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Architecture of Metaphase Chromosomes
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Departments of Molecular Biology and Biochemistry, University of Geneva, CH-1211 Geneva 4,
Switzerland. Dr. Earnshaw’s present address is Department of Cell Biology and Anatomy, The Johns
Hopkins University School of Medicine, Baltimore, Maryland 21205.

ABSTRACT We have developed procedures for depositing intact mitotic chromosomes and
isolated residual scaffolds on electron microscope grids at controlled and reproducible levels
of compaction. The chromosomes were isolated using a recently developed aqueous method.
Our study has addressed two different aspects of chromosome structure. First, we present a
method for improved visualization of radial chromatin loops in undisrupted mitotic chromo-
somes. Second, we have visualized a nonhistone protein residual scaffold isolated from
nuclease-digested chromosomes under conditions of low salt protein extraction. These scaf-
folds, which have an extremely simple protein composition, are the size of chromosomes, are
fibrous in nature, and are found to retain differentiated regions that appear to derive from the
kinetochores and the chromatid axis. When our standard preparation conditions were used,
the scaffold appearance was found to be very reproducible. If the ionic conditions were varied,
however, the scaffold appearance underwent dramatic changes. In the presence of millimolar
concentrations of Mg*™ or high concentrations of NaCl, the fibrous scaffoid protein network
was observed to undergo a lateral aggregation or assembly into a coarse meshlike structure.
The alteration of scaffold structure was apparently reversible. This observation is consistent
with a model in which the scaffolding network plays a dynamic role in chromosome conden-

sation at mitosis.

In recent years considerable evidence has been obtained to
suggest that the chromatin of both interphase nuclei and
metaphase chromosomes is partitioned into closed loop do-
mains containing about 50-100 kilobases of DNA (references
below). The existence of chromatin loop domains in interphase
nuclei has been suggested by mild digestion of nuclei with
nucleases (1, 2) and a number. of studies of the supercoiled
nature of nuclear DNA after gentle removal of histones (3, 6).
The existence of loops in meiotic lampbrush chromosomes has
been known for many years (discussed in references 7-9). In
these elongated structures the loops are so clearly defined that
it has even been possible to identify and map the relative
locations of specific loci (8). Loops have also been observed at
the periphery of metaphase chromosomes expanded by contact
with media of low ionic strength ever since the development of
whole-mount microscopy techniques (10-12). It was generally
assumed, however, that these loops arose by the untwisting of
helical coils (13), since a number of observations suggested that
the basic structure of the condensed chromatid might arise
from a hierarchy of chromatin coils (see references 14, 15; for
a discussion of early models of chromosome architecture, see
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reference 16).

Examination of chromosomes isolated using a newly devel-
oped technique (17) led Stubblefield and Wray to propose that
mitotic chromosomes consisted of distinct axial and peripheral
chromatin components (18). More recently, when metaphase
chromosomes were stripped of histone and examined by surface
spreading, loops of DNA were seen surrounding a residual
axial structure (19). This suggested a general radial loop model
for chromosome architecture (19-21). Support for such a model
comes from examination of meiotic prophase chromosomes
(22, 23) and from thin-section electron microscopy of swollen
metaphase chromosomes (21, 24) and cells (25). In contrast to
the radial loop model, helical coil models have also recently
attracted attention (26-28). Exposure of chromosomes to a
variety of conditions causes them to adopt a helical confor-
mation (14, 15), and this conformation has also been suggested
on the basis of microscopy of chromosomes in intact and
disrupted nuclei (28). One model proposes that elongated
structures sometimes found in chromosome preparations rep-
resent a penultimate level of supercoiling which then folds
further to give the final compact chromatid structure (26, 27).
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What components are responsible for the topological closure
of each loop? Evidence presented in previous publications from
this laboratory suggests that the loops are held closed at the
chromatid axis by nonhistone “scaffolding” proteins (19-21,
29). If the chromosomal DNA was extensively digested with
nuclease before removal of histone, it was possible to isolate
the residual “scaffold” in stable form (30). Scaffolds isolated in
this way preserved the characteristic paired chromatid mor-
phology (30). When examined by SDS gel electrophoresis, they
were found to have a complex composition of nonhistone
proteins (30).

Lewis and Laemmli have recently reported three new meth-
ods for the isolation of chromosomes in aqueous media (32).
In the work reported below, we have used one of these methods
in which chromosomes are isolated in a polyamine:EDTA
buffer similar to that shown to minimize nucleolytic digestion
of the DNA during chromosome isolation (33, 34). Polyamine
chromosomes isolated as described (32) are virtually free of
cytoskeletal contaminants (32). Scaffolds produced from pol-
yamine chromosomes have a greatly simplified protein com-
position (32). Whereas intact chromosomes are composed of
very many proteins, residual scaffolds made from polyamine
chromosomes (32) are composed predominantly of two pro-
teins: SC1 (M., 170,000 daltons) and SC2 ( M, 135,000 daltons)
(32). These two proteins comprise at least 40% of the overall
protein mass of the scaffolds.

Residual scaffolds are interesting subjects for structural anal-
ysis both because they have a limited and specific protein
composition and because they retain the ability to hold meta-
phase DNA in a partly compact fast-sedimenting form (32).
Interestingly, the metaphase scaffolding is a metalloprotein
structure containing Cu*™ (or possibly Ca*™) which stabilizes
this structure against dissociation by histone extraction buffers
(32). Chelating of the metal leads to dissociation of the scaf-
folding and to a complete unfolding of the DNA (32).

We have developed procedures for depositing intact chro-
mosomes and isolated residual scaffolds on electron microscope
grids at controlled and reproducible levels of compaction. We
have achieved an improved visualization of radial chromatin
loops in intact chromosomes and have also been able to observe
what appear to be axial structures in spread preparations of
intact chromosomes. We have found that isolated scaffolds can
exhibit an extreme variability of appearance, arising at least in
part from the fact that they contract and expand in an appar-
ently reversible way in response to alterations in ionic strength.
Finally, we show that under carefully controlled conditions
isolated scaffolds exhibit a reproducible appearance with well
defined substructure. Notably, residual scaffolds in which his-
tone is undetectable in SDS gels appear to retain differentiation
of the kinetochore region.

MATERIALS AND METHODS

Chromosome Isolation: Chromosomes were purified from col-
cemid-arrested HeLa cells by the polyamine method of Lewis and Laemmli (32)
with the following modification. After the Percoll gradient, the chromosome band
was mixed with 50 ml of buffer containing 5 mM Tris:HCl pH 7.4, 0.25 mM
spermidine, 2 mM K-EDTA pH 7.4, 2 mM KCl; and this solution was homoge-
nized gently (four strokes in a Wheaton homogenizer: Wheaton Scientific,
Millville, NJ). The solution was diluted with an equal volume of buffer and
centrifuged for 30 min at 1,100 g at 4°C (Clay Adams Dynac Centrifuge,
Parsippany, NJ). The pellets were gently resuspended in [-2 ml of 5 mM Tris:HCI
pH 7.4, 0.25 mM spermidine, 2 mM KCl (buffer 4).

Scaffold Isolation: In a typical experiment, 0.3 ml of chromosomes
(350 ug protein/ml [35]) was mixed with 0.6 ml buffer 4, CaCl, was added to |

mM; 15 pug of micrococcal nuclease (Millipore Corp., Freehold, NJ) and 9 pl of
Trasylol (Aprotinin-Mowbay Chemical Co., FBA Pharmaceuticals, New York,
NY) were added and the mixture was incubated at 4°C. In some experiments, 6
ug of RNaseA (Millipore Corp.: heated for 10 min at 100°C) was also added.
After 30 min, CuSO, was added to 0.3 mM under an atmosphere of N,. After 10
min at 4°C, Na-EDTA (pH 9) was added to 2 mM.

0.9 ml of the above was mixed with 1.8 ml of | mM triethanolamine:HCI pH
8.5, 0.2 mM Na-EDTA pH 9 (TEE buffer) and to this was added 2.7 ml of 2x
lysis mixture containing 20 mM Tris pH 9, 20 mM Na-EDTA pH 9, 0.2%
Ammonyx Lo, 0.4 mg/ml dextran sulfate, and 0.04 mg/ml heparin. The poly-
anion concentration was 10-fold lower than that used by Lewis and Laemmli
(32). In certain experiments the polyanions were replaced by 4 M NaCl, with the
other components being the same. After 20 min at 4°C, 50 pl was sedimented
onto a carbon-coated electron microscope grid through a cushion of 1X lysis
mixture plus 0.1 M sucrose. The rest of the solution was processed for SDS
PAGE as described previously (32).

Scaffolds with identical biochemical properties may be produced by both high
ionic strength (2 M NaCl) and low ionic strength (dextran sulfate:heparin) histone
extraction procedures (29, 32). That the two procedures work by different
mechanisms is suggested by the observation that the presence of NaCl in
concentrations as low as 12 mM causes a significant decrease in the efficiency of
protein extraction by the polyanion lysis mixture (data not shown). The conduc-
tivity of the dextran sulfate:heparin lysis mixture used is comparable to that of a
20 mM solution of NaCl (and is mostly due to the 10 mM EDTA present in the
mixture——data not shown). At similar ionic strength, chromosomes are highly
expanded (Fig. 1a). We would expect that the dextran sulfate:heparin lysis
mixture would cause a minimum of protein precipitation both because of its low
ionic strength and because of the general solubilizing effect which polyanions
have on chromatin (36, 37).

The observation that residual scaffolds may be produced in hypotonic solu-
tions was presented in the first paper of this series (19). Those results, together
with the finding that NaCl actually antagonizes the hypotonic extraction proce-
dure, suggest that the hypothesis advanced by some workers that residual scaffolds
are formed by nonhistone protein aggregation in the presence of high salt (38,
39) is unlikely.

For the scaffold shrinkage:swelling experiment of Fig. 8, after 10-min incu-
bation with lysis mix, 200 p! of solution were withdrawn into another tube and 40
ul of 10x RSB (100 mM Tris:HCl pH 7.4, 100 mM NaCl, 50 mM MgCl,) were
added. After 5 min, 120 gl of this solution were added to 13 ul of 100 mM Na-
EDTA pH 9. After another 5 min at 4°C, the scaffolds were centrifuged through
either 1x lysis mix plus 0.1 M sucrose or 1X RSB plus 0.1 M sucrose, dextran
sulfate, and heparin (as in the lysis mix).

Determination of Scaffold Composition:  Chromosome puri-
fication and scaffold isolation were done as described above, except that chro-
mosomes were labeled in vivo with [*S]methionine, ["H]uridine, or "H-thymidine.
The three cultures were grown and labeled in parallel. The specific activity of
[**S]methionine was calculated following determination of protein by the Folin
method (35) modified to include 1% SDS (40). The specific activity of [*Hluridine
was calculated by taking an aliquot of material from the top of the sucrose
gradient during chromosome isolation (32), centrifuging it at 60,000 g for ! h,
and determining the Agg of the supernatant in the presence of 0.1 N NaOH. This
material was at least 84% single stranded, as deduced from the Aye in the
presence and absence of 0.1 N NaOH (41). The specific activity of [*H]thymidine
was estimated by assuming a 2:1 ratio of protein to DNA in purified chromosomes
(Lewis, unpublished). For estimation of relative composition, equal volumes of
chromosomes were used to prepare scaffolds (defined as material which sedi-
mented to the bottom of the centrifuge tube after centrifugation at 5,000 g for 30
min) in paralle, and amounts of protein, RNA, and DNA were determined from
the specific activity of label. The three samples were normalized to equal
chromosome input based on protein concentration in the presence of 1% SDS
(40). The values presented in the text are the average from three such experiments.

Electron Microscopy: In the course of this study it was determined
that exposure of hydrated chromosomes or scaffolds to a number of agents
(among them ethanolic phosphotungstic acid and 2% aqueous uranyl acetate)
would cause the structures to undergo radical contraction, even if they were
adsorbed to a carbon film and fixed with 2% glutaraldehyde. To “lock” expanded
structures in an expanded conformation before exposure to stain, it was necessary
to dry them thoroughly. We will refer to this procedure involving drying of the
grids before staining as procedure A.

In certain cases it was desirable to allow contact with stain to cause the
structure to shrink. In this case the drying step before staining was omitted, all
other steps being identical. We will refer to this approach as procedure B.

After centrifugation of the scaffolds onto the carbon-coated electron micro-
scope grid (1,400 g for 20 min at 4°C), the supernatant was removed by aspiration
and replaced with 0.4% Photoflo (Kodak) as suggested by Labhardt and Koller
(42). For Figs. 1, 6, and 7, the grids were then processed by procedure A. That is,
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the grids were rinsed in 0.4% Photoflo and fixed in TEE buffer plus 1%
glutaraldehyde (BDH general purpose solution) for 1-2 h at 4°C. The grids were
then blotted dry and allowed to stand until thoroughly dry. Each grid was then
dipped into 1% phosphotungstic acid (PTA) in 71% ethanol for 15 s, rinsed in
95% ethanol for 15 s, rinsed in 0.4% Photoflo for 5 s, blotted dry, and rotary
shadowed with platinum:paltadium. For Figs. 2 and 3, procedure B was used.
The carbon grids used for Figs. 2 and 3 were pretreated with Alcian blue (Serva,
Heidelberg—see reference 42). The grid for Fig. 5 was processed by procedure
A, except that the PTA stain was replaced by 2% uranyl acetate, 1% dimethyl
sulfoxide and subsequent rinsing and rotary shadowing were omitted. For Fig. 5
the carbon film was rendered hydrophilic by glow discharging.
All electron microscopy was performed with a Philips EM-300 at 80 kV.

RESULTS
Electron Microscopy of Purified Chromosomes

EXPANDED AND CONDENSED FORMS: If purified chro-
mosomes are placed in a solution of very low ionic strength
they expand greatly (43). When such expanded chromosomes
are sedimented onto a carbon-coated electron microscope grid,
they lose the characteristic paired chromatid morphology, re-
sembling instead a puddle of chromatin (Fig. 14). This puddle
retains certain aspects of chromosome structure. In favorable
samples, the axis of each chromatid remains distinguishable,
implying that this region may differ structurally frem the bulk

of the chromatin, which is dispersed with a uniform density.
Additionally, the centromere region retains its differentiation,
with apparent kinetochores visible as twin dark spots. The axial
structure with attached kinetochores may correspond to a
nonhistone scaffold which might organize the chromatin and
maintain chromosome integrity under these highly dispersive
conditions.

The swelling process is dynamic, and expanded chromo-
somes adsorbed to carbon films respond to changes in ionic
milieu. Fig. 1¢ shows chromosomes prepared in parallel with
that in Fig. 1a (i.e. deposited on the grid in swollen form) but
exposed on the grid to a solution containing 5 mM Mg** (RSB
buffer). The bulk of the chromatin has contracted back onto
the chromatid axis in an apparently ordered way. Since much
of the chromatin was adsorbed to the grid, the contraction is
not completely uniform. In addition to contracting towards the
chromosome axis, some chromatin is also seen to aggregate
laterally, forming cables which are attached to the carbon film
at their outer tips.

For comparison, Fig. 15 shows a compact chromosome
which was sedimented onto the electron microscope grid
through a solution containing divalent cation (RSB buffer).
Little substructural detail is visible.

FIGURE 1 Swelling and shrinking of chromosomes. (a) Chromosome swollen by exposure to buffer of low ionic strength containing
0.2 mM EDTA, and subsequently centrifuged onto an electron microscope grid. Note the dark-staining kinetochores and dense
material remaining on the chromatid axes. (b)'Condensed chromosome. Chromosomes from the swollen preparation used in a
were exposed to 5 mM Mg* " before sedimentation onto the microscope grid. (¢) Chromosome shrinkage on the surface of the
grid. A grid prepared in parallel with that in a was briefly exposed to 5 mM Mg** before fixation. Bar, 1 um.
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ORGANIZATION OF CHROMATIN IN METAPHASE
CHROMOSOMES: The puddle of chromatin which surrounds
the axial elements in Fig. 1a is so evenly dispersed that no
detail of the path of individual fibers is visible. We noticed that
this expanded morphology was observed if the grids were dried
before staining. This seems to “freeze” the chromosome in the
expanded state. If the drying step was omitted, chromosomes
which were prepared in parallel presented a different appear-
ance in the electron microscope (Fig. 2). We interpret this
result to show that exposure of hydrated expanded chromo-
somes to stain causes the bulk of the chromatin to contract
back onto the chromatid axes, while chromatin adsorbed to the
film remains expanded.

The latter chromatin is seen to form loops which emanate
from points along the length of the chromatid axis (Fig. 2a),
while the bulk of the material is seen to condense into a dense
mass along the axis covering the base of the loops. A higher
magnification view (Fig. 2b) clearly shows the expected nu-
cleosomal organization of the loop chromatin. On the basis of
the maximum loop radius we observe, we estimate that the
average chromatin loop in our spreads is about 4.6 £ 1.6 um
long. Since our spreads were made under conditions where we
would not expect higher-order packing of nucleosomes (44),

we estimate that this corresponds to 83 + 29 kb per loop .

(assuming a linear packing ratio for the nucleosome of 6.2; see
reference 45).

In all purified chromosome preparations a variable number
of dense fiberlike structures is observed. These are normally
rare in our preparations, but their frequency may be increased
by intentionally exposing the chromosomes to shear. The struc-
tures resemble “unit-fibers” described previously by other
workers (26, 27). In a preparation which had been exposed to
shear by repeated pipetting through an uncut micropipette tip,
we were able to observe normal chromosomes, fibers, and
intermediate structures. Fig. 3 shows such an intermediate.
Evidence from structures observed at different stages in the
chromosome-to-fiber transformation (not shown) suggests
strongly that these images do not arise from chance juxtaposi-
tion of separate chromosome and fiber structures. The dense
fiber does not give rise to radial chromatin loops, while attached
regions of untransformed chromatin do. In regions where the
fiber is less condensed, limited numbers of small loops may be
seen, confirming that the fiber is composed of chromatin. These
data suggest that the packing of chromatin in dense fibers and
in normal chromosomes is different. We suggest that the fibers
arise from damage to chromosomes during handling in vitro
and not from a simple unfolding of the chromosome higher-
order structure as had been proposed (26, 27).

FIGURE 2 Radial loops of chromatin in undisrupted chromosomes. (a) Whole chromosome showing radial loops emanating from
points alt along the chromatid arms. (b) Higher magnification view showing the nucleosomal arrangement of the chromatin in the
loops. When deposited on the carbon film, the chromosomes were swollen like that in Fig. 1 a. Alf chromatin not in contact with
the film was then caused to contract by exposure to ethanolic PTA while the chromosome was still in hydrated form.
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FIGURE 3 Absence of radial loops on dense fibers derived from chromosomes. A chromosome preparation was forcibly pipetted
through an uncut pipette tip, resulting in production of dense fibers. The chromosomes were then treated as in Fig. 2. Note the
presence of radial loops on the chromosomes, and their absence on the fibers. In this figure small loops are seen where the fiber
is less dense, but many examples were found where no hint of loops could be seen.

The above results support a loop model for metaphase
chromosome architecture (19-21). An inherent part of such a
model is the requirement for structural components which are
attached to the base of each loop, causing it to be topologically
closed. These components have been termed “scaffolding pro-
teins” (29). Evidence from this laboratory suggests that the
scaffolding proteins are not histones but rather an extremely
limited subset of the chromosomal nonhistone proteins (32).
We present, below, results of a study of the structure of isolated
chromosome scaffolds.

The Structure of Residual Scaffolds

BIOCHEMICAL CHARACTERIZATION: For this work we
have slightly altered the procedures of Lewis and Laemmli (32)
for production of residual scaffolds from nuclease-digested
chromosomes to optimize the structural preservation of the
scaffolds. These modifications do not appear to affect the
biochemical properties of the scaffolds as originally described
(32). We found that residual scaffolds retaining 4-7% of the
total protein consisted predominantly of two high molecular
weight proteins (Scl: M., 170,000; Sc2: M., 135,000) previously
described by Lewis and Laemmli (32). Fig. 4 shows an SDS
polyacrylamide gel of scaffolds prepared from *S-methionine-
labeled chromosomes. From the gel it may be seen that histones
are not detectable in scaffolds and that, relative to the two high
molecular weight proteins Scl and Sc2, all other protein com-
ponents are present in greatly reduced amounts. In the exper-
iment shown, when the autoradiograph was scanned and bands
were cut out and weighed, it was determined that Scl and Sc2
comprised about 40% of the total **S-methionine-labeled pro-
tein. Therefore, while Scl and Sc2 appear to be the most
abundant components of scaffolds, it is likely that many minor
protein species also contribute to structural detail observed in
the electron microscope.

All preparations used for electron microscopy were moni-
tored by SDS PAGE. While we have found some variation in
the amount of nonhistone protein remaining in scaffolds, pos-
sibly due to daily variation in the condition of the cells, we
have never detected any histone in our gels, even when amounts
loaded were such that the histone in control tracks was heavily
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a b c FIGURE 4 SDS  polyacrylamide

— _Se¢i gel of residual scaffolds contain-
: =Scz  ing 4-7% of the [*S]methionine-
labeled chromosomal protein.
Scaffolds were produced as de-
scribed in Materials and Methods
and subjected to electrophoresis
- as described previously (32).
(Track a) Marker proteins (phos-
3 phorylase b— M, = 94,000; bovine
serum albumin—M, = 68,000;
ovalbumin— M, = 43,000; carboic
anhydrase— M, = 30,000, cyto-
chrome c— M, =14,000). (Track b)
Residual scaffolds produced by
exposure of nuclease digested
chromosomes to dextran sul-
phate:heparin tysis mix. (Track ¢)
Nuclease-digested chromosomes
before  polyanion  extraction.
Equal amounts of chromosomes
were used for tracks B and C. The
separating gel was 13% acrylam-
ide.

94 - =
68- -

43- ..

overloaded. We cannot explain why procedures for production
of chromosome “‘scaffolds” published by other labs have failed
to achieve complete extraction of the histones (38, 46). This
may be due to the “toughening” affect of calcium on nuclear
structures (31, 32), or it could be due to the fact that in our
protocol particular care was taken to prevent reassociation of
histone with the residual scaffolds during specimen preparation
for electron microscopy and gel electrophoresis, as described
in Materials and Methods.

SCAFFOLD APPEARANCE IN THE ELECTRON MICRO-
scoprk: Fig. 5 shows a well-preserved scaffold observed in
positive contrast with uranyl acetate stain. A survey micrograph
at lower magnification is presented in Fig. 6a. A number of
conclusions may be drawn from these micrographs.

(a) Scaffolds may be isolated from chromosomes prepared
in aqueous solutions. Therefore, exposure of chromosomes to
hexylene glycol (17, 29) is not required for scaffold stability.
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FIGURE 5 Residual chromosome scaffold contrasted in uranyl acetate positive stain. The scaffold was produced by polyanion
treatment of nuclease-digested chromosomes. Three features of scaffold morphology are seen: apparent residual kinetochores
(RK), axial elements (AE}, which follow the path of the chromatid arms, and peripheral material (PM). The dark round objects of
~300 A diameter are Percoll. The grid was dried thoroughly before staining.

(b) Scaffolds retain the dual nature of paired mitotic chromatids
(30). Therefore the sister chromatids are held together either
by protein or by nucleic acid which is protected from digestion
by micrococcal nuclease and RNaseA. In many scaffolds, the
distinction between sister chromatids is lost due to fusion of
the two arms, though images may be obtained where the arms
remain separate. (c¢) Well-preserved scaffolds display a pattern
interpreted in terms of three distinct structural features: appar-
ent residual kinetochores (RK), axial elements (AE), and pe-
ripheral material (PM). These are indicated in Fig. 5. In
general, the ease of observation of apparent residual kineto-
chores is linked with the overall degree of scaffold preservation.
(d) Even though scaffolds retain only 5-10% of the total
chromosome mass (including nucleic acid; see below), they
were found to be large structures, roughly 60-80% of the length
of intact chromosomes. This suggests that the scaffold is likely
to be derived from a protein network which was continuous
throughout the chromosome. (¢) As described in Materials and
Methods, during scaffold production purified chromosomes
were digested with nuclease before removal of histone. The
scaffolds obtained were indistinguishable regardless of whether
RNaseA was or was not present in addition to micrococcal
nuclease during this digestion. We conclude that the structural
features we observe (including apparent residual kinetochores)
are not due to the presence of RNA, at least in digestible form.

Since the scaffolds observed in our experiments were large
structures retaining many structural features of intact chro-
mosomes, we wished to determine to what extent the structural
detail could be due to residual nucleic acid. Under our condi-
tions, the mass of residual scaffolds was 95 + 3.5% protein, 2.0

+ 1.1% DNA, and 2.7 + 3.0% RNA. The amount of residual
nucleic acid can be lowered further under different digestion
conditions (30), but it was low enough in these experiments for
us to conclude that the bulk of the structural detail observed in
the electron microscope is probably due to protein.

Lewis and Laemmli (32) have shown that treatment of
scaffolds with B-mercaptoethanol or metal chelators (ortho-
phenanthroline or neocuproine) causes the structures to fall
apart. When a scaffold preparation was treated with 50 mM
B-mercaptoethanol and then sedimented onto an electron mi-
croscope grid as described in Materials and Methods (with
addition of B-mercaptoethanol to the sucrose cushion), no
recognizable structures were observed (data not shown).

VARIATION IN SCAFFOLD APPEARANCE: Even though
residual scaffolds obtained after histone removal by treatment
of nuclease-digested chromosomes with either 2 M NaCl or
dextran sulfate:heparin lysis mtxtures have identical biochem-
ical properties, they appear quite different when examined in
the electron microscope. Fig. 6 a shows a particularly favorable
field of scaffolds prepared by dextran sulfate:heparin extrac-
tion. Residual kinetochores, axial elements, and peripheral
material may be seen in most of the scaffolds. The general
morphological preservation of scaffolds produced by 2 M NaCl
was inferior (Fig. 6b). In general, these structures appeared
extremely condensed and did not show the substructural ele-
ments seen in more expanded scaffolds. Occasionally, however,
it was possible to find examples where what were apparently
residual kinetochores could be observed (Fig. 6 b).

In obtaining negative stain images of scaffolds, we again
observed the presence of contracted and expanded forms.
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Expanded scaffolds could be “frozen” in the expanded confor-
mation by drying before staining. The scaffold in Fig. 5 comes
from a positively stained area of such a grid. Where expanded
scaffolds were negatively stained, it was difficult to resolve
details of the finely dispersed protein network (data not shown).
If scaffolds prepared by dextran sulfate:heparin extraction were
stained with uranyl acetate while hydrated, they became much
more compact. The scaffold material was found to condense
into cables which interweave to form a meshlike network.

REVERSIBLE ALTERATION OF SCAFFOLD MOR-
PHOLOGY: The results presented above show that isolated
residual scaffolds may exist in two conformations: an extremely
diffuse fiber network (expanded form) or a condensed network.
The experiment presented in Fig. 7 shows that the condensation
process is apparently reversible. Conditions were chosen which
would cause intact chromosomes to condense and then to
reexpand (Fig. 1).

The scaffolds of Fig. 7 a (prepared by dextran sulfate:heparin
extraction) are highly expanded. Substructural detail is difficult
to visualize, though diffuse residual kinetochores and axial
elements are detectable in some structures. When these ex-
panded scaffolds were exposed to 5 mM Mg*™ (in this case
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added as RSB buffer), they were found to contact into compact
structures resembling scaffolds produced by histone removal
with 2 M NaCl (Fig. 7 b; compare with Fig. 6 b). This alteration
in scaffold morphology was apparently reversible, since if
EDTA was added to 10 mM the scaffolds expanded once again
(Fig. 7 ). In the reexpanded scaffolds the characteristic scaffold
substructures are clearly seen even though these were difficult
to detect initially. This is because the reexpanded scaffolds
remained slightly more compact than the starting material, and
it emphasizes that observation of substructural detail in isolated
scaffolds is dependent on the overall level of scaffold compac-
tion.

In our experiments, dextran sulfate:heparin-prepared scaf-
folds which had been exposed to Mg'" were smaller than
expanded structures (by ~40% in length and 25% in width).
This was consistent with earlier results which showed that
scaffolds in the presence of 2 M NaCl were ~50% shorter than
scaffolds in 0.1 M NaCl (14). Even more than the size change,
the most striking difference between expanded and compacted
scaffolds lay in the extent of lateral association of the scaffold
fibers. The compacted structures of Fig. 7 b appear substantially
more “coarse” than those of Fig. 7a. This coarse fiber mor-

FIGURE 6 Effect of lysis procedure on scaffold morphology. (a) Scaffolds produced at low ionic strength by histone extraction
with dextran sulphate:heparin. Observation of residual kinetochores (arrow), axial elements, and peripheral material is possible in
most of the structures. (b) Scaffolds produced in parallel by removal of histone from nuclease-digested chromosomes in the
presence of 2 M NaCl. These contracted structures exhibit poor structural preservation but occasionally show what are apparently

residual kinetochores (arrow).
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FIGURE 7 Reversible scaffold swelling and contraction. (a) An expanded scaffold preparation. These scaffolds are somewhat more
expanded than those in Fig. 6 a, and consequently the residual kinetochores (arrow) are more difficult to see. (b) An aliquot from

the scaffolds in a which was exposed to 5 mM Mg**

in solution as described in Materials and Methods. These scaffolds have

adopted a coarse fibrous morphology. (¢) An aliquot from b to which 10 mM EDTA was added to chelate the Mg*™*. Note that the
apparent residual kinetochores, axial elements, and peripheral material remain visible throughout the entire process.

phology was also observed on shadowed preparations where
Mg*" alone was added to the lysis mix rather than RSB buffer
(data not shown).

DISCUSSION
Observation of Chromatin Loops

Early reports on whole-mount techniques (10, 47) showed
that chromatin loops could be observed at the periphery of
metaphase chromosomes (12, 13, 48). In general, these studies
showed only the distal tips of the loops, with an occasional
loop being more extended. We have extended these observa-
tions and developed a reproducible method for visualization of
an array of loops which projects evenly from all parts of the
chromosome axis. Our photographs resemble images of meiotic
prophase chromosomes (22, 23), although in the latter, which
are more extended than metaphase chromosomes, the loops
could be observed directly. These results, together with results
of thin-section electron microscopy (21, 24, 25), support a loop
model of metaphase chromosome architecture.

We have also shown that dense fiberlike structures derived
from metaphase chromosomes (26, 27) do not give rise to radial
loops under our spreading conditions. The fibers expand upon
hypotonic treatment (not shown), so the failure to give rise to
loops is not due to an inability of the chromatin to disperse.

Since intact chromosomes give rise to loops while dense fiber
structures do not, we suggest that the fibers do not arise from
a simple unfolding of the chromosome as was previously
suggested (26, 27). We propose that the fibers arise from an
alteration of the normal structure, resulting from exposure to
excessive shear during manipulation in vitro.

An alternative model for metaphase chromosome architec-
ture suggests that chromosomes are constructed from a hier-
archy of helices and superhelices (13-15, 26-28). Our data, and
those data cited above, suggest that the chromatin is restrained
in radial loops, possibly by interaction with axial scaffolding
proteins. It is possible that such an axial scaffolding network
might itself assemble with helical symmetry, in which case the
chromosome could appear to possess helical symmetry under
certain circumstances (14, 15, 28). In this case, the chromatid
could be viewed as a helix with each subunit consisting of a
chromatin loop attached to a unit of axial nonhistone scaffold.
A second possibility, suggested by Bahr (13), is that the loops
arise by an untwisting of supercoiled regions.

Do Intact Chromosomes Contain a
Nonhistone Scaffold

The existence of chromatin loops in chromosomes suggests
that these loops may be topologically closed due to binding of
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proteins which bridge the base of each loop. We refer to these
hypothetical proteins as “scaffolding proteins.” In a model
proposed earlier by this laboratory, lateral interactions among
these proteins were postulated to be responsible for maintaining
the condensed state of the chromosome (19, 20, 29).

In expanded chromosomes it is sometimes possible to observe
structural elements which follow the path of the chromatid
axes (Fig. 1 a). We believe this to be the first direct visualization
of the scaffold in an intact chromosome.

An additional suggestion that chromatin in metaphase chro-
mosomes might be attached to structural components along the
chromatid axis comes from the experiments of Figs. 1 and 2.
When chromosomes are exposed to ionic conditions where
chromatin is highly soluble, they expand greatly (see also the
careful study by Cole [43]) and lose the defined double chro-
matid shape. When these expanded “puddles” of chromatin
are exposed to conditions where chromatin is condensed, ex-
panded chromatin contracts back onto the chromatid axes in
an apparently organized manner.

Additional evidence for the existence of axial nonhistone
scaffold elements in metaphase chromosomes comes from silver
staining experiments. Silver, which contrasts the “scaffold”
elements of meiotic synaptonemal complexes (49-51), may
under certain conditions also be shown to stain an axial “core”
in mitotic chromosomes (52, 53). In recent experiments we
have used a modification of the Ag-As silver staining procedure
(54) to show that isolated residual scaffolds and intact chro-
mosomes are stained specifically under identical conditions
(Earnshaw and Laemmli, manuscript submitted for publica-
tion). This suggests that the “core” structure seen in intact
chromosomes corresponds to the residual scaffolds presented
in this study.

Other workers have failed to directly observe scaffold struc-
tures in intact chromosomes (38, 39). This could be due, in
part, to a misapprehension as to the amount of protein in the
scaffold and its distribution in the chromosome. The scaffold
retains about 3—4% of total chromosomal protein (32) yet
remains nearly the size of an intact chromosome. Examination
of Figs. 5-7 shows that the isolated scaffold is a diffuse structure
which is likely to extend throughout the entire chromosome
and not just along the axis. Such a diffuse structure would be
extremely difficult to detect in the presence of a 40-fold weight
excess of chromatin unless specific stains (such as silver) were
used. In fact, it is even difficult to detect isolated expanded
scaffolds against a background of light negative stain (not
shown).

Published evidence suggests that the isolated scaffolds we
observe do not arise from nonspecific precipitation of chro-
mosomal proteins, since identical structures are obtained after
histone removal by differing mechanisms at either high or low
ionic strength (30, 32; see Materials and Methods). Together,
the simple and repeatable protein composition of scaffolds (32),
the observation that the scaffold requires specific metallopro-
tein interactions for stability (32) and the electron microscope
studies presented in this report support the hypothesis that the
isolated scaffold is a defined structure, not a nonspecific aggre-
gate.

Electron Microscopy of Isolated
Residual Scaffolds

Since the study of scaffolds in situ is not yet possible, we
have instead performed a structural analysis of isolated residual
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scaffolds. Electron microscopy of the residual scaffold is diffi-
cult, principally because the large size of the structures makes
them fragile and easily subject to distortion during specimen
preparation. Nonetheless, a number of conclusions may be
drawn about scaffold structure from our micrographs.

(a) Residual scaffolds appear to be derived from a fiber
network which extends throughout the entire chromosome. (b)
Isolated scaffolds retain the paired sister chromatid morphol-
ogy, though the separation between the chromatids is generally
indistinct. (c) A differentiated region, apparently derived from
the kinetochore, remains visible. We do not know what fraction
of kinetochore components is retained or whether the structure
remains capable of binding microtubules. We are currently
attempting to identify the kinetochore components which re-
main in scaffolds. (d) The central axis of each chromatid
remains visible in many scaffolds. Apparently, the scaffolds
contain material which was located centrally in the chromatid
arms as well as material which was peripheral. The central
material may contain the proteins which act as fasteners for
the chromatin loop domains. The peripheral material may also
have been associated with the chromatin loops but in regions
distal to the central axis. (¢) In the presence of millimolar
amounts of Mg*™, scaffolds undergo a morphological change.
This change appears to be primarily a coalescence of fine fibers
into coarse cables (see Fig. 7). It is apparently reversible. Since
intact chromosomes undergo a swelling and shrinking response
under similar ionic conditions, it seems reasonable to postulate
that the chromosome response might in part be due to altera-
tions of the scaffold structure. Note, however, that the ionic
conditions used would have a similar effect on chromatin
alone, so for chromosomes it is not possible to separate the
effects due to chromatin from those due to scaffold.

Mitotic Chromosome Condensation

It seems likely that radial loops in metaphase chromosomes
(70 kb: see reference 19; 83 + 28 kb: this study) correspond to
chromatin domains detected in interphase nuclei by a number
of techniques: nuclease digestion (1, 2), sedimentation (3-5),
and fluorescence microscopy (6). The interphase domain sizes
suggested from these results are 75 kb (1), 80 kb (2), 85 kb (3),
220 kb (4), 136 kb (5), and 84-96 kb (6).

Because similar chromatin domain sizes are found for both
mitotic chromosomes and interphase nuclei, it is possible that,
at the domain level, the ordering of chromatin is similar
throughout the cell cycle despite the enormous increase in
degree of chromatin condensation which occurs during mitosis.
The problem of chromosome condensation at mitosis may be
regarded as one of changing the organization of the domains
from an open network dispersed throughout the entire nucleus
into a number of discrete entities suitable for partitioning
between daughter cells (i.e. condensed metaphase chromo-
somes). A similar model has also been suggested from the
analysis of interphase HeLa nuclear scaffolds (31).

During mitotic prophase the scaffold proteins might seif-
associate to form a discrete fiber network for each chromatid.
This might have the diffuse morphology of expanded scaffolds.
Later, at metaphase, the scaffold could condense further (see
Fig. 7), a process which might bring about the final stages of
chromosome condensation. This postulated dynamic behavior
of the scaffold proteins could be regulated in a cell-cycle-
dependent manner via protein modification, as has been pro-
posed for the components of the peripheral nuclear lamina
(55). Such a model has the advamtage that chromosome con-
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densation is controlled by the self-assembly of a rather simple
(at least at the level of protein composition) structure—the
chromosome scaffold.
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