vulgaris and other legume seeds is to pro-
tect them from attack by insect seed-
predators. Such a conclusion is of con-
spicuous significance to agriculturalists.
Selection for those strains of black beans
free of phytohemagglutinins (21) so as
to reduce bean processing costs would
very likely produce a crop plant on
which many wild bruchids could then
feed.
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DNA Structure in Sheared and Unsheared Chromatin

Abstract. Shearing chromatin, by either sonication or vortex homogenization, in-
troduces significant structural artifucts. These may be detected by the anomalously
large increase in the number of ethidium bromide binding sites and the large altera-
tion of the circular dichroism spectra of chromatin. Structural alterations are also
suggested by the disappearance of differential light scattering after shearing.

The term chromatin in this report re-
fers to the isolated chromosomes (/) and
has only an operational definition since
chromatin preparations vary from one
laboratory to another. Chromatin studies
would be facilitated if the material could
be obtained in a homogeneous solution,
and for this reason most workers have
studied the functional and structural
properties of chromatin after shearing it,
either with a motor-driven homogenizer
(2) or by sonication (3). However, it has
been reported that shearing causes a dra-
matic change in template activity ) and
loss of the repeating units structure of
chromatin (5). Unfortunately, unsheared
chromatin forms a suspension and gives
rise to large light-scattering artifacts.
Since our previous data on chromatin
changes in proliferating cells (6) were ob-
tained with unsheared chromatin, we
have developed and present here a meth-
od to correct for light-scattering artifacts
(7). With this method we have compared
sheared and unsheared chromatins from
various cell types, using circular dichro-
ism (CD) spectra (6, 8) and ethidium bro-
mide binding (6, 9-11) as indications of
chromatin structure.

The following cells were used: (i) WI-
38 human diploid fibroblasts in confluent
monolayers, either resting or stimulated

5 10 15

PM-sample distance (cm)

to proliferate (/0); (ii) AF-8 cells, a tem-
perature-sensitive mutant of BHK cells
(12), which grow at 34°C but are arrested
in G, at 39°C; and (iii) HeLa S-3 cells
maintained in suspension and synchro-
nized by selective detachment (/3).
Chromatin was prepared as previously
described (10, 13). Unsheared chromatin
was prepared by gently resuspending the
viscous chromatin pellet, with or without
a few strokes of a Dounce homogenizer;
sheared chromatin was prepared by re-
suspending the pellet and either sonicat-
ing at 50 watts for 20 seconds or more or
homogenizing with a motor-driven ho-
mogenizer for 15 seconds or more. In all
three cases, the solvent was 0.01M
tris(hydroxymethyl)aminomethane hy-
drochloride (tris-HCI), pH 8.0. Circular
dichroism spectra were obtained with a
Jasco model J-40 recording spectropola-
rimeter as previously described (10, 11,
13). The mean ellipticity, 6, is expressed
as degrees times centimeters squared per
decimole of nucleotide residue, assum-
ing a mean molecular weight of 330. The
ellipticity obtained directly from the
recorder chart is designated as .

The CD instrument is very sensitive to
scattering artifacts. Because of its partic-
ulate nature, chromatin tends to form an

@
@
° ®
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Fig. 1. Effect of shearing on absorption and CD spectra of chromatin isolated from AF-8 cells at
39°C. (A) Absorbance ratio as a function of PM-sample distance for unsheared (closed circles)
and sheared (open circles) chromatins. The unsheared chromatin was subjected to a few strokes
of a Dounce homogenizer and the sheared chromatin was sonicated for 20 seconds at 50 watts.
(B) Observed CD spectra of unsheared chromatin at D = 14 cm (dashed line) and 7 cm (dotted
line) and of sheared chromatin at D = 14 cm (solid line). Standardization and calibration are

described elsewhere (7, 17).
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Scattered light deviates from the beam
axis at dh angle great enough to miss the
detector, which results in (i) anoma-
lously high absorbance, and (ii) differ-
ential light scattering—that is, scattering
of left and right circularly polarized light
with different efficiency out of the photo-
multiplier (PM) window. We modified
the J-40 by equipping it with a new cell
holder with which the sample-PM win-
dow distance could be varied from 22 to
5.5 cm (the closest spacing physically
possible with the cuvette on the mono-
chromator side of the cuvette holder);
thus it was possible to progressively in-
crease the solid angle of detection and
capture scattered photons missed in the
normal J-40 configuration. Figure 1B
shows the CD spectrum of unsheared
chromatin from AF-8 cells at two dis-
tances from the PM. Even outside the ab-
sorptive band of chromatin a strong CD
signal is present, which increases in mag-
nitude with the distance of the sample
from the PM. This can be explained in
terms of differential light scattering, and
corrected for as described below.

At every wavelength in the range 310
to 350 nm (Fig. 1B), where only the scat-
tered light is presumably present, the CD
data (y,s) obtained at five distances D;
(5.5,11.0, 14.0, 18.0, and 22.0 cm) are fit-
ted by yos = BD;", where B is a con-
stant. The values of n that best fit the
data are wavelength-dependent, and the
relation between wavelength (A) and the
optimized n(\) is obtained by least-
squares fit (7). Therefore, the extrapolat-
ed values of chromatin ellipticity at zero
distance, Yiue(A,0), where all scattered
light is treated as transmitted, are found
for every A by least-squares fit to the ob-
served ellipticities Yops (A, D;), using

'pobs(}\»Di) = lptrue()\,()) + kDin(A) (1)

where k is a constant for the regression.
The “‘true’” CD spectra estimated by this
procedure indicate that all anomalous
features, like a nonzero CD signal out-
side the absorption band (= 310 nm), dis-
appear (7) (see Fig. 2A).

Figure 1B shows the CD spectrum of
sheared chromatin isolated from AF-8
cells at 39°C, taken at 14 cm from the
PM. At this distance sheared chromatin
scatters sufficient light to register Ajq/
A = 0.08, where A is absorbance and
the subscripts indicate wavelength (Fig.
1A). However, the scattering leads to no
detectable signal outside the absorption
band when CD spectra are measured.
For the same sample-PM distance, un-
sheared chromatin from the same cells
scatters light at Age/A.q = 0.14 (Fig.
1A) and exhibits a positive CD tail at
long wavelengths, extending well into
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the visible spectrum (Fig. 1B). Figure 1B
also shows that even at the 7-cm spacing
from the PM, where the same amount of
light is scattered by the unsheared
chromatin as by the sheared chromatin
at 14 cm, the CD spectrum of the un-
sheared chromatin has a nonzero signal
outside the absorption band. As the solid
angle is increased by positioning the
sample progressively closer to the PM,
the 280-nm peak and the long-
wavelength tail (> 300 nm) are reduced
for the CD spectra of unsheared chroma-
tin. In contrast, the CD spectra of
sheared chromatin suspensions show es-

sentially no dependence on sample-PM
distance and no tail at wavelengths > 300
nm.

Table 1 shows the mean molecular
weight of a single strand of DNA, as de-
termined by alkaline sucrose gradient
(I14), in intact cells, intact nuclei, un-
sheared chromatin, and sheared chroma-
tin. It seems reasonable to conclude
from these data that the length of the
DNA molecule is substantially reduced
by shearing, as previously reported by
Noll et al. (5), while unsheared chroma-
tin more closely approaches in vivo con-
figuration.

A Unsheared

Sheared
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N
T

o

0 (x 1073 degree cm2 dmole—1)

30 60

6,75 (x 1073 degree cm2 dmole™")
ST

Seconds

B Unsheared

6 (x 1074 degree cm2 dmole™T)

Sheared

oy
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-

330

nm
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nm

Fig. 2. (A) Molar ellipticity spectra corrected for light scattering, of unsheared and sheared
chromatins from AF-8 cells at 39°C (solid line) and 34°C (dashed line). Chromatins were
prepared as described in the legend of Fig. 1 and in the text. The last panel shows the
dependence of the molar ellipticity at 275 nm on the duration of shearing by sonication at 50
watts. Our corrected molar ellipticity values for unsheared chromatins (6, 10, 11, 13) are
considerably lower than those reported by most authors (8, 20), which closely resemble our
values for sheared chromatins. (B) Molar ellipticity spectra, corrected for light scattering, of
ethidium bromide—chromatin complexes (AF-8 cells) at 39°C (solid line) and 34°C (dashed line).
Chromatin preparations were prepared as outlined above. The last panel shows the dependence
of the ethidium bromide molar ellipticity at 308 nm on the duration of shearing by sonication at
50 watts.
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To further investigate the postulated
conformation change induced by shear-
ing, we isolated chromatins from several
cell lines (HelLa in different cell cycle
phases, AF-8 mutants at 34° and 39°C,
rat liver cells, and unstimulated and stim-
ulated WI-38), obtained their CD spectra
between 330 and 200 nm, and determined
the number of primary binding sites for
ethidium bromide (10, 11, 13, 15). Figure
2A shows the CD spectra, corrected for
light scattering, of chromatins isolated
from the AF-8 mutants at 34°C (per-
missive) and 39°C (nonpermissive). Fig-
ure 2B shows the CD spectra of com-
plexes of the same AF-8 cell chromatins
(sheared and unsheared) with ethidium
bromide at a constant ethidium bromide/
DNA ratio of 0.25 = 0.01. At this con-
stant ratio no optical activity is induced
in ethidium bromide by neighboring
molecules (15), and the optical activity of
ethidium bromide bound to chromatin,
measured at 308 nm, at saturation, can
be used to compute the number of prima-
ry binding sites available in either DNA
or chromatin (10, 11, 13, 15). The in-
crease in the number of primary binding
sites for ethidium bromide after chroma-
tin shearing parallels the increase in posi-
tive ellipticity at 280 nm, the blue shift in
CD spectra, and the disappearance of dif-
ferential light scattering.

Figure 2, A and B, also shows the de-
pendence of the structural alteration, de-
termined by the molar ellipticity at 280
nm (Fig. 2A) or by ethidium bromide in-
tercalation (Fig. 2B), on the duration of
shearing by sonication. Identical results
are obtained when the same chromatins
are sheared in a motor-driven homoge-
nizer for 20 seconds or more (not
shown).

Finally, Table 2 summarizes the ef-
fects of shearing on 11 different chroma-
tins isolated from various cell lines de-
scribed above. A drastic alteration in
chromatin conformation is indicated by
the larger increases (about a factor of 2)
in both primary binding sites for eth-
idium bromide and molar ellipticity at
275 nm (an indication of DNA con-
formation), properties of chromatin that
have been related to the number of gene
sites available for transcription (/7). Our
results agree with previous findings on
the increase in chromatin template activi-
ty (4¢) by a factor of about 1.8 and on the
loss of the repeating units structure (5)
when chromatin is prepared by shearing.
It must be emphasized that the chroma-
tin disruption is independent of the meth-
ods of shearing used.

Thus, while sheared chromatin should
not be used in studies of chromatin struc-
ture, it is possible to use unsheared
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Table 1. Ranges of mean molecular weights
of single-strand DN A in whole cells, intact nu-
clei, unsheared chromatin, and chromatin
from the same cell line (HeLa-S3 cells in loga-
rithmic growth phase) sonicated for 30 sec-
onds at SO watts. Measurements were per-
formed in alkaline sucrose gradients as pre-
viously described (I4). Alkaline sucrose
gradients for molecular weight determination
were calibrated with freshly prepared T4 and
T7 bacteriophages and freshly prepared
nicked circles of SV40 (I4). Analogous results
can be obtained with other cell lines (WI-38,
AF-8, and rat liver). Unsheared chromatin (A)
is prepared by gentle suspension without uti-
lizing a Dounce homogenizer. Unsheared
chromatin (B) is prepared as (A), but with 20
to 30 strokes of a Dounce homogenizer (see
Fig. 1).

. Molecular weight
Preparation

(x 10%)
Whole cell = 3000
Intact nuclei 50~150
Unsheared chromatin (A) 2060
Unsheared chromatin (B) 6-9
Sheared chromatin =22

chromatin if a correction for light scatter-
ing is applied. Artifacts in ultraviolet
spectroscopy (I6), mainly associated
with large particles, have been corrected
for in studies of T2 bacteriophage (/7)
and membrane structure (/8). We empha-
size from our work with unsheared and
sheared chromatin, which both signifi-
cantly scatter light and contain the same
amount of protein (¢), that the ratio A 4/
A 1S not an indication of the presence
or absence of artifacts due to light scat-
tering in CD spectra of chromatin. Light
scattering in absorbance measurements
and scattering of polarized light are two
different phenomena (I7). Differential

Table 2. Effect of sonication or vortex ho-
mogenization on chromatin conformation. Ra-
tios were computed from CD spectra cor-
rected for light scattering by (method I) ex-
trapolation to D =0, and (method II)
empirical subtraction at D = 14 cm. The
means and standard deviations are based on
independent measurements of 11 chromatins
from different cell populations (WI-38, HelLa,
AF-8, and rat liver). In method II the CD base-
line (y = 0) is empirically assumed to corre-
spond to the observed ellipticity value at 310
nm (where no absorption or chromophore is
present). Molar ellipticity is computed by us-
ing the resulting ellipticity values, divided by
A, Obtained at the same sample-PM distance
and corrected for protein. The units of 6,5 are
millidegrees per decimole of DNA as chroma-
tin; 0,05 is expressed in millidegrees per deci-
mole of ethidium bromide at a constant eth-
idium bromide/DNA ratio of 0.25 = 0.01.

Ratio MethodI  Method 11

0,75(sheared)/
6,,s(unsheared)

030s(sheared)/
0;0s(unsheared)

1.84 = 0.06 1.62 + 0.10

1.88 = 0.06 1.91 = 0.07

light scattering (CD . signals at
wavelengths outside the absorption
band) and geometry-dependent CD
spectra are not observed for all particu-
late suspensions, but might reflect the
existence of ordered asymmetry of the
scattering center in unsheared native
chromatin, as postulated for bacterio-
phage (/7) and membranes (/9).
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