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ABSTRACT

Human lymphocytes were grown in short-term tissue culture and were arrested in meta-
phase with Colcemid. Their chromosomes were prepared by the Langmuir trough—critical
point drying technique and were examined under the electron microscope. In addition,
some chromosomes were digested with trypsin, Pronase, or DNase. The chromosomes
consist entirely of tightly packed, 240 & 50-A chromatin fibers. Trypsin and Pronase
treatments induce relaxation of fiber packing and reveal certain underlying fiber arrange-
ments. Furthermore, trypsin treatment demonstrates that the chromatin fiber has a 25-50
A trypsin-resistant core surrounded by a trypsin-sensitive sheath. DNase digestion suggests

that this core contains DNA.

INTRODUCTION

Chromosomal fine structure has been the subject
of extensive electron microscopy research for more
than a decade. Chromosomes from higher plants,
insects, and various vertebrates have been ob-
served to consist mainly of chromatin fibers 30-500
A in diameter (1-10). Radicautography (3) and
enzyme digestion (2, 4, 5, 8, 11, 12) have demon-
strated the presence of DNA and protein in these
fibers. In addition the ultrastructure of the nucleo-
lar organizer region (13), the kinetochore (12, 14—
16), and the synaptinemal complex (17, 18) has
been described.

Attempts to detect an ordered arrangement of
the chromatin fibers within mitotic chromosomes
have been less successful. With thin sectioning
techniques, a fiber can be followed for only a very
short distance in a single section. This considerably
hampers the examination of the three-dimensional
organization of fibers. With whole mount tech-
niques chromatin fibers from interphase nuclei

may be followed for several microns (4, 5, 7, 8, 11).
However, metaphase chromosomes prepared by
whole-mount techniques are characterized by
closely packed, irregularly folded chromatin fibers
(4, 6, 8). It may be that this tight packing pre-
cludes the observation of some regular fiber ar-
rangement in the metaphase chromosome.

It has been shown that the packing of the chro-
matin fibers can be induced to loosen by treatment
with trypsin (4, 19-21) or hypotonic solution (9,
11, 22, 23). In the present study, these treatments
are applied to human lymphocyte chromosomes,
which are then prepared by the whole-mount
technique of Gall (7) and examined with the elec-
tron microscope. In addition the actions of deoxy-
ribonuclease and Pronase! on chromosomes are
examined.

!'The use of commercial products does not con-
stitute endorsement by the United States Public
Health Service.
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MATERIAL AND METHODS

Human Leukocyte Cultures

Blood was obtained from normal female volunteers.
One portion was heparinized for plasma, and the
other was allowed to clot for serum. A modification
of the Moorhead method (24) of culturing leukocytes
was used. The heparinized blood was allowed to
sediment and the resultant plasma-cell suspension
was withdrawn. The suspension was centrifuged
for 15 min at 300 rpm, and the cell button was
washed once with Eagle’s Minimum Essential
Medium (MEM) supplemented with 3 mmoles/ml
glutamine, 75 units/ml penicillin, and 75 ug/ml
streptomycin. The cells were resuspended in a
volume of autologous serum equal to the original
amount of plasma. Cultures were prepared in 30-ml
plastic screwcap bottles (Falcon Plastics, Los Angeles)
with 2.5 ml of the cell-serum suspension, 7.5 ml
of supplemented Eagle’s MEM, and 0.15 ml of
phytohemagglutinin ~ (Burroughs-Wellcome  Co,,
Tuckahoe, N.Y.). The cultures were incubated
for 48-72 hr at 37°C, with 0.2 pg/ml of Colcemid
(Ciba, Fairlawn, N.J.) present for the last 4 hr.

Specvmen Preparation

Cultures were centrifuged for 5 min at 500 rpm;
709, of the medium was discarded and replaced
with distilled water. The cells were dispersed, re-
centrifuged, and the supernatant was discarded.
Portions of the pellet were picked up on the tip of a
stainless steel spatula which was then dipped into
the cleaned surface of a Langmuir trough containing
0.03 M urea. The area was compressed with a waxed
barrier, and cells were taken up by touching formvar-
carbon-coated grids to the surface. The grids were
placed in a plastic carrier in 509 ethyl alcohol
and dehydrated by the following procedure: 709
ethyl alcohol, 1 min; 959 ethyl alcohol, 1 min;
1009, ethyl alcohol, two 3-min changes followed
by one 10-min change; and 1009, amyl acetate,
two 5-min changes followed by one 10-min change.
Grids were then dried with the use of the critical-
point method (25) and examined under a Siemens
Elmiskop TA operated at 80 kv.

Enzymes

After the cells were picked up on grids from the
surface of the Langmuir trough, grids to be treated
were floated cell side downward for 20 min at 37°C
in the following concentrations of enzymes dissolved
in 0.1 m phosphate buffer, pH 7.3: 6.25-200 ung
per ml trypsin (Worthington Biochemical Co.,
Freehold, N.J., 2X recrystallized); 5-100 ug per
ml  trypsin (Fisher Scientific Co., Pittsburgh);
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TFigure 1 Well preserved human lymphocyte chromo-
some. Chromatin fibers loop out of the chromosome
(arrows). X 33,000.

or 100-800 ug per ml Pronase? (Calbiochem, Los
Angeles). Pronase was also used at concentrations
of 10-400 ug per ml 0.1 M Tris-HCI, pH 7.3. Pronase
was pretreated to inactivate DNase according to
the method of Hotta and Bassel (26). Other grids
were treated with 1-50 pg deoxyribonuclease (Cal-
biochem) per ml 0.003 M MgCl, in 0.1 M phosphate
buffer, pH 7.3. Suitable controls were prepared
by treating grids with buffer alone.

RESULTS
Untreated Chromosomes

Grids usually contain from four to ten metaphase
spreads. However, we have not observed the full
complement of 46 chromosomes in a single meta-
phase group.

A chromosome is considered well preserved if
its general morphology resembles that found in
light microscope studies and if few chromatin
fibers are seen stretched out and broken. Fig. 1
shows an example of a well preserved chromosome.
The length, arm ratio, and the submetacentric

2 A protease from Streptomyces griseus.
p yees g
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placement of the centromere constriction suggest
that this chromosome is a member of the C group
of the normal human karyotype as defined by the
Denver (27) and London (28) conferences. The
chromosome appears to consist of fibers mostly in
the range of 240 + 50 A in diameter. The fibers
are bumpy in appearance. Occasionally, bumps
reach 350 A in diameter, while rare narrowed
areas approach 140-150 A. Some fibers run out of
the main body of the chromosome and usually
loop back in. Loose ends are seldom observed. No
ordered arrangement of the fibers is seen here.
Often chromosomes, parts of chromosomes, or
individual fibers are found to be stretched out or
broken. Occasionally, such a stretched chromo-
some appears to have an underlying arrangement
of chromatin fibers not observed when the fibers
are tightly packed. Such chromosomes are in-
cluded in Figs. 2, 4-6. Fig. 2 shows a large sub-
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Figure 2 Less condensed chromosome. Longitudinally aligned chromatin fibers appear along the
chromosome arms. Clumps of chromatin fibers assume a spiral configuration (sp). Chromatin fibers pass
between sister chromatid arms (arrows). A “hole” or area of less dense chromatin packing is seen in the
centromere (k). X 23,300.

metacentric chromosome, probably a No. 2, in a
less condensed state that that shown in Fig. 1. The
less contracted condition of the chromosome may
be an indication that it is in early metaphase, or
may be an artifact due to increased stretching
forces as evidenced by the number of individual
fibers splayed out of the chromosome arms. This
chromosome demonstrates four features of chro-
mosome organization observed in the examination
of some 1,500 metaphases. First, a longitudinal
arrangement of bumpy 240 + 50 A fibers is seen
throughout the length of the chromosome (see also
Figs. 8-10, 13, 14, 16, 18). Estimates of the number
of longitudinal fibers at selected points along the
chromosome vary between eight and 16. Secondly,
superimposed on the longitudinal fibers are areas
of similar, but tightly packed fibers (see also Figs.
8, 10, 16). These areas often assume a spiral con-
figuration, continuous for two to four gyres. Oc-
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Acrocentric chromosome. The ends of the
long arms are closely associated. X 36,000.

Ficure 3

casionally, the more compact areas appear as
separate units along the arms (see also Figs. 9-11,
17, 18). Third, fibers appear to pass between the
sister chromatid arms well outside the centromere
region (see arrows, Fig. 2) (see also Figs. 12, 16—
18). These fibers resemble the other fibers of the
chromosome. They tend to be more numerous near
the ends of the arms and appear to bind together
partially separated chromatid arms (Fig. 3).
Fourth, a less dense area of fiber packing is ob-
served in the centromere region. In severely
stretched chromosomes, it can be observed that
this appearance is caused by a specific configura-
tion of the longitudinal chromatin fibers (Figs.
4-6). As one follows the longitudinal fibers toward
the centromere, it can be seen that about half the
fibers cross over to the sister chromatid where
they appear to reverse direction and run again
distally in the sister chromatid. However, some
crossing fibers continue in the same direction
(Fig. 6). With fibers crossing at both sides of the
centromere, two decussation points are created
with an empty area between them. Fig. 7 is an
idealized schematic of the fiber organization in
the centromere region.
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Trypsin Treatment

The observations were originally made with
Fisher purified trypsin (FT) which has a trypsin
activity of 50 National Formulary (NF) units/mg
and a chymotrypsin activity of 40 proposed NF
units/mg. Subsequently, Worthington 2 X recrys-
tallized, lyophilized trypsin (WT) was used to
confirm and extend our findings. WT has an ac-
tivity of 3,300 NF units/mg and has less than 0.1¢;
chymotrypsin activity.

The action of dilute trypsin (10-50 pg/ml F1;
6.25 ug/ml WT) is to induce the relaxation of
tight fiber packing (Figs. 8-11). This effect varies
from a slight loosening in some preparations to
extensive relaxation in others, such that the chro-
mosome becomes an almost formless meshwork of
chromatin fibers.

With the loosening of fiber packing caused by
trypsin, the longitudinally aligned fibers are more
evident and the apparent spiral arrangement of
the chromatin fibers is more clearly seen. Several
gyres of the more tightly packed fibers may be
observed in a chromosome arm (Figs. 8, 10). In
chromosome arms that are somewhat stretched,
the gyres appear to be separated into clumps of
condensed chromatin fibers along the arms (Figs.
9-11). The relation between the longitudinal fibers
and the chromatin fibers of the more compact
“gyres-clumps” is obscure. It is unclear whether
some of the longitudinal fibers pass uninterrupted
through the more compact areas; Fig. 11 suggests
that some fibers may.

The action of more concentrated trypsin (100
ug/ml FT; 12.5-200 pg/ml WT) is to cause thin-
ning of the chromatin fibers along varying portions
of their lengths. Thinning is observed in the fibers
looping out of the chromosome arms (Fig. 12), the
longitudinal fibers (Figs. 13, 14), the fibers passing
between sister centromeres (Figs. 14, 15), and the
fibers passing between sister arms (Fig. 12). The
thin areas are 25-50 A in diameter. Beadlike struc-
tures about 200 A in diameter are observed ir-
regularly spaced along the thinner areas.
Pronase Treatment

In concentrations of 200400 ug/ml in phos-
phate buffer and 20-100 ug/ml in Tris buffer,
Pronase also exhibits a relaxing action on fiber
packing (Figs. 16-18). Concentrations of Pronase
higher than 400 ug/ml in phosphate buffer form a

precipitate and produce no increase in enzyme
action. In Tris buffer at concentrations of Pronase
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Fiaure 4 Chromosome with one of the sister chromatids severely distorted. At the centromere, the
longitudinal chromatin fibers bifurcate with some crossing to the other chromatid and some continuing
in the same direction (arrows). A “hole™ is formed at the centromere (&). X 24,000.

Fiaure 5 Chromosome with sister short arms pulled out. Longitudinal fibers bifurcate at the centromere.
Some fibers change direction and run back along the sister arm (arrow). Other fibers continue without
changing direction. A “hole” appears in the centromere (£). X 30,400



I'1GUuRE 6 Some chromatin fibers seem to cross from one chromatid to the other and continue in the
same direction (f). @, Centromere from chromosome treated with 10 pg/ml trypsin (Fisher). X 45,500.
b, Centromere from chromosome shown in Fig. 8 a. Treatment is with 6.25 ug/ml trypsin (Worthington).

X 25,400

higher than 100 pg/ml, chromatin fibers are not
observed on the grid.

Figs. 16-18 illustrate longitudinal fiber arrange-
ment observed in Pronase-treated chromosomes.
As with trypsin, clumps of more tightly folded
fibers are present along the chromosome arms
(Figs. 17, 18). Fiber thinning, although reported
for interphase fibers (34), was not observed in
Pronase-treated chromosomes. The fibers between
the sister chromatid arms are particularly well
seen in Figs. 17 and 18. Fiber thinning and relaxa-
tion are not observed when chromosomes are
treated with phosphate and Tris buffers alone.

DNase Treatment

DNase activity is first detected at a concentra-
tion of 5 ug/ml (Figs. 19, 20). Here the linear
integrity of the chromatin fibers is interrupted,
and only short fiber segments are observed. Fibers
passing between sister chromatid arms are also
affected. With increasing DNase concentration,
digestion is more pronounced, and at 20 ug/ml
the chromatin fibers are no longer observed. Chro-

mosomes treated with phosphate buffer with 0.003
M MgCl; do not exhibit digestion.

DISCUSSION
Chromatin Fibers

In the present study, human lymphocyte chro-
mosomes prepared by the Langmuir-trough and
critical-point drying techniques appear to be
comprised entirely of 240 £ 50 A fibers. Dupraw
(29) obtained similar results with human chromo-
somes prepared in the same manner. This tech-
nique has also yielded fibers of similar diameter in
meiotic chromosomes (31), in mitotic chromo-
somes (4, 8, 32) and in interphase chromatin (4,
8, 10).

Wolfe and Grim (33) recently presented evi-
dence that the 200-250 A fibers of interphase
chromatin probably exist in the living cell as fibers
with diameters of about 100 A. They suggest that
the transition to a larger diameter occurs as the
100 A fibers of the intact cell combine with sur-
rounding matrix material of the nucleus. On the
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7 Schematic diagram of chromatin fibers at
the eentromere. ........ represents those fibers that
cross from one sister chromatid to the other, reverse
direction, and run back along the sister arm, —-----------
represents those fibers which continue uninterrupted in
the same chromatid. — represents the occasional
fiber which seems to cross between chromatids at the
centromere but does not change direction. Because of
this pattern, the fibers cross at the centromere in two
groups (g), forming an empty space in between (k).

Figure

other hand, Ris (34) observes the 250 A fiber to
divide into two 100 A fibers under the influence
of chelating agents. We have only rarely seen mul-
tiple fiber cores branching from a single 240 +
50 A fiber. On the basis of our observations, then,
no real information can be added to the question
about possible subunit organization of 200-250 A
fibers.

Ris shows that the 100 A fiber can be reduced
to one, two, or more thinner fibrils and that these
thinner fibrils approach the theoretical diameter

J. G. ABUrLo axp D. K. Moore

of the DNA double helix (5). Thinning of fibers
can be induced by various treatments which re-
move histone or protein: 0.2 x HCI (10), 500 ug /ml
trypsin (5), Pronase (34), and 2 M NaCl (11). The
thinner fibrils obtained are susceptible to digestion
by DNase (4, 34). Digestion by DNase also causes
a disappearance of chromatin fibers, even without
prior treatment to remove protein in interphase
nuclei (8, 11) and in metaphase chromosomes (12,
35, 36).

Most enzyme digestion studies have been con-
fined to the chromatin fibers of interphase nuclei.
The fibers of metaphase chromosomes are thought
to result from a condensation or aggregation of
interphase fibers (8, 30) and would be expected to
react to enzyme treatments in a similar manner.
The present studies support this reasoning. As
with interphase chromatin, the 240 + 50 A fibers
of metaphase chromosomes are digested com-
pletely by DNase and are reduced to 25-50 A
fibers by trypsin. In addition, the possibility that
DNase merely strips intact fibers from the grid,
rather than actually digesting them, is ruled out
by the observation of partial digestion at low
DNase concentrations. It seems likely that the
chromatin fibers consist of a protein coating around
a 25-50 A trypsin-resistant core. The susceptibility
of the whole fiber to DNase digestion suggests that
DNA is responsible for the linear integrity of the
fiber and that the DNA is in the core.

Loosening of Fibers

In our studies, as in previous ones (4, 13, 20, 21),
trypsin is observed to cause loosening of the chro-
matin fiber mass. That such loosening also occurs
with Pronase suggests that this loosening is a
property of any substance with proteolytic ac-
tivity. It may be that proteolytic enzymes cause
relaxation of chromatin fiber packing by two ac-
tions: that of breaking internal fiber bonds which
hold each fiber in a rigidly folded configuration,
and/or that of removing a proteinaceous inter-
fiber glue.

Longitudinal Arrangement

Fibers longitudinally arranged along the chro-
mosome arm have been observed with whole-
mount techniques in meiotic prophase chromo-
somes (30, 37) and in various mitotic chromosomes
(6, 31, 36, 38, 39) as well as in this report. They
have also been demonstrated in one study of thin-
sectioned mammalian chromosomes (35). How-
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Figure 8 a, Chromosome treated with 6.25 ug/ml trypsin (Worthington). Chromatin fibers are some-
what loosened. In one arm, three gyres of a spiral appear (sp). X 6,600. b, Higher magnification of region
with coiling. Relation of longitudinal fibers to those of the gyres is obscure. X 28,000.

ever, longitudinal alignment of fibers was not seen
in other studies in which whole mount techniques
were used (4, 8, 32). It may be that compact fold-
ing of unaligned fibers obscured the longitudinal
fibers. This explanation is supported by our ob-
servation that gentle loosening of the condensed
metaphase chromosomes by protease treatment
seems to uncover underlying parallel fibers. Wolfe
and Hewitt (40) have also reported that Oncopel-
tus meiotic chromosomes exhibit parallel fibers
while extended in prophase I, but not when they
are more condensed in metaphase 1.

Cotling

The tendency of the arms of mitotic and meiotic
chromosomes to take the form of helical gyres is
well known from light microscopic observations
(41, 43, 44). Although chromosome arm spiraling
may be factitiously induced or exaggerated by
chemical and physical agents (42, 44, 45), observa-
tions of coiling in untreated living cells indicate
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that this spiraling phenomenon is not artifactual
(42, 46). Coiling has also been found with electron
microscopy in sectioned (35) and whole-mount
mammalian (8) mitotic chromosome preparations.
The present observations of major gyres in human
lymphocyte chromosomes are similar to those of
Dupraw (29). Our use of enzymes to loosen chro-
matin fibers allows us to examine the fiber organi-
zation in the gyre. Evidence for minor coils (47)
or a hierarchy of helical systems (37) is not found.
Instead, the gyres appear to be composed of ir-
regularly folded, closely packed chromatin fibers.
How these gyres relate to the longitudinally
aligned fibers is still unclear.

Longitudinal Differentiation Along
the Arms

Also unclear is the appearance of gyres as sepa-
rated clumps of chromatin fibers in stretched areas
of the chromosome arm. While it may be that this
separated state results as an artifact of stretching,

VoLumE 41, 1969



Figure 9 Chromosome treated with 6.25 ug/ml
trypsin (Worthington). There is relaxation of the
chromatin fibers. Several loops appear (I). There are
few loose ends. Separated clumps of chromatin are
seen (cl). X 9,600.

another possibility exists. These clumps may reflect
a true longitudinal heterogeneity along the chro-
mosome arm. This concept of linear differentia-
tion is not new. It goes back 90 years to the first
reports of beadlike structures observed along the
arms of chromosomes in meiotic prophase (48).
These structures, called chromomeres, are usually
constant in size, number, and position. They have
since been described in the zygotene and pachytene
stages in a variety of organisms (48-51). Possibly
related are morphologically distinct regions (also
called chromormeres) which appear along the axes
of certain mitotic chromosomes (52-54), lamp-
brush chromosomes (55), and dipteran giant
salivary chromosomes (56). Electron microscopic
studies have demonstrated that the chromomeres
of meiotic prophase (40, 47), lampbrush (57), and
giant salivary chromosomes (21, 31) are actually
areas of tightly coiled chromatin fibers. The mor-

phological variations along the chromosome may
be related to certain functional variations. In
giant salivary chromosomes and in maize pachy-
tene chromosomes the chromomere patterns have a
constant relationship to the respective genetic
maps (58-62). Furthermore, Pelling (63) has
recently speculated that the “chromomere” may
represent a unit of RNA synthesis and DNA repli-
cation. He points out that DNA synthesis as deter-
mined in labeling experiments occurs independ-
ently in the bands of Chironomus salivary chromo-
somes. Similarly, DNA labeling is observed at
specific loci in chromosomes of certain plants and
animals (64-67). Identification oflabelingloci with
chromomeres has not been attempted. However,
studies with Chinese hamster cells indicate that
late labeling areas of the chromosome may con-
dense later than other areas (83, 84). This suggests
that condensation of chromatin is also carried out
in a pattern along the chromosome arm. Further
evidence that units of the chromosome arm may
act independently is found in the behavior of
radiation-induced acentric fragments. These frag-
ments can replicate themselves, may condense
normally in prophase and metaphase, and separate
from their sister fragments in early anaphase (46).
Is there evidence for similar linear differentiation
in human chromosomes? Chromomeres have been
observed in human pachytene chromosomes (68—
70), and certain chromosomes have a constant pat-
tern of chromomeres (68, 70). Genetic mapping in
man is in a preliminary state (71-74), but the X
chromosome has been shown to have several genes
in linear arrangement (75). DNA labeling in a
number of human chromosomes has been ob-
served to occur in small discrete segments (76-81).
There are also linear variations in chromosome
condensation. Sasaki and Makino showed that
certain late labeling chromosome regions con-
densed later than others (82). This late condensa-
tion can be prevented if the cells are incubated in
calcium-free medium during the last hours of cul-
ture.

Thus, it appears that each region of the human
chromosome arm may be identified with its charac-
teristic genetic loci, its sequence of DNA replication
and its sequence of condensation. The separated
clumps of chromatin fibers along the chromo-
some arm observed in the present studies may
reflect this pattern of differential condensation.
Before such a hypothesis is seriously entertained,
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Figure 10 Chromosomes treated with 10 ug/ml trypsin (Fisher). Loosening of the chromatin fibers
reveals spiraling (sp) and separated chromatin clumps (cl) along the arms. X 11,000.

it must be shown that a constant “clumping” pat-
tern exists in the mitotic chromosomes and that
this pattern is related to DNA labeling sequences.

Centromere

The centromere region of the mitotic chromo-
some has been variously described. With light mic-
roscopy, two or four densely staining centromeric
spherules or chromomeres have been observed
(85, 86). Similar techniques reveal an association
(87) oreven a band of stained material (88) between
the proximal regions of sister chromatid arms.
The cinemicrography of living endosperm has also
demonstrated a proximal arm association (45) as
well as the formation of a centromere hole (89).
Dupraw (29) in his study of whole-mount human
chromosomes observed that, “in the centromere
proper, multiple lengths of fiber (about fifteen) pass
from one chromatid to the other.” The present
studies corroborate Dupraw’s finding of several
chromatin fibers crossing at the centromere. More-

over, our observations that the fibers cross at two
points and leave an empty area in between is sup-
ported by the configuration of the centromere in
Dupraw’s Fig. 5 (29). This would explain the
appearance of a centromere hole and the associa-
tion of proximal arm regions previously reported
(see above). The centromere hole in human lym-
phocyte chromosomes is also seen in the absence
of mitotic-arresting agents (90, see Figs. 3, 4, and
9), when whole-mount preparations are examined
with the electron microscope.

The pathways of chromatin fibers in the cen-
tromere region as observed in the present study
are represented schematically in Fig. 7. These
findings must be considered tentative at present
because of the small number of observations on
which they are based. In addition, it should be
noted that kinetochore structures as described in
thin-sectioned chromosomes (12, 14-16) are not
observed with the Langmuir trough—critical point
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Figtre 11  Portion of a chromosome arm treated with
25 pg/ml trypsin (Fisher). Separated clumps of chro-
matin fibers are connected by longitudinal fibers. Some
fibers may pass uninterrupted through or around the
clumps (f). X 17,200.

drying technique. It may be that these structures
are removed during chromosome preparation.

Interarm Fibers

In whole mount chromosomes, chromatin fibers
pass between sister chromatid arms outside the
centromere region. Such fibers can also be seen in
micrographs in previously published reports (8,
29). The fibers are particularly evident in chro-
mosomes loosened with trypsin or Pronase. It may
be that these fibers hold the metaphase chromo-
some arms rather tightly together. With relaxation
of the chromatin meshwork, the chromosome arms
may drift apart enough so that the connecting
fibers are observed intact.

This hypothetical role of the fibers holding
chromosome arms together finds some support in
previous studies. In cinemicrography of mitotic
cells, the splitting apart of sister chromatids occurs

as a synchronized event before the start of ana-
phase (45, 46). This seems to occur independently
of spindle activity and has been observed in
Colcemid-mitosis (91), in radiation-produced
acentric fragments (46), and in mitotic nuclei not
associated with a spindle (92). If the separation of
sister chromatids is mediated by a release of con-
necting fibers, our findings of fibers crossing more
frequently at the centromere and at the ends of
the arms would suggest that the telomere and cen-
tromere are the last parts of the arms to separate.
This would explain the observation of human chro-
mosomes with partially separated arms held to-
gether at their centromere and at their ends, both
with Colcemid (29, see Fig. 5) and without Colce-
mid (90, see Figs. 8 and 9). Levan (93) observed
the same configuration in colchicine-arrested Al-
lium root chromosomes. He concluded that a re-
leasing action moves down the chromosome arms
from the centromere towards the ends and that
when this action passes through the ends a com-
plete separation of the arms takes place. Molé-
Bajer described this phenomenon in living endo-
sperm: “A longitudinal split appears which moves
towards the ends of the arms and at the same time
increases in breadth. In consequence the two
daughter chromosome arms may often look as if
they are connected at the kinetochore and at the
ends of the arms with a split between them” (91).

The question arises whether the crossing fibers
are the same type of fiber as those of the chromo-
some proper. Both Wolfe (8) and we have observed
that these fibers are sensitive to DNase digestion.
Also, high concentrations of trypsin cause thinning
of these fibers. Therefore, the crossing fibers are
affected by enzymes in the same way as those of
the chromosome arms, and it may be that these
fibers differ only in their position.

Strandedness

The recondite problem of how many strands
comprise each chromatid has been debated for
over 30 years (19, 43, 94-96). Even the use of
radioautography (97, 98) and electron microscopy
has not settled the question (37, 40, 99). Our ob-
servations of several parallel chromatin fibers
aligned longitudinally along the chromosome arm
would appear to support the concept of multi-
strandedness. However, this appearance may be
accounted for by parallel folding of a single strand.
Dupraw noted that the ends of the chromatid have
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Figure 12 Chromosome treated with 25 ug/ml trypsin (Worthington). Thinning is observed in certain
fibers looping out of the chromosome (arrows) and in fibers between the arms. X 18,800.

Fiaure 13 Portion of a chromosome treated with 12.5 ug/ml trypsin (Worthington). Note thinning in
the longitudinal fibers. Thin regions of some fibers have diameters of 35-50 A. X 32,000.

Ficure 14 Portion of a chromosome treated with 25 ug/ml trypsin (Worthington). Thinning is evi-
dent in the longitudinal fibers (If) and the fibers passing between the sister centromeres (¢f). X 17,100.
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Ficure 15 Centromere region of a chromosome ireated with 12.5 ug/ml trypsin (Worthington). Thin-
ning appears in the fibers between the sister centromeres {cf). X 37,300.

Figure 16 Chromatin fiber relaxation in chromosome treated with 400 ug/ml Pronase in phosphate
buffer. Fibers pass between the arms of sister chromatids. Spiraling appears at the distal portion of one
arm (sp). X 12,000.

Ficure 17 Chromosome treated with 800 ug/ml Pronase in phosphate buffer shows fibers between the
arms and separated clumps of chromatin fibers (). X 17,000,



Figure 18 a, Chromosome treated with 800 ug/ml Pronase in phosphate buffer. X 9,200. b, Higher
magnification shows fiber relaxation, fibers between the arms, and separated clumps of chromatin fibers

{el). X 28,000.

Frgure 19 Chromosome demonstrating digested ap-
pearance following treatment with 10 ug/ml DNase.
Fibers between the arms are also affected (arrows).

X 9,000.

Frcure 20 Chromosome demonstrating digestion
following treatment with 5 ug/ml DNase. A digested
interarm fiber appears (arrow). X 10,800.



many fibers coming out and looping back (100).
He suggested that these are sites in which a fiber,
which has reached the end of the arm, turns
around to go back, i.e. parallel folding (38). Wolfe
reported that the number of longitudinal fibers in
the meiotic chromosomes of the milkweed bug
doubles between zygotene and diakinesis and sug-
gested that parallel folding may take place (40).
It is difficult, however, to imagine a pattern of
folding of a single fiber which would account for
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