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ABSTRACT

Two aspects of the chromatin repeat length (77) are discussed: (i) Why is r^ longer for
slowly dividing cells than in rapidly dividing cells?, and (ii) Why is the temporal evolution of r£ a
decreasing function of time (t) in mammalian cortical neurons, whereas it is an increasing function
oft for granule cells around the time of birth? These questions are discussed in terms of a hypothesis
which assumes a correlation between deoxyribonucleic acid (DNA) packaging, transcription, and
replication.
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1. INTRODUCTION

l(a) DNA packaging and transcriptional levels

Some of the most important questions in molecular genetics of eukaryotic cells concern
the control of gene expression. Perhaps the most intriguing unanswered question in this respect
is the nature of the molecular mechanisms involved in the inactivation of whole blocks of genetic
material, such as the mammalian X chromosome in females (Lyon, 1961; Chela-Flores, 1987),
and the inactivation of a whole set of chromosomes in male mealybugs (Brown, 1966). Since
the most frequent mode of gene control is at the transcriptional level (Darnell, 1982), inactivation
is probably due to inhibition of ribonucleic acid (RNA) synthesis (i.e. transcription). Thus, the
remarkable structural alterations in the heterochromatic X chromosome may be directly related to
the regulation of transcription.

In spite of these insights in the relationships between DNA packaging and transcription
in eukaryotic gene expression, many fundamental questions remain unanswered at the microscopic
level, particularly associated with replication (Kornberg, 1988). A key structure related to molec-
ular alterations in chromatin is its repeating unit known as the nucleosome. A large body of in-
formation has been available in this respect for some time (McGhee and Felsenfeld, 1980). The
purpose of the present work is to analyze a variety of phenomena observed at the molecular level
in chromatin in terms of Hypothesis 1, below. For this purpose we consider the average amount
(•••• DNA packaged in each nucleosome; this is normally measured in terms of DNA length in bast
pairs (bps), which is called the chromatin repeat length (r^). A closely related term is the length
of the DNA fiber connecting adjacent nucleosomes known as linker DNA.

l(b) Alterations of r£

In a variety of phenomena observed in many cells, it has been pointed out that 77 is a
parameter which varies, not only between different organisms, or organs, but even in the same tissue
at different stages of ontogenesis (Chambon, 1978). These variations of 77 have led to apparently
conflicting results particularly in embryonic changes in ri in the mammalian brain. We will address
such data in terms of the following hypothesis:

Hypothesis 1 The packaging of DNA with structural proteins, reflected in variations of the rt

parameter, is correlated with the way in which DNA can interact with and, hence, respond to the
strongly coupled transcriptional and replication signals.

Earlier, work with hepatoma cells and somatic hybrids led to a weaker form of this hy-
pothesis (Sperling and Weiss, 1980):



Hypothesis 2 The packaging of DNA with (tissue or stage-specific) structural proteins, reflected

by the repeat length variations, may directly influence the way in which DNA can interact with and,

hence, respond to regulatory signals.

We have restricted our attention to the relationships between transcription and DNA repli-
cation (when they both occur simultaneously), amongst the wide variety of possible options that
the genome is presented with for the regulation of gene expression. For instance, we have excluded
from our consideration regulator)' mechanisms at the level of RNA splicing, translation^, or even
posttranslational levels.

l(c) The coupling of DNA replication and transcription is of primary importance in gene

expression

Over the last few years a gradual understanding has emerged of the intimate relationship
between the processes of DNA replication and transcription (De Pamphilis, 1988; Falaschi et al,
1988). In fact, the presence of transcription al signals in DNA replication origins {ori regions) may
be understood at the molecular level: Eukaryotic genomes have ori regions that may consist of two
DNA segments that separate to a certain extent the transcription and replication processes. In other
words, these two segments are:

- A core component, concerned with replication, and,

- An auxiliary component in which promoter and enhancer elements may be involved in
both transcription and replication.

Although this insight into the ori regions is mainly based on experiments with yeast,
prokaryotic, or viral genomes, more recent work suggests that initiation of mammalian chromoso-
mal DNA replication also uses ori sequences (Burhans et al., 1990). This emphasizes the relevance
of incorporating at the molecular level, both aspects of gene regulation, namely, transcription and
DNA replication, even in mammals. This seems to be particularly relevant in the case that concerns
us in the present work; for arguments have been sometimes developed regarding ri alterations dur-
ing embryonic development, without taking into consideration appropriately the possible influence
of the strong coupling between transcription and DNA replication.

In Sec.2 we shall restrict our attention to gene regulation during several stages in embryo-
genesis, in which the genome itself separates the processes of transcription and DNA replication,
thereby allowing Hypothesis 1 to help understand some apparently paradoxical data.



2. EMBRYOGENESIS MAY UNCOUPLE THE PROCESSES OF TRANSCRIPTION
AND REPLICATION

2{a) Dynamic alterations of re

Dynamic, or time-dependent variations of r£ have been studied in two systems, which
we shall use as illustrations that will be needed for subsequent discussion of the implications of
Hypothesis 1:

(i) Early sea urchin embryogenesis, - Somewhere between fertilization and morula, changes
have been observed in the average size of linker DNA in the species Strongylocentrotus purpuratus
and Lytechinus pictus (Savic et al., 1981).

(ii) Mammalian fetal neurogenesis. - In the rat, cortex neurons and cerebellar neurons
(granule cells) show a distinct time evolution of the rg parameter during early post-natal develop-
ment. In this experimental animal the following remarkable result has been obtained (Jaeger and
Kuenzle, 1982):

In both cortex and cerebellar neurons ri changes in temporal coincidence with terminal
differentiation; however, whereas rt shortens in the cortex, it lengthens in the cerebellum.

Such a diverse behaviour of r* as a function of time in the same organ shall be considered
in the next (and following) sections.

2(b) Alterations in re cannot always be discussed entirely in terms of altered transcriptional
levels

Before we attempt to understand the time evolution of n in differentiated neurons, (c.f.,
the examples we mentioned in Sec.2(a)), a certain difficulty must be discussed first: The only
general rule that can be inferred from experiments in which alterations in ri have been measured
seems to be that re is different in different tissues (McGhee and Felsenfeld, 1980; Chambon, 1978).
In other words, we may say that we are facing a paradox:

A correlation sometimes seems to exist between a short TI and a high level of transcrip-
tional activity (and conversely, between a long ri and transcriptional inactivity); but, nevertheless,
transcriptionally inert micronuclei in some protozoa have shorter re than active macronuclei.

Although methylation of the DNA of the transcriptionally active macronucleus oiTetrahy-

mena thermophila may occur (Weisbrod, 1982), thereby altering gene expression, a solution to the
above paradox cannot rely entirely on an argument that refers only to modification of chromatin
structure (cf. Sec. l(c)). As stated elsewhere (Chela-Flores and Migoni, 1990) although an inverse
proportionality has been observed between the extent of methylation of a given base and its tran-
scriptional activity (Bird, 1986), it has not been possible to give a definitive answer to this question.



Therefore, we may conclude that more general arguments must be invoked in order to understand

the mechanisms underlying re alterations.

2(c) Some examples of the uncoupling of DNA replication and transcription

There are some particular stages in ontogenesis in which the molecular changes in chro-

matin may be understood more readily, thus facilitating the study of the dynamic alterations of 17.

We illustrate this point with the following cases, in which either transcription or DNA replication

are turned off:

(i) DNA replication occurs in early Drosophila development in the absence of transcrip-

tion. We know that events initiated in mitotic cycle 10 render all classes of genes competent for
transcriptional activation. This suggests the hypothesis that the proteins necessary for transcription
are first synthesized at cycle 10 (Edgar and Schubiger, 1986)

(ii) DNA replication occurs in early Oncopeltus development in the absence of rDNA

transcription. During the blastoderm stage of the milkweed bug O. fasciatus (Dallas) there is no

evidence of transcription (Foe, 1978).

(iii) Transcription in mammalian neurons occurs in the later stages of embryo gene sis in

the absence of DNA replication

Our third example is well known in cellular ontogeny. It has been selected from vertebrate
development, specifically in mammals partly because of the extensive work existing on post-mitotic
neuronal migration in the neocortex of fetal monkey (Rakic 1972; 1981), and partly because it
will help us understand the dual behaviour of ri in two parts of the rat brain (cf. Sec.2a(ii)). This
particular example shall be developed in Sec.3, which is needed to understand the main conclusions
of this work, presented in Sec.4.

3. TEMPORAL EVOLUTION OF re IN THE MAMMALIAN BRAIN DURING
THE LATER STAGES OF EMBRYOGENESIS

3(a) The radial unit hypothesis

Some classes of neurons, such as those involved in the developing mammalian cortex, as
well as in the cerebellar cortex, appear to move along the surface of rectilinear vertically-oriented
glial fibers; these are called the radial glia (Rakic 1972; Rakic and Sidman, 1973). The hypothesis
itself is known as the radial unit hypothesis, in terms of which we shall discuss in turn both types
of behaviour of rf, as observed in the mammalian fetal brain (cf. Sec.2a(ii)).



3(b) Neuronal migration of granule cells

Cerebellar neurons are most abundant as granule cells, and on the average they originate
later than cortex neurons (Jacobson, 1978). Granule cells arise from actively proliferating precur-
sor cells, lying under the surface of the cerebellum. The process of inward migration, signalling the
arrest of proliferation initiates on post-natal day 3 (P3) and concludes on P20. Each individual neu-
ron takes 2 to 3 days to reach its destination. At this particular instant the process of differentiation
starts.

3(c) The migration of neocortex neurons is not synchronized with the migration of cerebel-
lar cortex neurons

Neocortex neurons arise in the rat in the 13th to 14th gestational day (El3-El4). This
occurs by proliferation of primitive precursor cells. According to the classical hypothesis (Ramon
y Cajal, 1891; Vignal 1888), the precursor cells are located close to the ventricular surface. Their
progeny are post-mitotic cells which migrate to the periphery of the hemispheres (according to the
Radial Unit Hypothesis). On reaching the hemispheres differentiation occurs. The first neurons
reach their destination in a temporal period extending up to 3 days. This period is somewhat longer
for later migration. By P10 the cortex resembles that of the mature rat.

In other words, the proliferation of precursor cells in the cortex is limited to the pre-natal
period. By P10 the last cohort of cells has reached, its destination in the cortex (Jacobson, 1978).
In Sec. 3(b) we described a neuronal migration pattern which is in sharp temporal contrast with the
present discussion of cortical neurons. For example, the onset of the post-mitotic migratory stage
of cerebellar ontogenesis occurs as late as P3.

Is it possible to understand both sets of experiments (i.e. those described in Sees. 3(b)
and 3(c)) in terms of r£ alterations?

We attempt to address this question in the concluding section.

4. DISCUSSION AND CONCLUSIONS

4(a) Hypothesis 1 may help to understand the experimental data on r£ alterations

Our interest in the rg parameter derives mainly from the fact that it reflects an important
aspect of protein-DNA interaction in chromatin and the data discussed in this work indicates that
there appears to be some functional correlates of the transcriptional activity.



The general trend of the data seems certain, the n of slowly-dividing inactive cells is
generally longer than that of rapidly dividing cells. Our Hypothesis 1 provides a basis for under-
standing the main trend of the data, as we shall proceed to consider.

4(b) Why is n of slowly dividing cells longer than rg of rapidly dividing cells?

First of all we make two comments on particular aspects of the processes of DNA repli-
cation and transcription during early development:

(i) The number of replication origins is known to increase during early development
(Callan, 1972 ). Substantial evidence supports the fact that shorter S phases of embryos are achieved
mainly by decreasing replicon size, i.e. by initiating replication at closer intervals on DNA.

(ii) The duration of the S phase of the cell cycle is not constant throughout ontogenesis.
For instance, in Xenopus embryos the S phase lasts some 25 mins. compared with many hours in
adult cells (Laskey et al. 1989).

From (i) and (ii) we can get some insight into the data pertaining to dividing cells at
different stages of ontogenesis. For we know that the total metabolic energy available for cellu-
lar processes is finite (mainly arising from the hydrolysis of the high energy bonds in adenosine
triphosphate, ATP). Thus when the S phase is very brief and the number of replicons increases,
more origins of replication will require a very high level of consumption of basal metabolic en-
ergy.. This situation may be maintained if the energy required for transcription is inhibited, so as to
make it available for replication. Transcription inhibition will be achieved by increasing the degree
of DNA compaction, which in turn means that t£ would be shortened, thus providing a rationale
for the question posed at the title of this subsection.

4(c) An approach to the paradox

In Sec. 2(b) we faced a paradox when a correlation between the length of T£ and rran-
scriptional activity does not appear to be valid.

In the later stages of embryogenesis (and in adult cells) the replicon size increases and
the demand for basal metabolic energy is therefore not so severe. Therefore, both processes of
transcription and replication will compete for the available energy. In this case we are not in a clear-
cut situation as when transcription was severely inhibited at earlier stages of embryogenesis. We
are then not able to distinguish a clear trend in this case of rt alterations, since cellular requirements
on the coupled processes of transcription and replication will vary.



4(d) Why is ri(t) in cortical neurons a decreasing function of time t, and an increasing
function oft for granule cells?

In post-mitotic neurons we are, once again, in a simple situation in which uncoupling
occurs naturally. For this reason we infer from our Hypothesis 1 that the experimental results on
rt (shortly before and shortly after birth) in the rat brain neurons are not necessarily incompatible
with either tendency shown by ri in the case of the paradox discussed in Sec. 4(c).

In other words, our Hypothesis 1 implies that since in migrating neurons, DNA repli-
cation has already ceased, then n alterations are due mainly to different cellular requirements for
transcription. The ri{t) functional behaviour may then be understood in term of the Radial Unit
Hypothesis: The transcription requirements differ for migrating cells at different stages of ontoge-
nesis (cortical neuron migration is prior to cerebellar granule cell migration). The migrating cell
moves by adding new membrane components to its growing tip (Rakic, 1981). Thus, while mi-
gration is proceeding, transcription of new membrane proteins occurs, and longer r^'s should be
observed, as indeed it is the case (Jaeger and Kuenzle, 1982). In fact, r^t) for cortex neurons (and
for t < tBirth* i-e- for times before the time of birth, tBirth) is high (about 200 bps); it then drops
to about 170 bps (cf. Fig.l in the Jaeger-Kuenzlepaper) fort > tBirth (i-e- for i aftertBirth)- On
the other hand, in the case of granule cells ri(t) should be high for t > tBirth for it is then when
migration occurs (and the need for new membrane components is then called for). This is in fact
what is observed in Fig.4 of the Jaeger-Kuenzle paper: r*(t) is low at t =• tBirth (about 165 bps),
and high for t > tBirth (about 220 bps).

4(e) Conclusion

The wide variety of data we have considered shows that Hypothesis 1 has some heuristic
value. The work has also taught us the importance of maintaining the coupling of transcription and
DNA replication as an integral part of the discussion of the relationship between DNA packaging
alterations and transcriptional levels.

Acknowledgments

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.

T I



REFERENCES

1. Bird, A.R (1986). CPG-Rich Islands and the Function of DNA Methylation. Nature 321,

209-213.

2. Brown, S.W. (1966). Heterochromatin. Science 151,417-425.

3. Burhans, W.C., Vassilev, L.T., Caddie, M.S., Heintz, N.H. andDePamphilis, M.L. (1990).

Identification of an Origin of Bidirectional DNA Replication in Mammalian Chromo-

somes. Cell 62, 955-965.

4. Callan, H.G. (1972). Replication of DNA in the Chromosomes ofEukaryotes. Proc. R.
Soc. Lond. B181,19-41.

5. Chambon, P. (1978). Summary: The Molecular Biology of the Eukaryotic Genome is
Coming of Age. Cold Spring Harbor Symp. Quant. Biol. 42, 1209-1234.

6. Chela-Flores, J. (1987). Towards a Collective Biology of the Gene. J. Theor. Biol. 126,

127-136.

7. Chela-Flores J. and Migoni R.L. (1990). CG Methylation in DNA Transcription. Int. J.
Theor. Phys. 29, 853-862.

8. Darnell, J.E. (1982). Variety in the Level of Gene Control in Eukaryotic Cells. Nature
297,365-371.

9. DePamphilis, M.L. (1988). Transcriptional Elements as Components of Eukaryotic Ori-
gins of DNA Replication. Cell 52, 635-638.

10. Edgar, B.A. and Schubiger, G. (1986). Parameters Controlling Transcriptional Activa-
tion during Early Drosophila Development. Cell 44, 871-877.

11. Falaschi, A., Biamonti, G., Cobianchi, R, Csordas-Toth, E., Faulkner, G., Giacca M..
Pedacchia, D., Perini G., Riva, S., and Trib'ioli, C. (1988). Presence of Transcription
Signals in two Putative DNA Replication Origins of Human Cells. Biochim. Biophys.
Acta 951, 430-442.

12. Foe, V.E. (1978). Modulation ofRibosomalRNA Synthesis in Oncopeltus fasciatus: An

Electron Microscopic Study of the Relationship between Changes in Chromatin Structure

and Transcriptional Activity. Cold Spring Harbor Symp. Quant. Biol. 42,723-740.

13. Jacobson, M. (1978). Developmental Neurobiology. 2nded., New York; Plenum Press,
pp. 57-114.

14. Jaeger, A.W. and Kuenzle, C.C. (1982). The Chromatin Repeat Length of Brain Cortex

and Cerebellar Neurons Changes Concomitant with Terminal Differentiation. EMBO J.
1,811-816.

10



15. Komberg, A. (1988). DM Replication I. Biol. Chem. 263,1-4.

16. Laskey, R.A., Fairman, M.R and Blow, JJ. (1989). S Phase of the Cell Cycle. Science
246, 609-614.

17. Lyon, M.F. (1961). Gene Action in the X-Chromosome of the Mouse (Mus musculus L.).

Nature 190, 372-373.

18. Lyon, M.F. (1968). Chromosomal and Subchromosomal Inactivation. Ann. Rev. Genet.
2, 31-52.

19. McGhee J.D. and Felsenfeld G. (1980). Nucleosome structure. Ann. Rev. Biochem. 49,
1115-1116.

20. Rakic, P. (1972). Mode of Cell Migration to the Superficial Layer of Fetal Monkey Neo-

cortex. J. Comp. Neurol. 145,61-84.

21. Rakic, P. and Sidman, R.L. (1973). Weaver Mutant Mouse Cerebellum: Defective Neu-

ronal Migration Secondary to Abnormality of Bergmann Glia. Proc. Natl. Sci. Acad.

USA 70, 740-244.

22. Rakic, P. (1981). Neuronal-glial Interaction during Brain Development. Trends in Neu-
roSciences4, 184-187.

23. Ramony Cajal S. (1891). Sur la structure de I'ecorce ceribrate de quelques mammiferes.
La Cellule 7, 125-178.

24. Savic A., Richman, P. Williamson, P. and Poccia, D. (1981). Alterations in Chromatin
Structure during Early Sea Urchin Embryo genesis. Proc. Natl. Acad. Sci. USA 78,
3706-3710.

25. Sperling, L. and Weiss, M.C. (1980). Chromatin Repeat Length Correlates with Phe-

notypic Expression in Hepatoma Cells, their Didifferentiated Variants, and Somatic Hy-

brids. Proc. Natl. Acad. Sci. USA 77, 3412-3416.

26. Vignal, W. (1888). Recherches sur le de'veloppment des iliments des couches corticates

an cerveau et du cervelet chez Ihomme et les mammifires. Arch. Physiol. Norm. Path.

(Paris) 2, 228-254.

27. Weisbrod, S. (1982). Active Chromatin. Nature 297, 289-295.

11

T




