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1. ASPECTS OF TRANSCRIPTION AND DNA REPLICATION

The control of the rate of DNA replication is obtained by controlling the frequency with which new forks
are initiated, rather than by controlhng the speed Ty with which the Torks themselves move relative o the DNA

duplex. To illustrate this point consider the cell cycle: The duration of the S phase varies during ontogeny. Early in
Drosophita embryogenesis the duration of the S phase is 4 minutes. In the adult fly, the same amount of DNA
synthesis is completed in almost 10 hours. Similar changes may occur in chordates (Xenopus). This 1s shown
quantitatively in the following table:

Stage Length of the S phase Af(kb)
(hrs)
Clcavagc 0.06 7.9
Blastoderm (.33 10.2
Larval brain 11 10.7

This remark leads us o two aspects of the M parameter which are worthy of our attention:

(1) L maintains a_constant value, even in the case of early embryogenesis, when the rate of DNA

synthesis 1s greatly magnified.

(n) L_Ifcpresents 1o 4 large extent a continuous tate of advancement, in spite of the size of the

multienzyme compiex nvoived

In veast the late replicating telomere region (i.e., the end of the chromosome) at the lle_t'l eqd of
chromoseme 111 is inleresting lor there seems 0 be an ori 40 kb from the telomere, which initiates bidirectional
replication carly in the S phase. The fork that moves toward the tetomere has a rate of advancement of about = 4

kb / min.

As L reaches the tlerminal 15 kb, r'. decreases to about 1.3 kb / min. Thus the lork stows down as il

enters the telomere region. Clearly our own work would not apply to such proximal regions of the letomeres.

We will assume that polymerase dynamics may be understood by means of a phase transiton in the
genome with the tollowing charactenistics:

(A) Once DNA synthesis 1s intbated, 2 phase transition may occur in active chromatin.
(B) We may treal our second type of phase transitions with mean field theory

Chromatin, on the other hand, may be analogous to other forms ol condensed malter where
thermodynamic and macroscopic quantum-mechanical concepls may be applied. This possibility may be illustraied by
emphasizing a point that we made 1n Lecture |, namely, that the tight packing of chromatin yields DNA
concentrations p within localized regions of interphase nuclei comparable to that of liquid helium. This remark
invites companson between chromatin and various forms of’ condensed matier, in which comparable densities may
oceur, particularky since 1n melaphase chromosomes the degree of DNA packaging increases by one or two orders of
magniude, making a comparison with solid state phenomena plausible.

A thermodynamic approach to phase transitions in many lorms of condensed matier may apply to
changes tn chromatin structure due o gene expression. Thus we are led 10 the question:

What happens to the inactive chromatin free energy per unit volume when it is
turned into active chromatin?

An cxpression for changes AG in the Gibbs [ree energy (per umit volume as are all equations histed),
may be anticipated 1tom the following remarks:
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(1) AG may depend explicitly on temperature:
AG = AG( T)

since normal  transcription ( i.e., transcription al the homeostatic temperature TH) generally occurs below a certain

temperalure Th . at which heat-shock proteins (hsps) are synthesized:
sp

Thsp < TH

Theretore, we may conclude that the AG function may depend on temperature T

(it} AG may depend on chromatin compaction, since we have seen in Lecture 1 that replication
15 delayed for igh values of the packing ratio, for tnstance for heterochromalin {n = 4¥X)). Hence,

AG = AG( p)

Since al the onset of activalion of ori, there is a significant change in the structure ol inactive
chromalin, we assign a Gibbs free energy Gp) 1o inactive chromatin, and G to active chromatin.

We then treat this significant structural change as a phase transition. The change in the system will be
denoted by: -

AG = G -Gy

Since the process of initiating DNA replication at ori must occeur spontancously, then G should be
lower than Gy -

AG < 0

What we have expressed 1s that phase transition may oceur when the polymerases and other transcription
and replication tactors 1nteract with chromatin,

An clfective amino acid wavetunction wy (x) is identified with an order parameter for the onset of
condensation. Since condensation implies that every statc is given by the same 1, then the whole polypeptide complex
making up any of the polvmerases is given by a wavelunction wp(x). We assign the complex functions L for the
replication tork, and w, for the RNA polymerase associated with r . Then we write the complex vanable ¥ as a
modulus R and a phase S:

P = R exp (iS )
J f S

P = R exp (iS )
! t t

and cquate the superfluid’ velocity with the gradient of the phase of the wavetunction:

r =1-th¥vS |/ m
f S S

r =1|-thvVs b/ m
i t b {

Then, it the phase transition is ol the second order ( 1e., as in the case of superconductivity), we
may idenufy yy and y, with the order parameter in the Itee energy for cither polymerase.

18



For instance,

AG AG (¢ , Vy )

f frf f

AG AG (¢ , Vy )

t 4 t ¢

We may also expand AG near Te.
This provides expressions for the evolution of ¥y, and hence of 8 or T and r,. The order parameters

¥ and y may depend on:

(1) The chromatin concentralion p , and
(i} On whether the chromosome is transcriptionally actlive (i.e., erchromatic), or transcriptionally
repressed (i.c., heterochromatic ).

The order paramelers satisly, therefore, the following inequality:

|y ( p, heterochromatin ) |\ >> |y ( p,euchromatin ) |
o ,

With the lurther assumption that the degree of compaction of the polymerases 1s approximately equal in
both cases, we may rcadily obtain

r = u ur

where we have:

as well as:

u= A lA
f t

Hence, gathering together these equations we are led o the formula

r ={(A A )r
f f t t

since the experimental cvidence does not rule out the approximale equality of the polymerasc masses
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Organism
or m { Da ) m ( Da)
Type of Cell t f
Prokaryotc 5 5
(45-5x10 8x 10
Eukarvotic 5 (Lo LDx ]05
(5-6)x10
Eukaryotic: Yeast 5
— {46-6)x 10

To sum up, chromatn structural changes mayv be considered as an important mechamsm 1n gene
expression from the loflowing evidence:

{1) The time required Lo replicate atl DNA and, hence, the duration of the S phase in somatice cells, scems
Lo be controlled by the disinibution of oriy, rather than by any change in ¢
t

(11} Origin (ol DNA replication) spacings may be delermined by some aspecet of interphase chromosome
structure (chromomeres).

{i1) The sumulatory effect of the transcriptional elements on DNA replication may be due, at least in
part, W cllects of chromatn structural change.

I fact, it the lincar Formula is valid then we must ensure that it 1 is to be considered as a constant
1
paramcter, then,:
(a) r[,;md ;_[, should retan their expenimental values.

(k) We should understand some aspects of the diversity ol values of the genc lengths (i.c., the lengths of
the primary transcripls).

Keeping (a) and (by in mind, and with the known values of the kl' parameter we are led W conclude that:

ry may vary according to the
length of the gene being
franscribed.

These statements may be venlied with the values of the }.t. and ')L[ puramcters:shown in the

lollowang two tables:
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A
Organism Type of Cell I
(average, kb)
E. coli Unicellular 3
42 x 10
3. cerevisiae Unicellular 36 - 108
D). melanogaster Somalic 40
D). melanogaster Embryonic 9.7
X. laevis Somatic 200
X. laeviy Somatic 190
T cristatus carnifex Somatic 500 - 600
T vulgariy Spermatocyle < 150
Dipodomys ordii Somatic < 25
{kangaroo rat )
C. priseus Somatc < 100
(. griseus Qvary < 15
Homo sapiens Somatic 100
Organism Gene A (kb)
!
E. coli rRNA 6
Y cast RNA 8-
Plant {tobacco) rRNA 8.3-
D. melanogaster TRNA 7.7-8.6
X. laeviy rRNA 7.9-8.3
Repile {(iguana) rRNA 8.3
Birds rRNA 10.5-12-
Marsupiai (potoroo) rRNA 12.6
Rodent {(mousc) TRNA 13.7
H. sapiens rRNA 13.7
H. sapiens B—globin 1.5
H. Sapiens insulin 1.7
H. sapiens PKC 11
H. sapiens albumin 25
H. sapiens calalase 34
H. sapiens LDL receptor 45
H. sapiens thyroglobulin 300
H. sapiens dystrophin =>2000

The informauon in the tables implics that in a certain range of values of the b paramecters:

L

A >> 100 kb
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and the structure of chromatin may act as a source of retardation for RNA polymerase. This may be understood as
follows:
Since the chromaun repeat length (A,,;) according to [ecture 1, is given by,

crl

then, for a given gene, RNA polymerase will have to proceed past some thousand nucleosomes - a factor retarding its
rate of movement. This suggests that:

r = r (A)
t t t

an cffect which is testable since, as we have stated above, the T parameler may be assumed to be approximately

constant.
Example:

For H. sapiens using the kinematic formula, we find:

4r (PKC )= r ( LDL receptor )
t t

This new predicted cffect may be tested by measuring fluctuations in the r parameter for the

transcription of two genes in H. sapiens.

The calculated values o r are given, according o the formula, by the following table:

S
. r r in kbiminif
Organism Gene (somatic, calculated)
Y cast tRNA 3
Drosophila TRINA i
Xenopus rRNA 5
Lower mammals rRNA < 1.5
Homo sapiens rRNA 1.5
H. sapiens f-globin 13
H. sapiens insulin 12
H. sapiens PKC 1.8
H. sapiens albumin 0.8
11, Sapiens catalase 0.6
H. sapiens LDL receptor 2.4
H. sapiens thyroglobulin 0.1
H. sapiens dystrophin < (.01




CONCLUSIONS

For some genes in H. sapiens the lincar formula explains the data satisfactonly, as in the case of rRNA
and PKC. but it should be recalled that the expected value of T, for eukaryoles is only intended to be an approximate

resull.  The same reasonable  agreement may be claimed for lower mammals.

On the other hand, although the Drosophila and veast numerical results are rather small, no definite
conclusion may be inferred in these two cases due 10 our only approximate knowledge of the r parameter. The more
interesting aspect of the data 1s the radical deviation obtained, for instance, for dystrophin ( i.e., two orders of
magnitude ). In these extreme cases two possibilities may still arise:

(i) The linear formula is indeed approximately valid. This situation forces upon us the new
predicted effect, which would then be valid in gene expression. This phenomenon, we have argued, may be due 10
chromaun structural changes.

The continuous and constant nature of I is supported by the well-established genelic control on the
muluplicity of oris, rather than the control of the i parameter itsclf. The variability of r is hinted at the molecular

level by the variability of the length of linker DNA in transcriptionally active chromatin, which displays a unique
conlormatton.

(ii) The theory supporting the approximate validity of the kinematic formula may still be
correct (1.c., condensation may be present in active chromatin structural changes, which may occur due 1o the coupled
processes of replication and transcription); but the predicted effect is not seen in experiments. In this
casc a more ngorous solution 1o the equation of motion, beyond the lincar approximation may be necded.

Although the theory can ¢learly be made more rigorous, our objective is limited only o pointing out a
possible approach 1o the important problem of identitving the mechanisms governing polymerasc dynamics:

We are suggesting that condensation in chromatin may underlie the kinetics of
polymerase advancement, thus hinting at the relevance of the hypothesis of condensation in
molecular genetics, supporting to some extent, the Salam hypothesis in the biochemistry of the

amino acids.
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One aspect of the strong relationship that is known to exist between the processes
of DNA replication and transcription is manifest in the coupling of the rates of
movement of the replication fork (r, ) and RNA polymerase (r,).

We address two issues concerning the largely unexplored area of polymerase
dynamics: (i) The validity of an approximate kinematic formula linking r, and r,
suggested by experiments in which transcription is inhibited in some prokaryotes
with the antibiotic streptolydigin, and (ii) What are the molecular bases of the
kinematic formula?

An analysis of the available data suggests possible molecular bases for polymerase
dynamics. In particular, we are led to a hypothesis: In active chromatin r, may
depend on the length (1,) of the transcript of the primary messenger RNA (pre-
mRNA). This new effect is subject to experimental verification. We discuss possible
experiments that may be performed in order to test this prediction.

1. Introduction

In spite of the importance of DNA replication in both the duplication of the genome,
as well as in its rearrangements, the dynamics of (DNA) polymerase action still
remains largely unexplored (Kornberg, 1988). More surprising still is that while the
most frequent mode of eukaryotic gene control is at the transcriptional level (Darnell,
1982), the factors contributing towards the underlying regulation of the rate of
movement of RNA polymerases (r,) remain elusive.

The problem brought into the foreground of molecular biology by Kornberg’s
remarks is clearly of deep significance but, at the same time of great complication.
What we are able to learn much more easily (by inspection of the available data)
concerns polyimerase kinematics rather than polymerase dynamics. By scrutinizing the
data certain relationships between the rate of movement of the replication fork ()
and r, appear with striking regularity throughout phylogeny (cf. section 1.1 and
Table 1). Our hope is that in trying to find physical phenomena underlying purely
kinematic relations, some insights may be gained into polymerase dynamics. This
will be the main theme of this work.

We begin the next subsection with a review of the main properties of the reand r,
parameters.

Sl
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TABLE |

Values of the ¢ parameter for a variety of organisms. The temperature units are °C

Type of ry T

Organism cell (kb min™"/f) (°CY References
Escherchia coli Unicellular 50 — |
E. coli Unicellular 25 37 2
Saccharomyce cerevisiae Unicellular 7-20 — 3
{yeast}
Drosophila melanogaster Somatic >26 - 4
(Fruit Ay)
D. meianogaster Embryonic 26 25 5
Xenopus laevis Somatic 05 — 6, 1
(South African clawed toad)
Triturus cristatus carnifex Somatic 1 25 6
(Italian great-crested newt)
Triturus vulgaris Spermatocyte 1 25 6
T. vuigaris Spermatocyte 0-6 18 6
Cricetulus griseus Somatic <83 37 7
(Chinese hamster)
HeLa {human) Neoplastic 1-7 37 7

References: 1, Lewin (1983); 2, Callan (1974); 3. Campbell (1986); 4, Biumenthal er af. (1974); 5,

Kriegstein & Hogness (1974); 6, Callan (1972); 7, Huberman & Riggs {1968).

L.l. SOME ASPECTS OF POLYMERASE KINEMATICS MAY BE INFERRED FROM DATA
OBTAINED THROUGHOUT PHYLOGENY

There are certain aspects of the data concerning transcription and DNA replication

that are well-established;

(1) r,for prokaryotes s generally much larger than for eukaryotes (cf. Table 1).
(i) r, for prokaryotes is generally much larger than for eukaryotes (cf. Table 2).
(11) r1s normally larger than r, (cf. Tables | and 2, and Kriegstein & Hogness,

1974},

TAaBLE 2

Vulues of the r, parameter for both prokaryotic and eukaryotic
ceils. The temperature units are °C

Type of cell r(kbmin ) T(°QO) References
Escherchia col 2.4 37 vl
E. coli 1-8 37 p)
Eukaryotic 02 —— 3

References: [, Watson er al, (1987): 2, Alberts e al. (1989); 3, Alberts &
Sternglanz (1977).

t In eukaryotes replication forks must progress over bound nucleosomal
histones. This may account for the value of r, being about one order of
magnitude smaller in eukaryotes (cf. Table 1 and Alberts & Sternglanz, 1977).
Likewise we assumne in this table that r, (cukaryotes) <r, (prokaryotes), since
bound nuclecsomal histones may act also as an impediment for the progress

of the RNA polymerases. This point is in agreement with Brewer (1988) and
Campbell (1986).
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(iv) In prokaryotic cells the coupiing of r, and r, is suggested by streptolydigin-
induced inhibition of r, which, in turn, leads to a decrease of r, (Pato, 1975).

(v) Although there is a priori a high probability of frequent encounters between
DNA polymerases and RNA polymerases while engaged in their polymeriza-
tion actions, somehow genomes have avoided this possibility by appropriate
orientation of transcription units; this is clear at least in the chromosome of
the bacterium Escherchia coli (Brewer, 1988).

Due to our present limitations, a general predictive aigorithm that may encompass
(i) to (v) lies beyond the scope of the present note. A more feasible line of research
is preferred: We propose to search for empirical rules restricted to kinematics; then
if we succeed to justify our empirical resuits, the physical arguments used in the
jusuﬁcauon may give us some insights into poiymerase dynamics. Our present
attempt is limited to only four of the above-mentioned aspects of the data

[i.e. (1)-(iv)}.

1.2. AN OUTLINE OF THE REMAINING PART OF THIS WORK

The rest of this note is distributed as follows:

In section 2 we present our basic hypothesis: to wit, a kinematic formula [cf. eqn
(3)]. The remaining part of this section discusses possible theoretical bases that may
support the validity of the kinematical formula.

In section 3 we face the problem of searching for the molecular bases of the
kinematic formula. The central argument in this section is presented in terms of the
possible occurrence of phase transitions in the genome after the initiation of DNA
replication, since some experiments have previously suggested that phase transitions
may occur as possible triggers for the initiation of DNA synthesis.

In section 4 we discuss the experimental support of the kinematic formula and, on
the strength of the evidence, we suggest the existence of a new effect concerning the
r, parameter [cf. eqn (23)).

Finally, in section 5, we summarize our main conclusions. The appendices contain
a more technical discu.sion, which is relevant to the theoretical support of the
kinematic formula.

2. The First Issue in Polymerase Dynamics

2.1. 1S THERE A KINEMATICAL FORMULA LINKING THE rr AND r, PARAMETERS!

We have referred in section 1.1 to the evidence [cf. section 1.1 (i)-(iv)] which
suggests a linear relationship between r,and r,. We thus hypothesize that:

P T, (nH

From the data displayed in Tables | and 2 we may infer that y is expected to be
greater than | in eukaryotic cells, and much greater than | in prokaryotic cells. The



522 J. CHELA-FLORES

dimensionless parameter u shall be assumed to be given by the ratio of two-dimen-
sional length parameters:

(i) A characteristic length which is associated with replication, namely the
replicon size 4. In other words (Hand, 1978), the characteristic length that
concerns us here corresponds to a genetic element such as an episome, or
chromosome, that replicates as a whole with a unique ongm of replication
(ori). It is at this particular DNA segment where the process of duplication
of DNA is initiated. This process proceeds linearly until the element is copied.
In Table 3 we have gathered together values of A, for a variety of organisms.

(i) A characteristic length A, that may be associated with the transcription of
a given gene. We lake this length to be that of pre-messenger RNA (pre-

mRNA).
TABLE 3
Values of the ¢ parameter for a variety of organisms
Organism Type of cell A, (average. kb) References

Escherchia coli Unicellular 42x10° 1
Saccharemyce cereuvisiae Uniceilular 36-108 2
Drosophila melanogaster Somatic 40 I
D. melanogaster Embryonic 9-7 3
Xenopus laevis Somatic 200 |
X. laevis Somatic 190 4
Triturus cristatus carnifex Somatic 500-600 4
Triturus vulgaris Spermatocyte <150 4
Dipodomys ordii Somatic <25 5
(kangaroo rat)

Cricetulus griseus Somatic <100 6
C. griseus Ovary <15 7
Homo sapiens Somatic 100 8

References: 1. Lewin {1983); 2. Campbel! (1986); 3. Kriegstein & Hogness {1974); 4, Callan {1972);
5. Hori & Lark (1976): 6. Huberman & Riggs (1968); 7, Hand (1972): 8, Falaschi et al. {1988).

The simplest hypothesis for constructing the dimensionless parameter u in terms
of the characteristic lengths i,and A, guided by the data in Tables | and 2, is that:
p=[(A7/Ad. (2)

We consider in section 3 the physical bases that may support this conjecture. In
other words, the hypothesis in eqn (1) may take the form: '

rrx (A7 A, (3)

but we anticipate, in the next subsection, some possible bases for this formula.

22, TOWARDS THE MOLECULAR BASES OF THE KINEMATIC FORMULA

A remarkable aspect of polymerase dynamics may be appreciated by recalling the
duration of the S phase in the life cycle of Xenopus: It is less than 25 min in early
embryos compared with many hours in aduit cells (Callan, 1972). Several experiments
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have yielded some data supporting the view that the control of the rate of DNA
synthesis is accompanied by controlling the frequency with which new forks are
initiated, rather than by controlling the speed r, with which the forks move (Ward
& Glaser, 1969; Blumenthal et af., 1974). The remark on the apparent constant value
of r; should perhaps be seen in the context that once a leading strand starts at ori it
advances continuously, while the bared opposite strand becomes the template for
discontinuous synthesis of the lagging strand (Kornberg, 1978). From these remarks
we would like to highlight two aspects of the r, parameter:

(i) r; maintains a constant value, even in the case of early embryogenesis, when
the rate of DNA synthesis is greatly magnified.

(ii) rsrepresents a continuous rate of advancement, in spite of the size of the multien-
zyme complex involved (i.e. the large mass of the replicating fork-about |
MDa—does not seem to be a factor that may deviate r, from keeping a
continuous rate of advancement).

These two properties of the r, parameter are remarkable, particularly if we recall
that before the many polypeptides making up the replicating fork are assembled at
or near ori, their effective motion may be assumed to have been random. This
change in the constituent polypeptides suggests a physical phenomenon which will be
introduced in the next subsection.

2.3. CAN PHASE TRANSITIONS OCCUR IN THE GENOME?

Several experiments concerning limiting factors on DNA replication may help to
understand the molecular bases of the kinematic formula, eqgn (3):

—Cell shape has been shown to be critical for DNA synthesis (Folkman & Mos-
cona, 1978).

—The addition of a calcium dication ionophore to the intracellular medium has
been shown to be a mitogenic factor for lymphocytes (Maino et al., 1974)}.
—Cultures of non-transformed and transformed mammalian cells were induced to
synthesize DNA by mere addition of CaCl, to the medium (Dulbecco & Elking-

ton, 1975), even in the absence of additional growth factors.

—In rat liver-cell nuclei shape (measured in terms of volume) has been shown to
display abrupt transitions as functions of ion concentration; these ion-induced
abrupt transitions have also been shown to occur in chromatin structures (Nicol-
ini er al., 1984): This experiment has suggested to its authors treating the chrom-
atin structural changes in terms of phase transitions. This proposal is in analogy
with a form of condensed matter intermediate between solid and liquid, i.e. a
gel, whose phase transitions were already described in terms of mean field theory
(Sun et al., 1980). In this context is should be pointed out that phase transitions
have independently been shown to occur in biological systems other than the
genome (Mizutani et al., 1976). A cellular organelle, the melanosome, once
isolated from human melanoma tumors, shows specific heat anomalies; the data
was fitted to the usual equation:

C=yT+pBT'+....
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A discontinuity at about 1, 9 K was observed it is in fact the hallmark of a phase
transition. To sum up, the above experiments suggest to us two important new ideas:

(1) Phase transitions may occur in the genome, and

(i1) This phenomenon may be discussed in terms of mean field theory.

2.4, POLYMERASE DYNAMICS MAY BE UNDERSTOOD BY MEANS OF A PHASE
TRANSITION IN THE GENOME

In view of the two ideas mentioned in section 2.3 [i.e. (i) and (ii)], we make the

following assumptions:

(1) Once DNA synthesis is initiated, a phase transition may occur in active chrom-
atin. We should recall that inactive chromatin is complexed with various
transcription and initiation factors. This particular form of condensed matter,
to wit, active chromatin, is assumed to undergo a phase transition, which shall
be described in detail in section 3.3 below. In other words, instead of drawing
on an analogy with gels (cf. section 2.3), which helped us to understand the
phase transition induced by raising ion levels in the nucleus, we now draw on
an analogy with other forms of condensed matter (cf. section 3.1 below).

(1) We treat, in the Appendices, our second type of phase transitions with mean

- field theory, based on an earlier work (Ginzburg & Landau, 1950).

3. The Second Issue in Polymerase Dynamics: What are the Molecular Bases
Underlying the Kinematic Formula?

3.1, CHROMATIN MAY BE ANALOGOUS TO OTHER FORMS OF CONDENSED MATTER
WHERE THERMODYNAMIC AND MACROSCOPIC-QUANTUM-MECHANICAL
CONCEPTS MAY BE APPLIED

Two aspects of chromatin structure deserve particular attention:
(1) The packing ratio n of chromatin may be conveniently defined as:

n=L/L, (4)

where L, denotes DNA length in the fully extended state, and L, denotes DNA
length in the coiled, or folded state achieved at any state of condensation. For
example, (Finch & Klug, 1976), in the nucleosome we have 166 base pairs (b.ps) of
DNA rolled over a histone core; in this case:

Ly =600 A.

This DNA segment is compressed into a cotl of height
L,=55A.

Thus, with eqn (4) we find the packing ratio:

n (nucleosome) = 10. )]
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A further example iillustrates the point better; in heterochromatin (Weisbord,
1982):

n (heterochromatin) = 4000. {(6)

These two examples iilustrate the intimate relationship between the processes of
DNA replication and packaging.

(ii) The tight packing of chromatin, as evidenced by the highest values of n yields
DNA concentrations (denoted by p) within localized regions of interphase nuclei of
(Olins & Olins, 1974),

p=200gcem™. (7)

The above two remarks, (i) and (ii) invite comparison between chromatin and
various forms of condensed matter, in which comparable densities may occur. The
disordered structure of chromatin (i.e. lacking for instance translational invariance)
are reminiscent of disorder that does occur in amorphous materials. For this reason
tn this, and following sections, we approach the problem of polymerase dynamics in
terms of thermodynamics, since this subject 1s well-known to apply satisfactorily to alt
forms of condensed matter. Thermodynamics applies particularly well to phenomena
typical of macroscopic quantum mechanics, such as superconductivity {Chela-Flores
et al., 1988), or superfluidity {Chela-Flores & Ghassib. 1986). In the following subsec-
tions we discuss the possible relevance of macroscopic quantum mechanics in molecu-
lar genetics.

3.2, A THERMODYNAMIC APPROACH APPLICABLE TO PHASE TRANSITIONS IN
MANY FORMS OF CONDENSED MATTER MAY WEILL APPLY TO CHANGES IN
CHROMATIN STRUCTURE DUE TO GENE EXPRESSION

We base our approach to polymerase dynamics on the following question:

What happens to the inactive chromatin free energy per unit volume when it is turned
into active chromatin? '

In order to answer this question we recall that according to Gibbs ail systems
change in such a way that the free energy G (per unit volume as ark all equations
listed) is minimized. An expression for changes AG, in the Gibbs free energy, which
is given in Appendix A may, however, be anticipated from the following remarks:

(1) AG may depend explicitly on temperature:

AG=AG(T) (8)

since normal transcription (i.e. transcription at the homeostatic temperature Ty )
generally occurs below a certain temperature 7,,,, at which heat-shock proteins
(hsps) are synthesized (Lindquist, 1986): T,,,, < Ty (al T}, inhibition of normal genes
occur, while new hsps are induced). Therefore, we may conclude that AG depends
on temperature T.
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(i) AG may depend on chromatin compaction, since repiication is delayed for
high values of the packing ratio 7, for instance for heterochromatin (Lima-de-Faria
& Jaworska, 1968). Hence,

AG =AG(p). (9)

In section 4.3 we will appreciate that at the onset of activation of ori, there is a
significant change in the structure of inactive chromatin. We assign a Gibbs free
energy Go to inactive chromatin, and G to active chromatin; we then treat this
significant structural change as a phase transition (cf. section 2.4). The change in the
system will be denoted by:

AG=G—G,. (10)

On the other hand, since the process of initiating DNA replication at ori must
occur spontaneously, then G should be lower than G,:

AG <0, (1

The expression AG depends on the concentrations of the reactants: In the present
example of DNA replication coupled to transcription, the reactants are:
—For DNA replication: The DNA polymerase complex (i.e. the replicating fork,
or replisome), and the parental strand to be replicated.
—For transcription: The RNA polymerase (and the various transcription factors),
and the DNA segment to be transcribed into pre-mRNA.
To sum up: AG in eqn (10) indicates how far the reaction is from equilibrium. It
IS given a very negative value [cf. eqn {11)], due to a large extent to the hydrolysis
of abundant ATP molecules which, in tumn, arose from efficient conversion of ADP
and P, in mitochondria. A specific form of AG in eqn (10} is discussed in section 3.5,
and developed in the appendices.

3.3 A PHASE TRANSITION MAY OCCUR WHEN THE POLYMERASES INTERACT
WITH CHROMATIN

The hypothesis we have been led to in the work above is that in chromatin there
may occur a phase transition as in other forms of condensed matter, namely in the
solid state (superconductivity), or in the liquid state (superfluidity). Indeed, this
possibility was first raised by Delbriick, who was considering the question “whether
or not something very peculiar from the quantum mechanical point of view, like
superconductivity or superfluid helium, will come up. If strange coopérative phenom-
ena can happen at room temperature in very special molecules . . ., then certainly
life would have discovered this” (Delbriick, 1963).

The “strange cooperative phenomena” referred to by Delbriick is normally called
a phenomenon of (Bose) condensation. However, since in genetics the term condensa-
tion sometimes is used when referring to various degrees of chromatin compaction,
we prefer to reserve the term “condensation” to the weil-known physical phenomena
{two examples of which were already alluded to by Delbriick). Condensation was
invoked again in modeling the cell membrane (Fréhlich, 1977). In the question of
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the origin of life, the possibility of condensation occurring in genetics was first raised
a few years ago (Chela-Flores, 1985).

The most recent application of condensation in biology is in the problem of the
origin of chirality in amino acids (Salam, 1991). In this work the state of an amino
acid has been represented by a second quantized field: What was done more precisely
was to take the wavefunction for the electronic ground state of one enantiomer of a
chiral molecule {(MacDermott & Tranter, 1989). In the present work we prefer to
use a somewhat less microscopic concept, that of an effective amino acid wavefunc-
tion w(x), which is later identified with an order parameter for the onset of
condensation.

Since condensation implies that every state is given by the same y (Chela-Fiores,
1975), then the whole polypeptide complex making up any of the polymerases
invoived in the r, and r, parameters is given by an y wavefunction. We assign the
complex functions y, for the replication fork, and w, for the RNA polymerase
associated with r, (t.e. RNA polymerase for prokaryotes and RNA polymerase 11
for eukaryotes). Then, following a standard procedure (Ginzburg & Landau, 1950},
we write the complex variable w as a modulus R and a phase §:

wr= Ry exp (i5y) (12)
w,= R, exp (iS)) (13

and equate the “‘superfluid” velocity with the gradient of the phase of the
wavefunction:

re=|~ihVS,|/my (14)
r,=|—ihVS,|/m,. (15)

Then, if the phase transition is of the second-order (i.e. as in the case of supercon-
ductivity), we may identify w,and w, with the order parameter in the expansion of
eqn (10), corresponding to the free energy for either polymerase. For instance,

AGr=AGy(yy, Vy) (16)
AG,=AG y,, Vv,). , (17)

Assuming that the homeostatic temperature of a given organism (T ) is beneath
the critical temperature (7,) for the phase transition into the condensed mode, we
may expand AG near T, as we have done in Appendix A [cf. eqn (A.1}]. This work
provides us with convenient expressions for the evolution of w,,, where we have used
an abbreviated expression for both order parameters. This, in turn implies that we
can study the evolution of the S,,. Finally, in view of the expressions in eqns (14)
and (13), we are able to obtain expressions for the genetically relevant parameters,
to wit, r,and r,.
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3.4, A CONSEQUENCE OF THE HYPOTHESIS OF POLYMERASE ACTIVITY
TRIGGERING A PHASE TRANSITION FROM INACTIVE INTO ACTIVE CHROMATIN

We have assigned order parameters y,and y, to the replication fork and RNA
polymerase respectively. According to the arguments given in section 3.1 these
functions may depend on:

(1) The chromatin concentration p, and

(ii) On whether the chromosome is transcriptionally active (i.e. euchromatic), or

transcriptionally repressed (i.e. heterochromatic). The order parameters
satisfy, therefore, the following inequality:

lw/.(p, heterochromatin)|> |w,.(p, euchromatin)|. (18)

3.5. A POSSIBLE DERIVATION OF THE KINEMATIC FORMULA

The evolution of the order parameters w,, may be studied as functions of the
chromatin concentration p and the position variabie x (cf. Appendices A and B).
With the further assumption that the degree of compaction of the polymerases is
approximately equal in both cases [cf. Appendix C, eqn (C.3}], we may readily
obtain:

Y= Hot (19)
where, according to egn (C.8), we have:
o= (m,/m, =1. (20)
On the other hand, according to eqn (C.5), we have:
p=AyA (21)

Hence, eqns (20) and (21) show thateqn (19 corresponds to the kinematic formula
[cf. eqn (3)]. The approximate validity of eqn : | 9) will be further discussed in section
4, and confronted with some data thal has becn obtained from eukaryotes.

4, Discussion

4.1. LIMITATIONS TO THE APPLICATION OF THE KINEMATIC FORMULA

Since prokaryoles do not have histones playing a major role in gene expression,
we omil their discussion in terms of the kinetic formula; the theoretical arguments
sketched in the appendices are based on chromatin structure, and may not apply to
these single cell organisms.

The interesting alterations of A, observed in Drosophila in embryonic cells (cf.
Table 3), as compared with somatic cells (Kriegstein & Hogness, 1974) are not
discussed in detail in terms of the kinematic formula; for it is clear that the particular
embryonic stage in which the experiments were performed was prior to the mid-
blastula transition: This particular stage of ontogenesis represents an abrupt physio-
logical change, in which the onset of appreciable transcription is initiated by RNA
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TaBLE 4

Values of the gene length (i.e. the length of the primary transcript X, for a selection
of different genes and organisms

(h P4 (3) {4)

Organism Gene A, (kb) A, (kb) A, (kb) A, (kD)
Escherchia cofi rRNA 6 — — —
Yeast rRNA — 8 — —
Plant (tobacco) rRNA — 8-3 — —
Drosopiila melanogaster rRNA 7-7 8-6 — —
Xenopus laevis rRNA 7-9 83 -—- —
Reptile (iguana) rRNA — 8-3 — —
Birds rRNA — 12 [0-5 —
Marsupial {potoroo) TRNA _— 12:6 — —
Rodent (mouse) rRNA 13-7 — — —
Homo sapiens tTRNA 13-7 — — —
H. sapiens B-globin — — — 1-5
H. sapiens insulin - — — -7
H. sapiens PKC — — — 11
H. sapiens Albumin — —_ - 25
H. sapiens Catalase — — — 14
H. sapiens LDL — — — 45

receptor
H. sapiens Thyroglobulin — — — 300
H. sapiens Dystrophin — — — >2000

References: |, Lewin (1980); 2, Perry et af. (1970). These authors give A, (rRNA} in terms of molecular
weight; we have expressed the data in kb (1 bp=x3-26 x 102 Da); 3, Long & Dawid (1980); 4, Alberts et

al. (1989 486).
Abbreviations: LDL, low-density lipoprotein; PKC, protein kinase C; rRNA, ribosomal RNA.

polymerase II and II1; RNA polymerase I begins slightly later, at least for Xenopus
(Watson et al., 1987 756), thereby rendering a discussion of the Drosophila develop-
mental data futile, since the formula applies to the coupled processes of transcription
and DNA replication. For the below we need the values of gene length (4,), given

in Table 4.

4.2. EXPERIMENTAL SUPPORT OF THE KINEMATIC FORMULA

In this subsection we consider the experimental evidence that. to a certain extent,
may support the kinematic formula [cf. eqn (3)]. In Table 5 we have gathered some
values of the polymerase masses for both prokaryotes and eukaryotes. This evidence
does not rule out the approximate validity of eqn (19), for the following reasons:

(i) In prokaryotes the molecular weight of DNA polymerase IIl is about

8 x 10° Da (Darnell ef al., 1990: 461); thus, we may take:

m,(-p“’k)xS x 10° Da,
whereas in veast (Watson et al.,, 1987: 566):

4kDac< m}cuk’ <6 kDa.
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TABLE 5

Values of the masses (molecular weights, in daltons) of the RNA
polymerases for both prokarvotic and eukaryotic cells; in particular,
values for the eukaryvotic yeast cells are also tabulated

Organism or

type of cell m, (Da) m,(Da)
Prokaryotic (4-5-3) x 10° ' gx10° P
Eukaryotic (5-6)x 10° * & >(16-1-7yx 10°
Eukaryotic: yeast —_ (4:6-6) x 10° '8

References: 1. Watson er ai. (1987: 366): 2. Darnell et af. (1990: 231); 3, Darneli
et al. (1990: 461}; 4, Sawadago & Sentenac (1990); S, Sitney er al. (1989). (The
value reported in this table applies only for the core catalytic subunit); 6, Watson
et al. (1988: 566) (This range of values corresponds to each of the three DNA
polymerases.)

(i1) In prokaryotes the mass of RNA polymerase is given by (Watson et al., 1987:
366; Darnell et al., 1990: 231):

. 4-5 kDa<mP®® <5 kDa
whereas for the veast cell (Watson et al., 1987: 566):

4 kDa<m®* <6 kDa.

Therefore, from (i) and (ii) we may assume the approximate equality m,xm, and
we may then infer then, from eqn (19) that,

Iff::: (lf//l,)}',

thus justifying the approximate validity of the kinematic formula, eqn (3).

4.3. CHROMATIN STRUCTURAL CHANGES MAY BE AN IMPORTANT MECHANISM IN
THE REGULATION OF DNA REPLICATION AND TRANSCRIPTION

There are some general considerations on DNA replication and transcription in
chromosomes that may help to clarify the preliminary understanding of polymerase
dynamics, which we have initiated in this note: ,

(1) The time required to replicate all DNA and hence, the duration of the § phase

1n somatic cells, seems to be controlled by the distribution of oris, rather than
by any change in r; {Blumenthal et al., 1974; Ward & Glaser, 1969).

(11) Origin (of DNA replication) spacings may be determined by some aspect of
chromomeric structure in the interphase chromosomes (Blumenthal et al.,
1974), a view which is reinforced by the fact that heterochromatization of the
regions next to the centromere- observed in somatic cells- does not appear in
embryonic cells. This is in agreement with the observed disappearance of
centromeric heterochromatization after the onset of Drosophila embryonic
cellularization as the blastoderm stage is initiated.
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To sum up, the relative invariance of r, may be controiled by specific chromatin
structural changes.

(i1} It also seems likely that the stimulatory effect of the transcriptional elements

on DNA replication may be due, at least in part, to effects of chromatin
structural changes. Some evidence in this respect is the following: In Simian
Virus 40 (SV40) genomes the binding of transcriptional activator proteins
may perturb the local distribution of nuclecsomes, so that the DNA in the
adjacent core region is relatively nucleosome free, thereby allowing initiation
proteins, such as the T antigen, to interact with the core origin (Challberg &
Kelly, 1989); in fact, it may be that even when there is no concurrent DNA
replication, the nucleosome structure may be transiently and locally disrupted
duning the act of transcription (Keller et al., 1977).

44 STRUCTURAL CHANGES DUE TO CHROMATIN ACTIVITY SUGGESTS

A NEW EFFECT

Replication over nucleosomes demands major chromatin structural changes
(Alberts & Sternglanz, 1977), which may be considered as an impediment for RNA
polymerase movement. This phenomenon hints at possible variations in r,, which
shall be discussed below [cf. eqn (23)]. The changes in chromatin are not only bound
to the replicating process of DNA, but there aiso seems to be a difference related to
transcription in the manner of spacing the nucleosomes:

(1)

(1)

The transcriptionally active chromatins (e.g. yeast and HeLa cells) may have
linker DNA of variable length, while the transcriptionally inactive chromatins
(for instance, chicken erythrocyte) have more regular linker DNA (Lohr et
al., 1977).

The presence of highly-mobile group proteins in the spacer region of chromatin
might determine the position and length of the spacer regions themselves,
thus contributing to the unique structure of transcriptionally active regions of
chromatin. This phenomenon has been confirmed by experiments with cells
from rainbow trout testis (Levy et al., 1977).

’

4.5, SIGNIFICANT ALTERATIONS IN r, MAY OCCUR IN ACTIVE CHROMATIN

When a sample of various genes from a single organism is analyzed, for instance,
in the case of Homo sapiens (cf. Table 4), we have to recall that experiments impose
upon us at least the following set of criteria:

(1} The r, parameter is given approximately by the values reported in Table 1.

(i1} The replicon size. for organisms at a definite stage of ontogenesis (for instance,

in the adult form) is given by the values reported in Table 3.
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In order to retain (i) and (ii), and understand some aspects of the diversity of
values in Tabie 6, we are led to conclude that r, may vary according to the length of

TABLE 6

A sample of values of the 1 parameter. Calculations were done using the kinematic
formula {egn (3)] in the following cases: (1) For a single gene (rDNA) in various
organisms. (ii) For a sample of genes in a single organism (Homo sapiens). The
standard replicon size is taken here to be about 100 kb (Falaschi et al., 1988). In the
calculation for lower mammals A was taken for Chinese hamster and A, for marsupial

rein kb/ming/f

Organtsm Gene (somatic calculated) Data from tables:
Yeast rRNA 2-7 2,34
Drosophila rRNA ! 2,34
Xenopus rRNA 46 2,3.4
Lower mammals rRNA <l-6 2.3,4
Homo sapiens rRNA 1-5 2,34
H. sapiens - B-globin 13 2.3,4
H. sapiens Insulin 12 2.3,4
H. sapiens PKC I8 2,34
H. sapiens Albumin 0-8 2,34
H. sapiens Catalase 06 2,34
H. sapiens LDL receptor 04 2.3, 4
H. sapiens Thyroglobuiin 01 2,3,4
H. sapiens Dystrophin <001 23,4

the gene being transcribed. In Table 2 we have given a reasonable value of r,, which
is expected to be valid in eukaryotes.

On the other hand, the data of Tables | to 6 implies that in a certain range of
values of the A, parameters, for instance, for

A.>»> 100 kb (22)

the structure of chromatin may act as a source of retardation for RNA polymerase;
this may be understood as follows: Since the chromatin repeat length r, is such that

et 200 bp

then for a gene such as dystrophin (cf. Table 4), RNA polymerase will have to
proceed past some thousand nucleosomes, which will be a factor retarding its rate
of movement. Therefore, we are led to consider the possibility that:

ro=r(A,). (23)

This effect may be tested, by recalling that the r, parameter may generaily be
assumed to be constant (cf. section 2.2}); thus, for instance. for H. sapiens we may
use the data in Table 4, and infer [using eqn (3)]:

4r, (PKC)~r, (LDL receptor). (24)
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5. Conclusions

In Table 6 we have gathered together the numerical implications of the kinematic
formula {eqn (3)]. Some aspects of these results deserve some comments:

For some genes in H. sapiens the kinematic formula explains the data satisfactorily
(e.g. for RNA and PKC}; but it should be recalled that the expected value of r, for
eukaryotes (cf. Table 2) is only intended to be an approximate result. The same
reasonable agreement may be claimed for lower mammals. On the other hand,
although the Drosophila and yeast numerical results are rather small, no definite
conclusion may be inferred in these two cases due to our only approximate knowledge
of the r, parameter. The more interesting aspect of the data is the radical deviation
obtained, for instance, for dystrophin (i.e. two orders of magnitude). In these extreme
cases two possibilities may still arise:

(i) The kinematic formula is indeed approximately valid; this situation forces
upon us the new effect predicted in eqn (23), which wouid then be valid in gene
expression. This phenomenon, we have argued, may be due to chromatin structural
changes. The continuous and constant nature of 7, is supported by the well-estab-
lished genetic control on the multiplicity of oris, rather than the control of the r,
parameter itself (cf. section 2.2). The variability of r, [cf. eqn (23)] is hinted at the
molecular level by the variability of the length of linker DNA in transcriptionally
active chromatin, which displays a unique conformation [cf. section 4.4].

(i) The theory supporting the approximate validity of the kinematic formula may
still be correct (i.e. condensation may be present in active chromatin structural
changes, which may occur due to the coupled processes of replication and transcrip-
iion): but the effect predicted in egn (23) is not seen in experiments. In this case a
more rigorous solution to the equation of motion. beyond the linear approximation,
may be needed [cf. eqn (B.5)].

Although the theory sketched in the appendices can clearly be made more rigorous,
the objective of the present note is limited only to pointing out a possible approach
to the important problem of identifying the mechanisms governing polymerase
dynamics: We are suggesting that condensation in chromatin (in the sense of sections
3.1 and 3.3) may underlie the kinetics of polymerase advancement.

Finally, we would like to mention that the new effect predicted in eqn (23) may
be tested by measuring fluctuations in the r, parameter for the transcription of two
genes in H. sapiens, as pointed out in eqn (24).

The author would like to thank Professor Abdus Salam, the International Atomic Energy
Agency and UNESCO for hospitality at the International Centre for Theoretical Physics,

Trieste.
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On the other hand, at the onset of replication (transcription) we may consider the
Gibbs free energy expressions per unit volume; since the order parameters vanish,
we may write:

g=g.0),  gir=0. (A7)

We let the further contributions to the free energies (arising from factors other than
the polymerases themselves) be denoted by £;,. Therefore, the general form of the
Gibbs free energy (G) may be written as:

G=gs+ s, (A.8)

where g;, is given by eqn (A.3). Once again, at the ori and at the starting point of
transcription we are led to a second pair of constraints:

anlvrp, O+ (Br /D)wrdp, O + Ef, =0. (A.9)
Therefore, from eqns (A.6-A.9) we obtain:
Er=af. /2B (A.10)

Using the first pair of constraints in the equations of motion (A.4), we obtain

(W7 2me )Vl p, x) = =B lwr(p, Olw. (o, X)
+ Brwr(p, )P wrlp, X) (A.11)
which may be conveniently written as
(2 /2m) V2w, (p. x) = Brl~lw .. (p, O
+wrd o, ) w sl o, x). (A.12)
Using a new rescaled parameter:
W p.X)=wrdp, X)/w.dp. 0) (A.13)
we are led to a convenient form of the equations of motion:
VW, = ki1 YL, ’ (A.14)
where,
x7e=(2mBr /Hwedp, OF. (A.15)
However, the conditions a,, <0 must be taken into account because at the mini-
mum of the Gibbs function (i.e. 8G,,=0):
AG<0 (A.16)
Hence, writing |a,,|=a,,, in eqn (A.6), we oblain:

ar’.r:Bf.fllVf'.r(p- 0)'1 (Al7)
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From egns (A.17) and (A.10) we may solve for fy,:

Bre=2Eq/lwslp, O (A.18)
Then, introducing eqn (A.18) in eqn (A.15), we obtain:

Kj = admg E, [R wi (o, O (A.19)

APPENDIX B
An Approximate Solution of the Equations of Motion

We are now in a position to search for solutions of eqn (A.14) close to the initiation
of genetic activity {1.e. DNA replication at or1, or initiation of transcription).
For this purpose we write the W,, parameters in terms of their modulii and phases:

l‘Pf_,=Rﬁ, exXp ([Sf,) (BI)

Since the problems of both DNA replication and transcription are essentially unidi-
mensional, we may replace the x variable by the unidimensional x vanable, but
instead it is more convenient to work with a dimensionless variable -, where

:f,,=x//lf_,, (BZ)

In the one-dimensional approximation the equations of motion (A.14) may be
rewritten keeping in mind eqns (B.1) and (B.2):

ArTWr = A0 R+ 2iRGS) + iR, ST — Rr ()07 exp (iSy) (B.3)

where the prime symbol means differentiation with respect to the z-variables. This
result represents the left-hand side of the equation of motion (A.14), since clearly:

d*/dx’ = A;H(d?/dz},). (B.4)

We may linearize eqn {A.14) sufficiently close to the phase transition; thus, the
right-hand side of the linearized equation of motion is:

-7, Ry, exp (iSy,). (B.5)

Equating both sides of the equations of motion {i.e. eqns (B.3) and (B.5)], we
obtain four real equations by equating real and imginary parts:.

RI = RSt = —x7.AL Ry, (B.6}
as well as:
2R; Sk + R, 57, =0. (B.7)
We study a particular integral of this pair of coupled differential equations:
R,,=constant {B.8a)
St=Kpd,. (B.8b)
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From the definition of the velocity of propagation of the replicating fork [cf. eqn
(14)] we find:

Fre= (hxf.r /mf.r)lf,r- (Bg)
Finally, eqns (B.9) and (A.19) imply:
rre= 2w p, O (Ep /my)' Ay, (B.10)

Alterations of the r, Parameter

Under the hypothesis that the degree of compaction of the polymerases is approxi-
mately invariant, we have:

lw (o, O =|w.(p, O)*. (B.11)
Then we may estimate the quotient r, /r, from eqns (B.10) and (B.11):
re/vr= A [ A Eumyf Epm)' 2. (B.12)
Defining. the dimensionless parameter ju, as:
o= A/ A Erm, [ Emp)' /2, (B.13)

We remark that for a given event of gene expression all the parameters appearing
in the formula in eqn (B.13) are invariant. For illustrative purposes we may consider
gene expression in the early (cleavage stage) embryo of Drosophila:

<ty (B.14)

but the total activation energy ( Eyor) required for this particular process is entirely
devoted to replication (since transcription has not yet started):

ETOT"-ZEJ‘. (BIS)

On the other hand, the activation energy required for transcription, which only
begins afler cycle 10, is negligible:

Ex (B.16)

where ¢ 1s a very small-parameter. In fact, no appreciable mRNA is detected at this
early stage of embryogenesis (Laskey et al., 1989). Thus, combining eqns (B.12) and
(B.13) we are led to egn (1). Equation (2) will be derived in Appendix C, under the
assumption of approximately equal masses for DNA and RNA polymerase.

APPENDIX C

The Velocities of Propagation of the Polymerases may be Expressed in Terms of
Measurable Parameters

One difficulty in applying the formula in eqn {B.12) with the u, parameter given
by eqn (B.13) is that molecular biology is concerned mainly with given enzymatic
activity during the various processes occurring in gene expression; yet, our modeling



DYNAMICS OF POLYMERASE 539

of DNA replication and transcription has retained the £, and E, energies, which are

not easily measurable.
A possible remedy of this situation is to eliminate these variables: From eqns

(A.19) and (B.11), we find:

Kix; i =mE(mE)"". (C.1)
Then, recalling eqn (B.12) we may obtain from eqn (C.1) the following relation:
r/ry=Aacmp( Ak pm,)”! (C.2)

which may be conveniently written as:
re=Holdr,. (C.3)

Here the u parameters are given by:
Ho=(x;/mp)(x,/m)"" (C.4)
1=/ (C.5)

The expansions of the Gibbs free energies (cf. Appendix A) are valid for tempera-
tures Ty close to the transition temperature 7., ; here we have denoted the physioiogi-
cal homeostatic temperature of the given organisms by Ty. Thus, for

Tu<T, (C.6)
we may assume that the order parameters L‘PI are small in the domain of validity of
the equations. We may approximate the x~ parameters .

K}k (C.7)
since such relation is suggested in a Ginzburg-Landau type of phenomenology by

considering the x parameters to represent the same phenomenon of condensation in
biology. With the approximation (C.7), the u, parameter is given by:

Ho=(m, /m) =1, (C.8)

under the assumption of approximate equality of m, and my (cf. Table 5); we may
now achieve our objective of deriving eqn (3) by combining eqns (C.8), (C.5), and
(C.3).
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Erratum

Chela-Flores, J. (1992). J. theor. Biol. 154, 519-539.

The expression for the p parameter in e

qn (7) is incorrect as printed, and should
read:

p=200 mgml~'. (7
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