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FOREWORD
A Historical Perspective on the Study of Chromosome Structure and

Furiction

R. Appels
Division of Plant Industry
CSIRO

P.O. Box 1600

A.C.T. EUSTRKLIA

"Modern physical scienceé gives us no modél to éxplain the re-
duplication of the _dene-string in eac¢h cell generation, or to ex-
plain the production of effective quantities of specific enzymes
or other agents by specific genes. The precise pairing and inter-
change of segménts by homologous gene-strings. at meiosis also
suggest novél physical properties of this form of matter".

Stadler (1954)
The very strong influence of reductionism in the history of
understanding chromcsome structure and function is evident in the
above quotation from Stadler's 1954 paper, “The gene”. Early ob-
sérvetions on the ,oongtancy of the cytological appeafance of chromo-
#oines and théir regulay Behaviour in cell division led to specula-
tibn on theirx biological importance. As genetics became iore
refined in the eéarly decades of the 20th century the genes-on-a-
Stting modél of chiromosomes developed and greater emphasis was
plaeed on the further dissection of thése structures, As a result,
in the 1980's the reductionist approach is _reaching a crest as
extensive regivng of the genetic material are being sequenced.
waéver, although high levels of structural resolutitin have been
attained, several ‘aspects of the statement by Stadler remain
ansolved. Probléms such as the nature of the chromosome pairing at
meioéis serve as a reminder hhat a process of building up a concépt
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of the chromosome as a whole, from the parts generated by the
genetic and the molecular/biochemical analyses, remains an important

challenge.

The present symposium.govers a broad spectrum of studies on
chiomcsome structure and function and it is useful to view progress
in this area with an appreciation of the history on which many of
the studies are built; the following is a brief survey of the )
historical developments in our understanding of chromosome structure
and function.

Exra

Chromosome feature

Impact .

1900 and
before

1900-
1930's

1930's~
1940's

Chromosome cytology. Primary
and secondary constrictions
as well as nucleolus organi-
ser regions are clearly
recognised. General chemi-
cal nature of RNA and DNA
are understood.

The chromosome as the bearer
of genes: changés in chromo-
some structure (cytological)
are correlated with genetic
and phenotypic changes.,
Linkage of genes and cross-

-ing-over are found to occur

in chromosomes .

Mitotic and meiotic
(pachytene) chromosomes
define euchromatin and
hete:ochromatin in plants
and animals. - Salivary

- gland chromosemes of

Drosophila, in particular,
reveal fine detail in

-euchromatin.

,‘Misdivision of centromeres
. i8 described.

Constancy of appearance
and behaviour at cell
division suggest chromo-
somes are of basic impor-

tance ifi cell biology.

Understanding of aneu-
ploidy, polyploidy, trans-
locations, inversions, and
deficiericies. Specific
phenotypic effects are
associated with specific -
¢hromosome segments.

The combination of sali-

vary gland cytology and
genetics in Drosophila

with the pachytené cytol-

ogy and gereties in corn
provide a nhew level of
appreciation of genetic
material. Hetetrochromatis
introduces the new concept
of appﬁtently genetically
irert material whiéh can
inflvence dgene expreaaion
by its positxon in the
chromosome

Provides a rationala for
one ‘level of change in
chromoseme stxucture

-{translocations involving
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1940's

1950's

1960's

Microscope spectrophotometry

measures the chemical
composition of cell compo-
nents directly.

be composed of deoxyribo-
nucleic acid and histone
protein,

up DNA are defined,

Genetic instability in maize

is demonstrated and rein=-
forces earlier cbservations
of genetic instability in
other systems.

The overall structure of
DNA and its importance as
the genetic material is
generally accepted. Semi~-
conservative replication

is demonstrated cytogeneti-

" cally and biochemically.

Polytene chromosomes in

Chironomus ¢orrelate

chromosome puffs and gene
activity.

Successful manipulation of

. gereal chromosomes to

introduce leaf rust into
wheat. Homoeologous pairing
mutation is described in
wheat.

Operon, and repressor
protein, interpretation of
bacterial gene expression.

' Development of preparatory

techniques for examining
unsectioned chromosomes by
electron microscopy.

Biochemigal
studies show nucleoprotein to

The chemical struc-
ture of the components making

whole chromosome arms)
observed in later experi-
ments (1950-1970's).

Provide a starting point
for studies on how DNA is
organised into the inter-
rhase nucleuc and
chromosomes,

Concept of a unit in the
chromosome which can move
to create mutations.
Concepts of requlatory
and structural elements.

New appreciation of the
transmission of genetic
information and the under-
standing of recombination
and mutations.

Concept of structural
change in the chromosome
related to gene activity

One product of chromosome
engineering finds its way
into a commercial wheat
variety,

Concept of specific
regions of DNA to accom-
plish contxpl of gene
expression.

Concept of a chromasome
comprised of folded or
looped chromatin fibers
develops.



1960'g-
1970's

1970's

Definition, by amino acid
sequencing, of the conserved
character of the histones,

Ribasomal DNA genes are
shown to be located in the
nucleolus organiser region,

High content of xepetitive
sequences in eukaryotic
chromosomes is demonstrated
by Cot curves.

The structure of highly
purified 188~268 ribosomal
DNA apd 5§ . DNA is determined.
Rihosomal DNA transcription
is visualised by electron
wicrogcqpy.

Banding technigues on

mitotic chrcnosqmes are
devglppm.

Specifigc clpsses of hxghly.

»;zepetitivn “PNA sequences

‘are 'shown to be located in
heteréchtonatin. Genetic
analyaeﬂ demonsgtrate a 1ow
density of genes in

‘ 'ha&etoehxmun .

L Qhe xepeated fblding

strue;u:é of thamatin is
dzscovered

i

‘A segment of 185-268 ribo-
Somal DNA fyonm enogug

is cloned into bactena.

Denonstration chat each
chromosou of Drosoghx la
contains only 3 ‘single’

FOREWORD

Concept of a DNA-protein
combination providing the
basic building blocks of
a chromosome devlops,

The first detailed under-
standing of a classic
chromosome landmark.

New questions are raised
xegarding the function of
DNA and how. genes are
arranged in chromosomes.

Gene-spacer-genewspaqer
etc., ;tructuxe provides

a detqiled Lnsight into

eukarym;ic genome
structure :

New era of: diagnostic wo#k

-uling mitotic chrouosomes
‘is initiated.
-analysis of human chromo-

somes this ig particularly
'aignifiaant ’ :

In the

An explanation of the .
qppaxgnt genetic inertness
of hetpxochxonatin is
xevaaled. '

The nuelewsome conqqpt
develops and progressg ig -
made - taward understanding
how the ENA is arranged
1n chrpnosomes.

F~A new era of the high

resolution analysis of
gene structure is statted )

The composition of eh;omcq_

.scnes 13 clarified.
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1980's

continuous DNA strand, and
that the ‘length of it may
increase by translocations
but is unaffected by
inversions. '

Major progzess in the linear
analysis of DNA,

Specific ewkaryote chromo-
lonnl pxotoinp are identi~
fied. X-zay orystallog raphy
of DﬂA—pretainAcomplexea.'

rranatomg;op systems in

- eukaryates are developed.

‘Cloning of yeast centromeres.

‘Use of DHA markers are

combined with earlier work
(from 196078) on isozyme

| maxkers in’ cunstxuctinq

,genet;n maps .

Undexstanding the struc-
ture of transpesable ele~
ments and how they cause
genetic mstability.
Promoters, eahancnxa. and
other controlling elepents
are identified for many
genes. The exon/intron
atructures of lany genes
qre deterniued

_nctalis of how DNA 1nte;-
acts with protein mole-

cules are revealed.

Factors a:taot,tnq the
structure and function of
chromosomes can be
apalysed with a great
dsgree of p:ecisim

Raconutmction of a m}l
chromosone to determine '

,u;s eanntiql tcatu:dg. :

Major expansion o! genetic

v maps from many orgqnim

Thﬂ Auxhor is indebted to Dr. A. J. Hillikar for his critical
cmnt; -on ap eaxly ve;aion of ‘this togword.

~ The fpllowing symppsium participants provided valpable ramarka

on omissions and errors in the summaxy, and their comments are

gratefully acknowledged: G. D. Burkholder, §.C.R. Elgin, B. §. Gill,
M. mvuixe, G. P, Redez., S :

?
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THE ANALYSLS OF CHROMOSOME ORGANIZATION: BY EXPERIMENTAL
MANIPULATION N |

Gary D. Burkholder

Department of Anatomy

Coliege of Medicine

University of Saskatchewan
Saskatoon, Saskatchewan S?N OW0
’Canada : e

'm‘nonucrm;'

Chromosomes have occupied a pivotal position in genetios ever
since their involvement in heredity became firmly established in
the early years of the twentieth century. There has consequently
been a longstanding and fervent desire to understand  how -¢hrowm-
osomes are organized, and in particular, to ascertain how the
heredxtacy nnterial 13 arranged and regulated at the molecular

Historioally, the evolution of conoepta oonccrning ahronoaoue
organization has often occurred in a step-wise fashion, with major
‘advances and shifts in knowledge following closely upon the heels
of new technological advances. As in many ‘other areas. of. senetica,
the rapid development of innovative tecnnalogy during the past few
years has provided the opportunity for increasingly sophistiocatsd
approaches to the study of chromosome organization. The applica-
tion of an armamentarium of new cytogenetic, morphological, -and
molecular biologiocal techniques has led to radical and sometimes
controversial changes in our views about the uay in which chrom-
osomes are conatructlﬂ.

The purpose of this review is. to highlight emevgins conecepts
of chromosome organigation. More specitieally, two. .fundamental but
interrelated aspects of this organization will be addressed: 1.
the higher-order arrangement of chromatin in mitotic chromosomes,
and 2. the underlying molecular and functional organization reveal-
ed by the chromosome banding techniques. 1In order to place racent

i



2 G. D: BURKHOLDER

research in its proper perspective, the problems and pitfalls of
chromosome research are considered, and alternative possibilities
of* chromosome organization are discussed. References have been
chosen. to fllustrate specific points as opposed to providing a
comprehénsive literature review. For the most part, the emphasis
will be on the organization of mammalian chromosomes since these
have been studied in the greatest detail.

QUESTIONS, APPROACHES AND PROBLEMS IN CHROMOSOME RESEARCH.

Major: questions relating to chromosome organization include:
" t. How 1s DNA arranged in the chromosome? . 2. How are the other
molecular components (e.g. proteins) of chromosomes involved in
this organization? 3. How is the structural organization of the
chromosome related to its functional organization?

In spite of intensive study, the answers to these questions
have been elusive. The reason for this is apparent from the fol-
lowing considerations. A human diploid nucleus contains about 6.4
pg of DNA which corresponds to a combined total length of about
1.7 meters. This DNA is subdivided amongst the 46 chromosomes
and, based-on studies in other organisms (Laird, 1971; Kavenoff and
Zimm, 1973; Molitor et al., 19T4), exists as a single uninterrupted
molecule within each chromatid. At metaphase, a chromosome only a
few um long may contaln anywhere from 1.4 to 7.3 cm of DNA packaged
into each sister chromatid. This translates into DNA and histone
concentrations of approximately 25 mg/ml each in a condensed chrom-
osome while the nonhistone protein concentration.may be as high as
50«75 mg/ml (Okada and Comings, 1980). = Such. ineredibly high con-
eentrations mean that the: chromosomes are chock-full of highly-
condensed chromatin, effectively hindering any and all attempts by
morphological approaches to examine the manner in which constituent
ehronatin tibera are organized in native metaphase chromoscnes.

: Tha ‘vast. najority ot lorphological studies on mammsalian metan
~ phase cliromosomes have utilized light or eleetron microscopy. For
. light microscopy, used in meost cytogenetic studies, the mitotic
cells are exposed to a hypotonic salt solution (usually 0.075 M
KCl), fixed in a mixture of acetic acid and methanol (1:3), and
dried on sliides. This ia the only method known that gives good -
chromosome morphology and adequate spreading. Kdditional treat-
ments are usually required to produce chromosome banding. It is
obvious: that an underatanding of the effects of these preparatory
procedures and banding treatments on chromosome constituents is
required in order to fully comprehend what the observed norpholog~
ical effects mean in terms of normal chromusome organization.

Thin-section electron microscopy, which has been extremely
1ntoruative in demonstrating the intricate structure of other
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cellular organelles, has been notably unproductive in revealing
chromatin organization in mitotie cells. The chromosomes have a
homogeneous, electron-dense appearance in thin-sections (DuPraw,
1970). Short segments or cut ends of fibers can be seen, suggest-
ing a densely-packed, tangled network of chromatin, but there is no.
evidence of any kind of regular organization or internal structure.
In fact, the only revealing aspect of chromosome structure seen in
thin-sections is the kinetochore (Comings and Qkada, 197t; Roos,
1973). This is the plate-like structure, looated in. the centro-.
meric region on the superficial surface of each sister chromatid,
te which the spindle microtubules. are attached..

The dirth of information obtained: from. thin-section electron:
microscopy has necessitated the development of alternate ultra-
structural methods for examining chromatin organization in chrom-
osomes. Without exception, these methods all involve some kind of
experimental manipulation designed to. loosen or disaggregate the
typical condensed chromosome structure so that internal detail can
be observed microscopically, In some instances, this involves
hypotonic shocks and spreading the cliromosomes on aqueous hHypo-
phases; in others, it involves the isolation of mitotic chrom~
osomes, followed by their exposure to a variety of chemical treat-
ments. Unfortunately, these approaches are problematic because they
can unknowingly modify the chromosomes so that the observed mor-
phology does not accurately refleet the organization that exists in
vivo. The fibrous nature of the chromosomes renders them highly
susceptible to the formation of artifacts by -any kind of menipula-
tive procedure. This appears to be reflected in the diversity of
results, opinions, and models that have appeared and disappeared
over the years. ' : o e R S

En view of these inherent problems, it is imperative to con-
stantly question the effect of the experimental manipulations on
the results obtained. Caution must also be exercised in extrapola-
ting the implications of the results to the im vivo organizationm of
chromosomes until the conclusions can be verified by other indepen-
dent approaches. Surprisingly, in spite of the problems, an inte-
grated copcept of chromosome organization is slowly emerging.

ORGANIZATION OF THE CHROH!?IU FIBER

Although many of the fine details have yet to de worked out,
it has been convincingly eatablished that nuclear DNA is organized
into several hierarchical levels within chromatin (reviewed by
Felsenfeld, 1978; McGhee and Felsenfeld, 1980; Igo-Kemenes et al.,
1982). The fundamental unit of chromatin organization is the
nucleosome, consisting of a well-protected core and a nuclease-
sensitive linker region which varies in length but is approximately
60: base-pairs long. The core consists of 146 base-pairs of DNA -
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wrapped around the outside of a histone octamer comprised of two .
molecules each of histones H2A, H2B, H3, and HY. One molecule of
histone H1 is located at the -site where DNA enters and exits the
_core particle, effectively closing two full turns of DNA .around the
histone octamer. The linker DNA interconnects adjacent nucleosomal
DNA, producing a nucleosome chain containing a single continuous
DNA molecule. As seen by electron microscopy of chromatin prepared
_under conditions of low ionic strength, this chain has a -typicai

beads-on~a-string appearance.’

In vivo, the elemental chromatin fiber consists of a Iinear
chain of closely-packed nucleosomes without any apparent internuc-
leosomal space, forming a 10-11 nm Tilament. The next level of
order is the 25-30 nm chromatin fiber characteristically seen in
most electron microscopy studies. This thicker fiber appears .to
form through a continuous coiling of the 10 nm fiber, giving rise
to a solenoid with 6-7 mucleosomes per turn. It is thought that
histone H1 may be involved in stabilizing the thick fiber, perhaps
by .crosslinking adjacent turns of the coil (Felsenfeld, 1978).
Moderate ionic strengths are required to preserve the stability of
this fiber, and it can be reversibly converted to the 10 nm fiber
by successively lowering and raising the ionic strength.

The manner in which nonhistones may associate with the 10 or
‘30 nm fibers is largely unknown. However, the high mobility group
(HMG) ‘proteins 14 and 17, which appear to be preferentially associ-
ated with transoriptionally-active chromatin, have been shown to
reversibly bind to mononuclisosomes (reviewed by Igo-Kemenes &t al.,
1982). Additional details of how these and other nonhistones bind
to chromatin, and the implications of these associations, must
-await further study. '

- CONSIDERATIONS FOR THE ORGANIZATION OF THE MITOTIC CHROMOSOME

During the transition from interphase to mitosis, there is no
change in the basic structure of nucleosomes or their organization
. into chromatin fibers; the 10 and 30 nm fibers of interphase chrom-

atin are also found in mitotic chromosomes (Rattner and Hamkalo,
1978a, 1978b; Labhart et al., 1982). On the other hand, there is a
major rearrangement of the 30 nm fibers during prophase to form the
compact, condensed structure of the mitotic chromosomes. This
higher-order organization of chromatin has been remarkably refrac-
tory to elucidation.

Out of the myriad of chramosome models that have appeared -over
the years, variations on three major themes are predominant: 1. an
organization based on chromatin folding; 2. an organization based
on higher levels of helical coiling; or 3. an organization based on
a central core that dictates chromatin arrangement. Each of these



