Volume 5 Number 7 July 1978 Nucleic Acids Research

Alteration in nucleosome structure induced by thermal denaturation

V.L.Seligy and N.H.Poon

Molecular Genetics Group, Division of Biological Sciences, National Research Council, Ottawa,
K1A OR6 Canada

Received 19 May 1978

ABSTRACT

Mononucleosomes prepared from goose erythrocyte nuclei
exhibited 1imited heterogeneity with respect to number of
electrophoretic components, histones and DNA composition. The
components differ slightly in ionic strength induced self-
association. Thermal denaturation of each component gave only
two dominant, highly cooperative, melting transitions, T" and
T"'. Urea and trypsin were used to establish the differential
lability of these two transitions. Comparison of the morphologies
of the mononucleosomes at various stages throughout the melting
profile indicated that the 13.3 + 1.5 nm diameter mononucleosomes
start to disrupt only in the latter half of transition T" and do
not unfold until after reaching T"'. The resultant, open ended
(17.4 £ 2.2 nm diameter) toroids are still largely negatively
staining and much more uniform in shape if fixed simultaneously
with gluteraldehyde.

INTRODUCTION

Electron microscopy and thermal denaturation are two of
many techniques which have been used extensively to probe chroma-
tin and its major substructural component, the nucleosome (1) or
v-body (2). The latter has been extensively characterized by
physical and biochemical methods (see current reviews 3-6) and
by electron microscopy using bright and dark field modes
(1,2,6-15). A large number of attempts have been made to inter-
pret the significance of the thermal melting transitions of
chromatin and nucleosomes with respect to specific interactions
of the DNA and protein moieties (16-35). Visualization of an
altered nucleosome structure, such as found in the case for urea
denatured nucleosomes (27,36), may be very useful for final
interpretation.

In the present study we correlated visual changes in

© Information Retrieval Limited 1 Falconberg Court London W1V 5FG England 2233



Nucleic Acids Research

nucleosomal morphology with the various thermal transitions of
the DNA associated with nucleosomes. Controlled, thermally
denatured mononucleosomes unfold to yield images similar to

those described for urea denatured nucleosomes (27,36). The

data are consistent with an arrangement of DNA similar to that
recently predicted from neutron scattering and X-ray diffraction
observations (3,6,15,37).

MATERIALS AND METHODS

Preparation of nucleosomes: Digests of intact goose erythrocytes
(14) or chromatin (38) were carried out with micrococcal nuclease
(E.C. 3.1.4.7, code NFCP, Worthington Biochemical Corp., actual
assay 26.8 units per microgram) at 23°. The enzyme was assayed
for histone proteolyti¢ activity and found to be nil up to 24 hrs
at 37°. Nuclear digests were terminated after about 15% acid
solubility by addition of three volumes of ice cold 2 mM EDTA pH
8.0. The diluted digests, about 0.05 in ionic strength for nuclei,
were gently stirred with a micromagnetic bar for 5 minutes at 0°C
before enriching for chromatin fragments (range 3s < 50s) by
centrifugation for 15 minutes at 2000 xg in a swinging bucket
rotor. Chromatin fragments corresponding to bright field electron
microscopically defined nucleosomes (7-11,14) were further iso-
lated by ultracentrifugation (39) and ultrafiltration (14). The
relative purity of the nucleoprotein preparations was assessed

by comparison of electrophoretic mobilities with nucleoproteins
from the original digest and DNA extracted from the pure mono-
nucleosome fractions (14,40,41). Reference DNA markers were from
A phage and PM2 DNA digested with Hpa II and Hae III, respectively.

Proteins were analyzed on 12% and 20% polyacrylamide gels
(42,43) using purified histones and cross-linked markers, 14,300
to 71,500 MW (BDH Biochemicals Ltd., Poole England).

Pure lyophilized histones consisting of H2A, H2B, H3 and
H4 (1:1:1:1) all from mature goose erythrocytes (44) were weighed
out, dissolved in glass distilled water and adjusted to pH 7.0
with addition of sodium phosphate to 5 mM. The protein stock was
2.5 mg/ml.
Thermal denaturation: Samples were analyzed by comparing the
melting curves and first derivative plots obtained in 5 mM NaPO4
pH 7.0. Thermal denaturation was done in a modified Gilford 240
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equipped with a 6046 analog multiplexer and 2527 thermopro-
grammer. The thermocuvette assembly was electronically heated.
The method for digitalizing the data and computer analysis has
been briefly described (24)., For thermal denaturation studies
involving electron microscopic analysis, the samples were heated
in a manner equivalent to the 2527 programmer system. Specific
experimental details are given in figure descriptions.

Electron microscopy: For routine electron microscopic work
aliquots of unfixed or gluteraldehyde fixed nucleosomes, his-
tones or DNA were placed on Kodak Photo-flo (0.1% v/v) pre-
washed or UV (254 nm) irradiated formvar coated grids (14) an
equal volume of either uranyl acetate stain or 4% (v/v) glutaral-
dehyde. The sample grids were subsequently flushed with filtered
distilled water, stained (in the case of fixed samples), air
dried, and sandwiched between the formvar with a coating of
evaporated carbon (45) at 5 x 10°% mm Hg. The negative stain
was usually 1% (w/v) uranyl acetate - 5% acetone; variations
over the range of 0.005% to 5% aqueous uranyl acetate were
examined. A1l images were recorded on Kodak Electron Image
Plates using a Seimens Elmiskop 1A at 80KV. Optical enlarge-
ment of the original images was described previously using the
Macrosystem and conventional enlarger (14). No chromatic abbera-
tions or image distortions were detected. The size of an object

was determined from measurements either from accurately enlarged
prints, using neutral contrast paper, or as we preferred, from
the original negatives viewed by an optical microscope and an
eye piece with a calibrated scale. The latter method is con-
sidered more precise because the original plates containing the
primary electron images are immune to measurement loss in com-
parison to the enlarged prints which can result in as much as
10% deviation as the print contrast is increased.

Determination of temperature discrepancies between actual
sample heating temperature and sample temperature at incipient
transfer to electron microscope grids was facilitated by use of
custom made microthermocouples which were geometrically fixed
into five microlitre pipettes. The exact temperature and dura-
tion in seconds were recorded simultaneously using a Model 7001
AM Mosely Autograph X-Y recorder (Hewlett-Packard) equipped with
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a Bio E 330 pen position adaptor; X-axis sweep was 0.25 seconds
per cm; Y-axis temperature of expansion was 2,13°C per cm. For
grid temperature measurements, microthermocouple probes were
geometrically fixed at 0.5 mm above the center of each grid.
This distance allowed for full contact with five microlitre or
greater bubbles of fixative, stain or water placed on the grids
prior to application of sample. The procedure was used to avoid
direct contact with the probe and grid assembly. The grids, in
turn, were rigidly held in position by their rims (=0.5 mm from
outer edge) with Dumont No. 5, super-fine, locking tweezers.

Results

Characterization of nucleosomes: Mononucleosomes used for

thermal and electron microscopy studies are more limited in
heterogeneity than recently reported (14,28,46-49). Densito-
metric scans gave only two major components (Fig. la) equivalent
in mobility to about 194,700 to 247,500 daltons of DNA (cali-
brated with Hae II1 PM2-DNA restriction fragments F to N (Fig.l1c)
as assigned in ref. 50). A weight average molecular weight of
98,340 daltons was computed for the DNA (Fig. 1b). Each compo-
nent contains histones H2A, H2B, H3 and H4. The dominant species,
about 88% of the sample, corresponds to the "core particle" by
definition of DNA base pair number (3,4,6). We earlier noted
(14) that mononucleosomes, obtained by digestion of nuclei held
intact by physiological saline buffer, were less heterogeneous
than from nuclei or chromatin digested in low ionic strength
buffer. Since the DNA digestion patterns are about the same
(23,38,51) the heterogeneity we observed may be related to
differences in self-association of nucleosomes induced by in-
creased ionic strength (46). We examined this possibility using
chromatin digested at low ionic strength and purified by sucrose
gradient centrifugation using low and high ionic strength

(14,39) buffer. Figure 2A shows the proportion of chromatin
fragments or purified nucleosomes which do not aggregate at the
various ionic strengths, relative to 150 mM NaCl nucleosomes. The
solubility of the low ionic strength deriyved nucleosomes is
similar to that observed by 0lins et al (46) and Wittig and
Wittig (32). Electrophoresis of the various precipitates and
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Figure 1. Characterization of mononucleosomes used in combined
thermal denaturation and electron microscopy studies. Densito-
metric scans (580nm) of photographic negatives of ethidium bro-
mide stained polyacrylamide slabs (0.3cm x 20cm) were made: (a)
mononucleosomes (125 ug DNA), (b) DNA from nomonucleosomes (50 ug)
and (c) Hae III restriction fragments of PM2 DNA (15 ug, 3X chart
expansion). The 4% (w/v) polyacrylamide gel slabs were electro-
phoresed with continuous buffer circulation. Calibration of re-
striction fragments was based upon pre-designated sizes (50).

(d) disc polyacrylamide gel (0.5 cm x 10 cm) showing amido black
staining proteins (Top to bottom, H3, H2B, H2A and H4) from main
nucleosome band; the minor component also contains the same
histones.

soluble fractions, shown in Fig. 2B, indicates as ionic strength
increases there is a preferential selection of mononucleosomes
over oligomeric forms and a reduction in hererogeneity of mono-
nucleosomes. To further qualify the significance of the indi-
vidual mononucleosome components with respect to protein, DNA
size and thermal melting behaviour, nucleosomes were prepara-
tively electrophoresed and individual components eluted and
examined. Figure 3A shows that the nucleoprotein from the
various bands retain their relative mobility, which is approxi-
mately related to the computed DNA base pair number. The vari-
ations are consistent with other reports (14,28,46,49). The
content of nonhistone is very low (<2%). This has been already
noted (14). As shown in Figure 3B, the major variation in pro-
tein content centers on whether H1 and/or H5 are present or not;
the 125 base pair fragment may have more H3 and H4 associated
with it. Differential solubility of the mononucleosome popu-
lation is apparently related to H1 and H5 (Fig. 2) and some
nonhistone proteins (54).

2237



Nucleic Acids Research

A Babcdefgh
<1000 — @ —(—DO—0_|
zZz ~0
Of_r Ac-g \A\ <O\
2] S S NN NN S
o2 N
Q@ C .
zy 60f A\@

"\0840 . e Ofg
z 4 Py
= 20 Mg N

A,
| | A—a—a
| 10 100
mM NaCl

Figure 2. Effect of ionic strength on self-association or aggre-
gation of nucleosomes. A, low gravity (2000 x g, 20 minutes)
separation of aggregated nuceloprotein as a function of salt
concentrition. ?A) chromatin digested with micrococcal nuclease
(4 x 107 units/ug DNA) for 5 minutes at 23° (0.4% acid soluble
(38), 8+ 3% insoluble chromatin in 1 mM EDTA pH 8.0 at 2000 x g
20 minutes). Chromatin digested to 15 - 18% acid solubility in
lTow (38,4A) and high (14,4 ) ionic strength buffer. Nucleosomes
associated with (@) and without (QO) histones H1 and H5 (see Fig.
3, ¢ and d). Nucleosomes from 11.5 s monomer peak from chroma-
tin digested at low ionic strength (see &) and fractionated by
5-20% sucrose gradients in 1 mM EDTA pH 8.0 () or 100 mM NaCl-
50 mM Tris-HC1-1 mM EDTA, pH 8.0 (O ). B. Electrophoretic
analysis of DNA prepared from chromatin aggregates collected in
experiment, &; a to g refer to precipitates in panel A; h is the

150 mM NaCl soluble mononucleosome. Photograph is a reverse
print of a 3.5% polyacrylamide slab gel.

Melting profiles: The derivative melting profiles of mononucleo-
somes treated or untreated with urea and/or trypsin are shown in
Figure 4. These data show that the melting profile of isolated
mononucleosomes is composed of two components, referred to here
as T" and T™ . This agrees with recent reports (22,23,27-35).
Urea treatment, which has been shown to disrupt chromatin and
nucleosomes (16,23,27), preferentially eliminates T"' over T";
above 6M urea a DNA-like component (T°) occurs (Fig. 4), which
represents about 8 to 12% of the total hyperchromicity. In our
experiments urea neither caused a change in total hyperchromicity
of the components nor any noticeable increase in turbidity (27).
Treatment of mononucleosomes with trypsin resulted in the
preferential elimination of T"' over T". This is also shown in

Figure 4. The extent of elimination of T" could be enhanced if
urea was included; urea added before or during proteolytic diges-
tion was very effective in this elimination. Trypsin and urea
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Figure 3. Subfractionation and protein characterization of mono-
nucleosomes. A., preparative electrophoresis of a low speed
fraction of micrococcal nuclease digested chromatin (0.05 ijonic
strength soluble fraction in Fig. 2 (4) and ref. 14, Fig. la).
The 3.5% (1 cm x 20 cm) polyacrylamide slab gel contained 2.5 to
3.0 mg of sample per 3 cm slot. Electrophoresis was for 14 hours
at 30 mA. Ethidium bromide fluorescent bands were exercised and
contents electrophoretically eluted. The lower slab (0.3 cm x

20 cm) shows the purity of the components. The base pair assign-
ments of the DNA from each component were from calibrated frag-
ments (Fig. 1c). B, densitometric scans (575 nm) of histones

from each component. Electrophoresis was at pH 2.7 (43,44).

treatment generated two main types of DNA melting: one with
melting properties equivalent to deproteinized DNA and a second,
broad melting component of value <T". The latter can only be
completely removed by addition of sodium dodecylsulphate and
further DNA purification (Fig. 4). 1In all experiments, using

the same nucleosomal starting material and appropriate blank
controls, the difference in total hyperchromicity between native,
urea, and urea-trypsin treatments was less than 6.8%. Trypsin
treatment alone was about 8.0%. The sharp co-operative character
and near equivalent hyperchromic values suggest that no major
single strand stacking has taken place, except possibly for
trypsin treated material.

Figure 5 shows the results of a study using the electro-
phoretically fractionated mononucleosomes of Figure 3 and oligo-
mers from the ionic strength precipitation experiments (Fig. 2).
Firstly, it is apparent from the thermal derivative plots that
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Figure 4. Derivative thermal denaturation profiles of mononucleo-
somes before and after treatment with urea and/or trypsin. The
plots (24) were obtained with 1.5 x 10°* M DNA-P in 5 mM PO, at

7. Mononucleosomes are from experiment in Fig. 1. a, un-

treated b, urea 6 M for two hours and c, 8 M; d, trypsin 70.003
w/w at 23° for 1 hour at pH 7.0 and e trypsin with 6 M urea

added during d1gest1on, and f, DNA from nucleosomes in 6 M urea.
Experiments were in dupl1cate, details are in Methods.

melting of nucleosome fragments are similar. Secondly, as DNA
fragment size is increased there is a slight shift of the T'"
transition and an appearance of minor low (<T") and high (>T"')
melting transitions. Thirdly, component T" is slightly augmented
and less co-opera:ive (measured by half peak height) in submono-
mer particles (the 125 base pair unit); it becomes increasingly
contiguous with T"' as DNA fragment size increases. Since some
fragments have either H1 or H5 associated with them, the shift of
T" and T"' may be due to these proteins. However, T" broadens and
both T" and T"' shift to lower values when 1 mM P04 buffer is used.
Controls for correlating visual and thermal studies: As major

controls we previously studied the patterns and images found in
the absence of sample, stability of sample to uranyl salt con-
centration and contamination due to free histone (14). The
drying pattern with buffer alone prepared and stained in the
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Derivative thermal denaturation profiles of mononucleo-
somes, dinucleosomes and oligomeric fragments. Plots a and b
correspond to fragments obtained from experiments in Fig. 2 Tndi-
cated by symbols A and A; ¢ to f plots correspond to b, ¢, d, and
f components in Fig. 3. - T
same way as for samples, is neither random nor the same as when
sample is included. The deposition pattern is altered as the
concentration of sample per grid is increased (14). At higher
magnifications no images comparable to the ones for nucleosomes
could be detected with buffer alone at any temperature. This
possibility was extensively studied because transfer of heated
sample from thermal cuvette to individual electron microscope
grids could introduce artifacts due to heat fluctuations of
sample and grid. The variables associated with sample transfer
were qualified for each increase in temperature by use of micro-
thermocouples inserted appropriately in the capillaries of the
temperature equilibrated micropipettes and onto the grid surfaces.
A detail of this description is presented in the Methods and in
the legend of Figure 6. From Figure 6A and C it can be seen
that the average time required for sample transfer and treatment
on the grid is very short, 1.63 + 0.3 seconds and 2.13 * 0.2
seconds, respectively. Loss of heat during transfer is charac-
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Figure 6. De?ermination of temperature differentials during
specimen heating and transfer to electron microscope grids. A.

Chaqge.iq sample temperature during transfer from thermal cuvette
to individual grids. Vertical shaded bar indicates all points
where samples were released from 5 microlitre pipettes equipped
with micro-thermocouple probes in the capillaries. B. Discrep-
ency in sample temperature before transfer and incipient release
of sample onto electron microscope grids. Data was obtained

from graphs in A using an averaged transfer time of 1.63 + 0.30
sec, where the number of repetitions was 85. C. Resultant
increased grid temperatures following application of samples at
various sample transfer temperatures shown in A and B. Vertical
temperature drops indicate points in time and Final grid tempera-

tures when washing of grids with staining solutions or water
occurred. Maximum grid temperature, which occurs at 95°C, was

32.4 + 0.8°C.

teristic for each starting temperature; it does not become signi-
ficant until above 70°C (Fig. 6A and B). At 97°C the average
heat loss during transfer was 2.8 + 1.6°C. Similarly it was
found that sample transfer temperature below 50°C did not
significantly alter the original grid temperature; maximum grid
temperature at 97°C was 8.4 + 0.8°C above ambient room tempera-
ture. Even at this temperature the exposure was less than 1.5
seconds after which the grids were flushed with buffer (Fig. 6C).
By using the data in Figure 6 and judiciously comparing grids
without sample, before and after heating, we concluded that
elevated temperatures alone cannot generate morphological stain-
ing artifacts.

Cooling of sample during transfer could result in possible
renaturation of some denatured material. To determine to what
extent this might occur chromicity changes at 260 nm were moni-
tored as nucleosome samples were program heated to various
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Figure 7. Analysis of nucleosomal-DNA denaturation and renatur-
ation. Samples of nucleosomes (1.5 x 1074 M DNA-P), in trip-
licate, were melted to various extents (a, b and c), cooled
rapidly to ambient temperature (23°) and re-heated by way of a
thermal program to 97°. Hyperchromicity of control sample, de-
natured in one continuous phase was 33.7% ( ). Symbols (——)
and (=>4 indicate cooling and re-heating phases, respectively.

temperatures, cooled to room temperature and program re-heated
to 97° (melting of all DNA). The results, presented in Figure 7,
are only for the beginnings and ends of the T" and T"' transi-
tions. Each of the transitions has some potential for hypo-
chromicity (after correcting for water expansion); the beginning
of the T" transition is most affected and T"' the least.
Hyperchromicity due to re-heating the nucleosomal material is
almost totally recoverable for the former, but not for the
latter. Therefore combining the results in Figure 6A, B and C
with those of Figure 7, it is likely that only the material at
the beginning of transition T" might be affected by transfer of
sample during heating. However, at these temperatures sample
heat loss, prior to fixation on the grids, is very small.

To determine to what extent the morphological and spectro-
scopic changes, which occur during nucleosomal-DNA denaturation,
may be attributable to free histone-histone interactions alone,
pure, nucleic acid free, histones were heat treated and simul-
taneously monitored for morphology. The results of these
experiments can be briefly summarized as follows: 1) a co-
operative heat induced hyperchromic change can be clearly
detected at 275 nm; 2) the major transition occurs about 10°C
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Table 1. Statistical measurements of native and denatured Mononucleosomes

Form N 0.D. I.D. Contour Lengtha Percent B-Formb
(nm + s.d.) (nm + s.d.) Length

Native 550 13.3+1.5 1.68 + 0.8 - -

Denatured 405 17.4 +2.2 9.8 + 2.0 42.9 + 6.3 86 + 4.8

aComputed by direct length measurement of linear forms or by
formula, «(0.D. - I.D.)/2 + I.D.).

bComputed from weight average molecular weight 98,340 d + 3%.

above that of purified DNA from nucleosomes; and 3) the -morphology
of the histones, which have been described (14), change, but the
images do not resemble those obtained with nucleosomes at any of
the elevated temperatures.

Image and staining characteristics of native and denatured nucleo-
somes: Figure 8 shows the general negative staining properties

of mononucleosomes at 23°C, prior to thermal denaturation. A1l
images were particulate, either circular or prolate elipsoids.

A size analysis of the inside and outside diameters is summarized
in Table I. The dimensions of the particles are in good agreement
with our earlier detailed study (14) and those obtained from chick
erythrocytes (1,2,11). The bulk of the nucleosomal images changed
very little in shape or stainability as the temperature is raised
from ambient (23°C) to 70°C. This holds whether the sample is
fixed in gluteraldehyde immediately prior to staining or directly
stained without fixation (Fig. 8b,b'). A significant amount of
swelling and tendency of the nucleosomes to aggregate was noticed
at the latter part of transition T" (Fig. 8b,b'). However, no
further change was noted until T"' was reached; at this point,

the average nucleosomal morphology has drastically altered and
both inner and outer diameters have increased (Fig. 8c,c’',
Table I). The average fiber length from perimeter measurements
is less than the length computed from the weight averaged base
pair number assuming B-form duplex DNA (Fig. 1) (1,27).

A detailed comparison of the unfixed and fixed material
indicates that the unfixed material yields more linear and U-
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50nm

Figure 8. Morphological changes in mononucleosomes at various
stages of heat denaturation. Duplicate samples removed from
thermal-regulated cuvette at 2°C intervals and transferred to
grids. Procedures are described in methods and in Fig. 6. a,
al, 23°; b, b! and ¢, c! correspond to end of T" and T"' trans-
itions shown in Fig. 4., d, d' are high magnifications of c,
c'. Gluteraldehyde was omitted in a', b', c' and d.
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shaped structures than open ended circles. This is shown in

the high magnifications of Figure 8d,d'. Close scrutinization

of grids with samples from each temperature interval indicated
that a minor component with similar morphological features seen
in Figure 8b to ¢ also occurs at the beginning of T". However,
these ringed structures may have disintegrated as the tempefature
was increased,because they could not be detected at higher tem-
peratures.

DISCUSSION

The composition of mononucleosomes used here specifically
for combined melting and visualization studies is in good agree-
ment with other reports (3-6). We have shown that mononucleo-
some variation (14,27) can arise through differences in self-
association of monomer or oligomer nucleosomes by increased ionic
strength and presence of H1 and H5 associated proteins. The
heterogeneity established by electrophoretically subfractionated
mononucleosomes is in agreement with those from chicken (27).
The extremely low nonhistone protein content of the monomers is
not unusual because: 1) mature chicken or goose erythrocyte
nuclei contain very low amounts of nonhistone in comparison to
nuclei from immature cells or other tissues (52,53) (especially
in classes below 68,000 daltons) and 2) the bulk of the high
molecular weight residual proteins, which appear to be mostly
associated with nuclear membranes or matrix, are relatively
insoluble unless extensively digested with micrococcal nuclease
(54). Since the initial preparation of this manuscript several
related reports have been published which further document the
differential self-association of monomers and oligomers (32,55-37).
These studies provide a basis for interpreting the earlier
observed differential sensitivity of erythrocyte chromatin
(heterochromatic and euchromatic structure) to both mono and
divalent cations (57-60) before and after sequential removal of
proteins (52,53,59).

The melting profiles of electrophoretically defined mono-
nucleosomes and select oligomeric fragments obtained by ionic
strength precipitation methods clearly indicate that only two
major transitions (T" and T"') are associated with mononucleo-
somes. As shown here and in part elsewhere (22,23,27,28,30-34),
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thermal transitions < T" and>T"' are peculiar to nucleoproteins of
large DNA length (> 265 base pairs) and increased protein complexity.
However they are not necessarily due to previous degradation (21,
25,28,30,32). Allowing for solvent differences, our results are
very similar to those obtained by Mandel and Fasman (22), Lewis
(28), Wittig and Wittig (32). They are also in excellent agree-
ment with the highly complementary physical studies by Weichet and
co-workers (68) that appeared on submission date of our original
manuscript. The combined studies clearly indicate that the presence
of transitions T" and T"' cannot be directly accounted for by
variations in DNA length, presence or absence of lysine-rich
histones (H1, H5) or nonhistone proteins; but, co-operativity and
resolution of these transitions particularly T", can be influenced
by the preceding parameters as well as by differences in ionic
strength of the melting buffer. We routinely used 5 mM NaPO4 at
pH 7.0, because much less visual unfolding of the mononucleosomes
(14) takes place than at lower ionic strengths such as with 0.1 mM
EDTA,and T" and T"' are still distinct. Weichet et al (68) have
also recently observed the latter effect using sodium cacodylate
buffer. The thermal reversibility of T" and differential sensi-
tivity of T"' with urea and trypsin treatment of nucleosomes will
be discussed further in reference to nucleosome unfolding.

01ins and co-workers (27) have skillfully shown by electron
microscapy that urea induces unfolding of nucleosomes. A similar
claim has been made by Woodcock and Frado (36). Simple storage of
nucleosomes in low ionic strength buffer can also promote denatura-
tion (14,66); the nucleosomes unfold into two major halves in the
absence of any major DNA or protein degradation. In this study we
show for the first time that during thermal denaturation purified
mononucleosomes undergo reproducible morphological changes which
are generally nonreversible. First, the morphological changes occur
whether or not the nucleosomes are fixed in gluteraldehyde prior to
uranyl acetate staining. Second, the major change is from the
typical compact toroid shape (Fig. 8, Table I and ref. 2,7,10,
11-15) to the large circular, U-shaped, crescent-shaped, or extended
structure of length about 90% of a weight average native DNA
B-form equivalent. Third, the major portion of these morphological
changes is seen only after reaching transition T"'. Unlike formal-
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dehyde (67), which was purposely avoided here, we do not feel the
highly regular ring structures obtained with gluteraldehyde fixation
are artifacts; basically the same images were obtained by two
independent methods of staining. However, the presence of linear,
extended forms in unfixed samples supports our initial contention
that fixation would help stabilize the delicate denatured nucleo-
some structures from mechanical disruption during staining, washing
and drying of grids. The inherent rigidity of small DNA segments
of this order (5Q0), particularly in the denatured state, would tend
to generate linear structures such as already seen for low ionic
strength (14,66) and urea (27,36) denatured nucleosomes. A detailed
study of the unfolded structures at high resolution, and an
analysis of the periodic, negatively staining elements, which are
seen along the open ringed images, is being carried out using image
reconstruction methods. The ringed structures are highly compatible
with recent X-ray diffraction data (15) and corresponding subunit
models (37,64).

Several studies (21,22,26-30,61,68, this study) indicate
that the major melting component of chromatin is likely related
to the principal transition (T"') of the simple mononucleosome.
However, the shear complexity of DNA-helix stability in chromatin
prohibits definitive assignment of other melting transitions at
this time. Nevertheless, an earlier model, derived from chromatin
work (18), has considerable appeal in that the two major transi-
tions are postulated to originate from the disruption of protein-
protein interactions and melting of protein-free DNA (Tm]) and from
the destruction of the supercoil and DNA strand separation (Tmz).
Our visual and hyperchromic studies and the recently reported
hyperchromic, circular dichroic and calorimetric studies on chicken
erythrocyte nucleosomes by Weichet et al (68) provide new insight
into the thermal denaturation process of chromatin subunits.
Overall, the bi-phasic melting of core particles is interpreted
as a denaturation of about 40 base pairs in the first phase,
followed by a massive unfolding of the native structure of a
tight histone-DNA complex, which frees the remaining 100 base
pairs in stacking (the second phase). Our study clearly shows
that nucleosomes begin to alter original toroid shape only during
the latter third of T" and do not actually co-operatively unfold
until T"' is reached. The unfolding pattern is highly consistent
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with the predicted 1 3/4 loop or supercoil arrangement of nucleo-
somal DNA (15,37). From the circular dichroic data (68) it is
further apparent that no change in secondary structure of the
protein core takes place at T". Since the core is stable, it
therefore may serve to lock the major part of the DNA into a rigid
complex thus allowing only certain regions to gain limited mobility
at < T". This would explain the reversibility of T" that we both
observe, albeit in our case complete hypochromicity occurred only
in the first third of T". It is important to stress that the first
stable morphologically altered state of the nucleosome occurs in
the latter third of T". It is there that the toroids become
measureably expanded, frequently aggregated into clusters of 2 to
4 and ends of loops are occasionally detectable. Since secondary
structure of histones is located in the more hydrophobic domains,
which are the regions that interact with each other (3-6,28,31,61,
63,65,68), the aggregation property may be a direct measurement of
the alteration in histone structure that takes place at this
stage (68).

Unfolding of nucleosome secondary structure by urea has
been earlier shown by electron microscopy (27,35,60), hydrodynamic
and circular dichroic studies (23,35,60). Physical changes in
mononucleosomes following trypsin treatment have also recently been
reported (31). The data are explained on the basis of a structural
unfolding of nucleosomal DNA whereby part of the DNA retains the
properties within intact core particles and the remaining portion
behaves much Tike free DNA. We note that the melting data of Olins
and co-workers (27) and Lilley and Tachell (31) exhibit a similar
preferential loss of transition T"' over T" that we observed here.
However, no visual studies on the unfolding of trypsin treated
nucleosomes is currently available for more rigorous interpreta-
tion. From present work, which correlates unfolding of the super-
coiled DNA with T"', preferential loss of T"' because of urea,
trypsin or urea and trypsin treatment of nucleosomes would be
expected. It is tempting to conclude that the presence of T"' can
be used as a direct indicator, at all times, for morphologically
intact nucleosomes. However, our recent shearing studies (in
preparation) indicate that this is not always true, particularly
if no T" is present. Similar caution should be applied when ifter-
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preting the origin of transitions < T". In addition to T" arising
from the melting of a limited number of base pairs within the
nucleosome (68), it could also arise from the melt-out of a minor
nucleosome or nucleosome-like population which lacks thermal
stability in the denatured state as exhibited by denatured core
nucleosomes at temperatures > T"'. Close scrutinization of
micrographs obtained from the early portion of T" of a number of
samples indicates that this is possible. Therefore, for some
nucleosome elements there may be a difference in either the types
of protein (species or charge modifications) or the way core
proteins are associated with DNA sister strands (intra or inter-
strand cross-linking) after denaturation. A study of single
strand availability and DNA sequence polarity before, during and
after thermal denaturation of native nucleosomes may be useful
approaches for investigating this possibility.
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