytic solutions close to the
folded state

We are now in a position to search for solutions of
Eqns (A.2.14) close to the folded state. Following the
analogous steps as in the two-parameter theory (Chela-
Flores, 1992b) we write the V^ parameter in terms of their

moduli! and phases, as in Eq. (A.1.1:

f = R exp(iS )
S f f

(A.3.1)
The problem of the advancement of the fork (DNA

polymerase and the remainder of the replisome) is assumed
to be unidimensional for the following reasons:

There is an wide range of DNA content in the haploid
genomes of diploid eukaryotic organisms (the C-value),
ranging from 0.2 pg for the sea squirt Ascidla atra, 3.4
pg for Homo sapiens, and 124 pg for the South American
lungfish Lepldosiren paradoxa (Callan, 1972) .

The replication of such large genomes has been solved
by the presence of multiple origins of replication. The
average distance between origins may be taken as some 100
kbps in the case of Homo sapiens, cf., table 3 in (Chela-
Flores, 1992b) . In first approximation we neglect the
effects of DNA folding.

Consequently, we may replace the x variable by the
unidimensional x variable, but instead it is more
convenient to work with a dimensionless variable z, where

z = xlX
f f

(A.3.2)
In the one-dimensional approximation the equations of

motion (A.2.14) may be rewritten keeping in mind Eqns
(A.3.1) and (A.3.2):

•2 -2 2
X «T m X {R" +2iR' S'+ iR S" -R (S' ) }exp (iS )

f f f f f f f f f f f
(A.3.3)
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where the prime symbol means diffeientiation with respect
to the s-variables. This result represents the left-hand
side of the equation of motion (A.2.14), since

2 2 -2 2 2
d Idx - X (d I dz )

f f
(A.3.4)

We may linearize Eqn. (A.2.14) sufficiently close to
the phase transition; thus, the right-hand side of the
linearized equation of motion is:

K2 R exp(iS )
f f f

(A.3.5)
Equating both sides of the equations of motion (i.e.,

Eqns. (A.3.3) and (A.3.5) ), we obtain two real equations
by equating real and imaginary parts:

i

R" - R

as well as:

/ /

2R1 S' + R

f f f

2 2
K k R
f f f

(A.3.6)

(A.3.7)

A.3.2 The formula correlating X and p.

We study a particular integral of this pair of
coupled differential equations:

constant

(A.3.8a)

5' = K k
f f f

(A.3.8b)
From the definition of the velocity of propagation of

the replicating fork [cf., Eqns. (A.1.3) and (A.1.4)], we
find:

r = hK I m
f f f

Finally, Eqns. (A.3.9) and <A.3.19) impiy:

-1 112
r = 2 Iv ip,O) I ( E l m )
f f f f

We may write Eqn.(A.3.10) as

(A.3.9)

(A.3.10)

15

= * I V (P.0)

where

written £ :

(A.3.11)

= 2 ' ¥ (P,O) I
- J

« a d. n.. t. tensity

P - I ¥ ip.Q) I2

This leads us to the formula:

-112

(A.3.13)

(A.3.14)

APPENDIX B:SOME DBFTUITIONS OF TBS SYMBOLS
USED IK SECTION 3

Most of the symbols used in Appendix A follow the standard notation that may
be traced back to the theory of Ginzburg and Landau (1950). For completenes we
gather in this appendix the most important ones.

Latin alphabet symbols

a denotes the modulus of the a parameter.
/ f

E This parameter denotes further contributions to the free energies arising from

factors other than the polymerases themselves

g denotes the Gibbs free energy per unit volume.

• Cf denotes the Gibbs free energy corresponding to the folded state

h denotes Planck's constant..

16



m denotes the mass of the fork.

: the rate of movement of the replication fork

R : is given in terms of the complex variable y as a modulus R

¥ = R exp(iS )

S : is given in terms of the complex variable y as a phase S:

V = R exp(iS )

i is a dimensionless variable given by

z = xlk
f.t f,t

Greek alphabet symbols

a In the representation of the Gibbs free energy of the whole system, genome and
polymerases the a parameter is given by the expansion:

2 4 kin
g = g (0) + lv I + ($12)1 Y I + + * l¥ 1
f f f f f f

P In the representation of the Gibbs free energy of the whole system, genome and
polymerases the p parameter is given by the expansion:

2 4 kin
8 - 8 (0) + IV I + $12)1 V I + + g IV )

K denotes the analogous Ginzburg-Landau parameter given by:

' 2 2
K = (2m 0 Ih ) IV (p.o) I
f f f f

Xf denotes a characteristic length which is associated with replicatioa, namely the

replicon size

17

yr wave function:. Since condensation implies that every state is given by the same
\f, then this assumption implies that the whole polypeptide complex making up the
polymerases involved in the r parameter is given by this wavefunetion

V denotes a complex function corresponding to the the replication fork.
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TASLS CAPTIONS

Tabl* X.

A selection of values of X for a wide range of

eukaryotes (Chambon, 1978; Godde and Widom, 1992).

Ttblm 2,

DNA Organization and packing density for various degrees of

folding of the nucleosane fiber.

T*bl« 3,

Theoretical expectation for the slowing down of the r

parameter in several eukaryotic organisms. The speeds r

20



of the DNA polymerases are given in kilobase
pairs/minute/fork (kb/min/f) . The theoretical value of the rf

parameter in the telomere in the case of Saccha romyces

cerevisiae has been fixed using the given experimental
value. This helps us to infer the appropriate value of the
T| parameter for the degree of packing at the telomere:

Tl (telomere) - 4.5 x 103

(a reasonable value for the heterochromatic telomere in
the appropriate range of the heterocromatic metaphase
chromosome of Table 2) . We have used in our formula
(3.1.2) the values rf (euchromatin) - 4 kb/min/f and rf
(telomere) - 1-3 kb/min/f, taken from the experiments
reported in Sec. 4(a); we took r\ (euchromatin) - 5 x 102,
in agreement with the value given in Table 2. All the
other values given in the last column of Table 3 are
predictions.

References of Table 3.

l.(Fangman and Brewers, 1991).

2.(Blumenthal et al., 1974 ).

3.(Callan, 1972) .

4.(Huberman S Riggs, 1968).

CeXX type

Schixosaccharoinycea
pombe

Xspacgillus

Neurojpor*

Physmrum

T*tr#t)ymmn*
ndcronucleus

Divi aion/Phyl urn

Sac fungus
(Ascomycota)

Sac fungus
(Aacotnyeota)

S*o fungus
(Ascomycota)

True slims mold
(Myxomycota)

Clliata
(Clliat*)

X (in b*sm
pairs)

156

15S

no

171, 173

175
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I Rat fetal liver

Rat liver

Syrian hamster liver

Chick oviduct

Tetrahymena
macronucleus

Rabbit cerebellar
neuron

Chicken erythrocyte

Sea urchin gastrula

Sea urchin sperm

Vertebrate
(Chordata)

Vertebrate
(Chordata)

Vertebrate
(Chordata)

Vertebrate
(Chordata)

Ciliate
(Ciliata)

Vertebrate
(Chordata)

Vertebrate
(Chordata)

Echinoderm
(Echinodermata)

Echinoderm
(Echinodecmata)

193

198, 196

196

196

202

200

207, 212

218

241

Table 1

DNA Organisation

The 100-A beads-on-
string
fibre

The 300-A beads-on-
strlng
fibre

Packing
density

10

(25-40) X
10

Density
(tag/ml)

Notation
used in
the text

PlOO

P300



Interphase chromatin

Metaphase chromosome

102 - 103

1 0 4 > 200
"sic

Tmblm 2

Organism

Saccharcmyces
cerevislae

Exprntrimmntal
valum of

thm r .
pmrammfr

in
muchromatin

kblminlf

(Reference)

4
(1)

Sxpmrimmntal
valum of

thm rf

paxamatmr
in th»

tmlommrm

kblminlf

1 ,3

Thmoretical
valum of
thm rf

parammtmr
in

thm tmlommzm

kblminlf

1 , 3
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Dcosophila
melanogaster
(fruit fly)

Xenopus
laevls
(South

African
clawed
toad)

Crlcetulus
grlseus
(Chinese
hamster)

HeLa
(Human)

> 2 .6
(2)

0.5
(3)

< 8 .3
(4)

1.7
(4)

-

-

-

-

>0.8

0.16

<2.7

0 . 6

Tmblm 3
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