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unconstrained analysis is used, then large negative coefficients
or large deviations from 1.0 for the sum of all secondary
structures will indicate that the basis set has been overex-
tended. Adding contraints only hides to fact that the analysis
has failed.
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Nonbhistone Proteins Cross-Linked by Disulfide Bonds to Histone H3 in

Nuclei from Friend Erythroleukemia Cells'

Alice E. Grebanier! and A. Oscar Pogo*

ABSTRACT: Nonhistone proteins in close proximity to histone
H3 were detected in cross-linking experiments. Disulfide bonds
were formed in nuclei between histone H3 and nonhistone
proteins containing sulfhydryl groups by oxidation with H,O,.
The histones were solubilized either as nucleosomes extracted
by 1 mM EDTA from micrococcal nuclease treated nuclei or
else as DNA-free proteins extracted by a buffer containing
1 M KCl from nuclei that had been extensively digested with
DNAase I. The extracts were examined for disulfide cross-
linked proteins by two-dimensional electrophoresis. The
nonhistone proteins appeared to be extracted selectively by the
two extraction procedures; neither procedure was completely
efficient in releasing the histones from the nuclei. One
cross-linked nonhistone protein (M, 46 000) was extracted in
1 mM EDTA along with the nucleosomes. The high salt
buffer extracted many nonhistone proteins, including four

Previous work from this laboratory has been concerned with
preparation and characterization of the nuclear matrix (Miller
et al,, 1978), an ordered, skeletal structure within the nucleus
(Berezney & Coffey, 1974). In the course of experiments with
matrix prepared from nuclei of Friend erythroleukemia cells,
the discovery was made that the morphology of the nucleus
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cross-linked nonhistones which were not found in the EDTA
extracts; three of the cross-linked proteins were about M,
50000 and one was about M, 36000. Four of the five
cross-linked, nonhistone proteins which are extracted either
by EDTA or high salt are found cross-linked to histone H3
in nuclei prepared from cells lysed in the presence of potassium
iodoacetate. Only the disulfide bond to the A, 36 000 protein
requires highly oxidizing conditions for its formation. Thus,
many of the disulfide bonds formed between H3 and non-
histone proteins may occur naturally. These experiments
disclose a set of nonhistone proteins which are close enough
to histone H3 that a disulfide bond can be formed between
the histone and nonhistone. The close association implies that
these proteins may have significant structural or functional
roles in the nucleus.

is preserved after almost all of the DNA has been removed
by DNAase I digestion (Long et al., 1979). The in-
tranucleosomal histones remain with the nuclear matrix after
digestion of the DNA, and the interactions between the hi-
stones, as monitored by the use of cross-linking reagents, ap-
pear to be undisturbed (Long et al., 1979; Grebanier & Pogo,
1979). The histones are known to be organized into octameric
units, the nucleosome cores, around which the DNA is
wrapped (Kornberg, 1974; van Holde et al., 1974). However,
the histones normally do not maintain such large structures
at physiological ionic strength in the absence of DNA.
Therefore, the interactions between the histones and the other

© 1981 American Chemical Society



NONHISTONES CROSS-LINKED TO HISTONE H3

nuclear proteins must be responsible for the preservation of
nuclear morphology following DNAase I treatment. Identi-
fication of the nonhistone proteins involved and elucidation
of the nature of their interactions with the histones are im-
portant subjects for further investigation.

Cross-linking experiments revealed a set of nonhistone
proteins that seemed to be able to form disulfide bonds with
histone H3 when the nuclei were oxidized with H,O, (Gre-
banier & Pogo, 1979). These proteins are believed to be
cross-linked to H3 because their off-diagonal positions on the
two-dimensional electrophoretograms were appropriate for
polypeptides which had been cross-linked to a protein the size
of H3. Further, a streak of H3 running horizontally across
the gel indicated the involvement of H3 in many kinds of
cross-linking events. If these nonhistone proteins are in close
and regular association with H3, they would be of particular
interest in light of their possible role in forming a link between
the histones and the nuclear matrix.

The present study was undertaken with the use of undif-
ferentiated and differentiated Friend erythroleukemia cells
(Friend et al., 1971) to explore the nature of the association
of the cross-linked, nonhistone proteins with histone H3 and
to find conditions under which the cross-linked complexes can
be solubilized. To this end, disulfide bonds were formed be-
tween proteins in nuclei by oxidation with H,O, and the hi-
stones extracted either as nucleosomes from micrococcal nu-
clease treated samples or as DNA-free proteins from DNAase
I treated samples. The extracts were examined for cross-linked
proteins by two-dimensional gel electrophoresis (Wang &
Richards, 1974). Particular cross-linked, nonhistone proteins
were extracted together with the histones by these two pro-
cedures.

Materials and Methods

Cell Culture. Friend murine erythroleukemia cells, line 745
(a gift from C. Friend), were grown in suspension cultures in
Dulbecco’s minimal essential medium as described previously
(Long et al., 1979).

Preparation of Nuclei: H,0, Treatment. Cells were washed
and lysed as described previously (Long et al., 1979), except
that Triton X-100 and Saponin were at the concentration of
0.375% (w/v) each in the cell lysis buffer. Nuclei were col-
lected by centrifugation for 10 min at 250g and washed once
with a buffer containing 100 mM KCI, 10 mM Tris!-HCl (pH
7.7 at 23 °C), 5 mM MgCl,, 0.5 mM CaCl,, 0.5 mM PMSF,
and 146 mM sucrose. The nuclei [(5 X 107)/mL] were treated
with 20 mM H,0, in the same buffer for 30 min in an ice bath,
then collected by centrifugation and washed once more with
the same buffer containing 25 mM potassium iodoacetate as
an addition.

In some experiments, 25 mM potassium iodoacetate was
added to the cell lysis buffer and the first wash buffer. The
H,0, treatment step was omitted.

Micrococcal Nuclease Digestion and EDTA Extraction.
Nuclei [(5 X 107)/mL] in 100 mM KCI, 10 mM Tris-HCI
(pH 7.7 at 23 °C), 5 mM MgCl,, 5 mM CaCl,, 0.5 mM
PMSF, and 146 mM sucrose were treated with 200 units/mL
micrococcal nuclease (Worthington) for 45 min at 10 °C. The
reaction was stopped by the addition of 0.25 volume of 100
mM EDTA (pH 7.0). The suspension was centrifuged for 10
min at 500g. The pellet was resuspended with 1 mM
EDTA-0.5 mM PMSF (pH 7.0) to a concentration of 5 X

! Abbreviations used: EDTA, ethylenediaminetetraacetic acid; Na-
DodSO,, sodium dodecyl sulfate; PMSF, phenylmethanesulfony! fluoride;
Tris, tris(hydroxymethyl)aminomethane.
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107 nuclei/mL. The suspension stood for 30 min in an ice bath
and was then centrifuged for 10 min at 500g. The supernatant
was saved.

DNAase I Digestion and High Salt Extraction. Nuclei were
digested with DN Aase I as described previously (Long et al.,
1979). Following digestion, the suspension was layered over
5 volumes of 300 mM KClI, 25 mM potassium iodoacetate,
10 mM Tris-HCI (pH 7.7 at 23 °C), 1.5 mM MgCl,, 0.5 mM
PMSF, and 146 mM sucrose, and the nuclei were collected
by centrifugation for 10 min at 500g. The nuclei were re-
suspended to 4 X 10® nuclei/mL with 1 M KCI, 25 mM
potassium iodoacetate, 10 mM Tris-HCI (pH 7.7 at 23 °C),
1.5 mM MgCl,, 0.5 mM PMSF, and 146 mM sucrose. The
suspension stood for 30 min in an ice bath and was then
centrifuged for 10 min at 500g. The supernatant was saved.

Sucrose Density Gradient Centrifugation. EDTA extract
(0.5 mL) was layered on a 12-mL linear gradient [5-20%
sucrose (w/v) in 10 mM Tris-HCI (pH 7.5 at 23 °C) and 1
mM EDTA]. Centrifugation was at 4 °C for 18 h at 30000
rpm in an SW41 rotor (Beckman).

The high salt extract (0.5 mL) was layered on a 12-mL
linear gradient [5 to 20% sucrose (w/v) in 1 M KCI, 10 mM
Tris-HCI (pH 7.5 at 23 °C), 1.5 mM MgCl,, and 0.5 mM
PMSF]. Centrifugation was at 4 °C for 24 h at 35000 rpm
in an SW41 rotor (Beckman).

Gradients were analyzed with an ISCO gradient fractionator
and an ultraviolet absorption recorder.

NaDodSOPolyacrylamide Gel Electrophoresis. EDTA
or high salt extracts were concentrated in an Amicon ultraf-
iltration cell (PM30) filter. High salt extracts were diluted
with H,O and reconcentrated several times to reduce the
amount of KCl in the sample. NaDodSO, was added to a final
concentration of 2% (w/v), glycerol to 10% (v/v), and Tris-
HCI (pH 6.8) to 50 mM. The samples were heated at 90 °C
for 2 min. Two-dimensional gels were run as described pre-
viously (Grebanier & Pogo, 1979). The samples were reduced
with 2-mercaptoethanol between the first and second dimen-
sions.

Sucrose density gradient fractions were diluted so that KCI
was present at 100 mM. The diluted samples were collected
on 6 mm diameter GFC filters (Whatman) by vacuum fil-
tration in a procedure derived from that of Thomas et al.
(1979). The proteins were quantitatively adsorbed onto the
filters. The filters were placed in the wells of a NaDod-
SO,—polyacrylamide gel [3% stacking gel, 12.5% running gel,
prepared according to Laemmli (1970)]. Sample buffer
(Laemmli, 1970) was added to each well. The proteins eluted
from the filters during electrophoresis.

Results

EDTA Extracts of Micrococcal Nuclease Treated Nuclei.
Nuclei isolated from undifferentiated or differentiated Friend
cells were oxidized with H,O, and then digested with micro-
coccal nuclease at 10 °C for 45 min as described under Ma-
terials and Methods. In the particular experiments shown here,
6% of the DNA was rendered acid soluble by this digestion
in the nuclei from undifferentiated cells and 10% in those from
differentiated cells. When the material released from the
nuclei during the digestion period was examined by two-di-
mensional electrophoresis, no cross-linked proteins were de-
tected (data not shown). The nuclei were subsequently ex-
tracted with 1 mM EDTA to release the bulk of the nucleo-
somes. These extracts contain mainly oligonucleosomes, as
shown by sucrose density gradient centrifugation (Figure 1).
When the EDTA extracts were analyzed for cross-linked
proteins, the histone H3 homodimer was the most abundant
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FIGURE 1: Sucrose density gradient centrifugation of EDTA extracts.
(A) Profile of extract from 5 X 107 nuclei from undifferentiated Friend
cells. (B) Profile of extract from 5 X 107 nuclei from differentiated
Friend cells. Extraction and centrifugation procedures are described
under Materials and Methods.

FIGURE 2: Two-dimensional electrophoresis of EDTA extracts. (A)
Extract from 8 X 10® nuclei from undifferentiated Friend cells. (B)
Extract from 8 X 10® nuclei from differentiated Friend cells. Extracts
were concentrated and electrophoresis was performed as described
under Materials and Methods. Inset is larger print of area of elec-
trophoretogram with off-diagonal spots.

species detected (Figure 2). In samples extracted from nuclei
of undifferentiated cells, the most prominent nonhistone protein
shown to be involved in cross-linking was a protein of M,
~46000 (A in Figure 2A). The off-diagonal spot of protein
A is vertically aligned with an off-diagonal spot of histone H3,
and the mobility on the first dimension of the oligomer from
which these spots are derived is appropriate for a protein with
the size of a complex of protein A and histone H3 (Grebanier
& Pogo, 1979). Thus, the formation of a disulfide bond be-
tween these two proteins is proven.

In other experiments not shown here, the nuclei from un-
differentiated cells were treated with micrococcal nuclease at
37 °C for 10 min; digestion proceeded until 25-50% of the
DNA was acid soluble. In these experiments, the EDTA
extract consisted mainly of mononucleosomes, and the amount
of off-diagonal protein A on the two-dimensional electro-
phoretograms was somewhat diminished. NaDodSO,—poly-
acrylamide gel electrophoresis of fractions taken after sucrose
density gradient centrifugation of the EDTA extract showed
protein A in the fractions corresponding to the mono-
nucleosome peak.

In contrast to the results with nuclei from undifferentiated
cells, cross-linked, nonhistone proteins were not seen in EDTA

GREBANIER AND POGO

FIGURE 3: Two-dimensional electrophoresis of high salt extracts. (A)

Extract from 2 X 10® nuclei from undifferentiated Friend cells. (B)
Extract from 2 X 10® nuclei from differentiated Friend cells. Extracts
were concentrated and electrophoresis was performed as described
under Material and Methods. Insets are larger prints of area of
electrophoretogram with off-diagonal spots.

extracts of micrococcal nuclease digested nuclei from differ-
entiated cells (Figure 2B). Earlier work (Grebanier & Pogo,
1979) showed that very little of protein A is cross-linked and
that the level of disulfide bond cross-linking is generally lower
in nuclei from differentiated cells.

Thus, most of the nonhistone, cross-linked proteins which
are seen on two-dimensional electrophoretograms of whole
nuclei are not found to be associated with isolated nucleosomes.
Protein A is the only nonhistone protein whose association with
histone H3 is definitively shown by the experiments just de-
scribed. However, the cross-linked, nonhistone proteins that
are not extracted may also be associated with histone H3. In
the experiments described above, the nuclear structures re-
maining after EDTA extraction contained 20% (nuclei from
undifferentiated cells) and 15% (nuclei from differentiated
cells) of the original DNA. NaDodSO4-polyacrylamide gel
electrophoresis of the proteins in the residual structures showed
that substantial quantities of the histones were not extracted
by the hypotonic EDTA solution (data not shown). The
nonhistone proteins may be responsible, in part, for the re-
tention of a large fraction of the nucleosomes after EDTA
extraction.

High Salt Extracts of DNAase I Treated Nuclei. Following
extensive digestion of nuclear DNA with DNAase I, the in-
tranucleosomal histones are extracted coordinately into a buffer
containing 1 M KCI (Long et al., 1979). As described under
Materials and Methods, high salt extracts were obtained from
H,0,-treated, DNAase I digested nuclei and analyzed by
two-dimensional electrophoresis.

The most obvious cross-linked, nonhistone proteins in the
high salt extract of nuclei from undifferentiated cells were
three proteins of M, ~50000 (B, C, D in Figure 3A) and a
protein of M, ~36000 (E in Figure 3A). Protein A was only
marginally detectable in the off-diagonal region of the two-
dimensional electrophoretogram of the extract and somewhat
more evident in the high molecular weight aggregate which
formed a line down the left side of the gel in the second di-
mension.

High salt extracts of nuclei from differentiated cells were
similar to those from undifferentiated cells, except that protein
A was not detectable on the two-dimensional electrophoreto-
grams (Figure 3B).

The salt-extracted proteins were separated on sucrose density
gradients. The ultraviolet absorption profile showed two major,
overlapping peaks (Figure 4A). The slower peak contained
mainly H2A and H2B, while the faster contained mainly H3
and H4 (Figure 4B). Proteins A, B, C, D, and E were found
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FIGURE 4: High salt extract of nuclei from undifferentiated Friend
cells. (A) Sucrose density gradient centrifugation profile of high salt
extract from 2 X 108 nuclei. Extraction and centrifugation procedures
are described under Materials and Methods. Sedimentation is from
left to right. (B) NaDodSO,—polyacrylamide gel electrophoresis of
proteins in fractions taken from sucrose density gradients in (A).
One-third of each fraction was prepared for electrophoresis as described
under Materials and Methods.
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FIGURE 5: Two-dimensional electrophoresis of proteins in slow and
fast peaks. (A) Slow peak. (B) Fast peak. High salt extracts were
subjected to sucrose density gradient centrifugation as in Figure 4.
The two peaks were collected separately, and material from six
gradients was combined. The samples were dialyzed against H,O
and concentrated in an Amicon ultrafiltration cell. Electrophoresis
was performed as described under Materials and Methods. Inset is
larger print of area of electrophoretogram with off-diagonal spots.

principally in the region of the faster peak. The two peaks
were collected separately, concentrated, and analyzed by
two-dimensional electrophoresis (Figure 5). The nonhistone
proteins were detected lying under the diagonal only in the
electrophoretogram of the faster peak (Figure 5B). One
off-diagonal spot of H3 was vertically aligned with protein E,
and a second off-diagonal spot of H3 fell under the group of
the other nonhistones. This result indicates that all of these
proteins had been cross-linked to histone H3.

Sucrose density gradient centrifugation and two-dimensional
electrophoresis of extracts from differentiated cells gave similar
results (data not shown).

VOL. 20, NO. 5, 1981 1097
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FIGURE 6: Two-dimensional electrophoresis of proteins in nuclei treated
with H,0, or with potassium iodoacetate. {A) 10° nuclei treated with
H,0,. (B) 108 nuclei from cells lysed in the pressure of potassium
iodoacetate. Samples were prepared and electrophoresis was performed
as described under Materials and Methods.

As was true for EDTA extraction of micrococcal nuclease
treated nuclei, high salt extraction of DNAase I treated nuclei
was not completely efficient in removing the histones from the
fundamental structure.

The residual nuclear structures left after micrococcal nu-
clease digestion and EDTA extraction could be further digested
with DNAase I and extracted with high salt. Even then, some
histones were left with a residual structure. Two-dimensional
electrophoretograms of these high salt extracts were similar
to those from nuclei which were digested only with DN Aase
I. The second DNA digestion step was necessary to release
the cross-linked, nonhistone proteins from micrococcal nuclease
treated samples; high salt extraction immediately following
the EDTA extraction did not release these proteins, even if
the KCl concentration was raised to 2 M.

Possible Natural Occurrence of Disulfide Bonds between
Nonbhistone Proteins and Histone H3. The group of proteins
which appear to be able to cross-link with H3 through the
formation of disulfide bonds was first detected in samples of
nuclei which had been oxidized with H,0, (Grebanier & Pogo,
1979). The cross-links formed quite readily in samples which
had been previously reduced by incubation with dithiothreitol;
cross-linking would develop if the samples were left standing
in the cold, even if H,O, was not added. To test the possible
occurrence of these disulfide bonds within the living cells, we
added iodoacetate to the resuspension buffer just before the
cells were lysed with detergent to release the nuclei. The
iodoacetate should react with any free sulfhydryl groups ex-
posed during the lytic process. When a sample that had been
lysed in the presence of iodoacetate was compared to a sample
that had been oxidized with H,0,, many of the same proteins
were detected lying under the diagonal line across the two-
dimensional electrophoretograms {compare A and B in Figure
6). The notable exception was protein E, which was not seen
in the samples which were blocked with iodoacetate. Protein
E was not found on the two-dimensional electrophoretograms
of high salt extracts from these samples; in electrophoretic
analyses of fractions taken from sucrose density gradients after
centrifugation of the high salt extracts, protein E was not found
in any portion of the gradient (data not shown). Thus, protein
E is not extracted from DNA-depleted nuclei by high salt
except when it is linked to H3 by a disulfide bond which is
formed only under highly oxidizing conditions.

Although the possibility of oxidation of the sulfhydryl groups
during lysis cannot be absolutely ruled out in these experi-
ments, one may conclude that many of the disulfide bonds
detected by two-dimensional electrophoresis can form in the
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nucleus while it is still in the cell.

Discussion

The nonhistone proteins that are near the histones in the
nucleus are of interest because of their possible role in regu-
lation of genetic function. Workers in several laboratories have
looked for nonhistone proteins associated with isolated nu-
cleosomes and have found particular nonhistone proteins in
certain subgroups of nucleosomes (Bakayev et al., 1977, 1978).
The claim has been made that some of the high mobility group
proteins (Goodwin et al., 1973) are preferentially associated
with nucleosomes in transcriptionally active chromatin (Vidali
et al., 1977; Mathew et al., 1979; Levy-W. et al., 1979).

In using cross-linking, we have taken a different approach
to finding nonhistone proteins which are in close proximity to
the histone, an approach which avoids the problem of possible
rearrangement of proteins during preparation of samples. This
problem is inherent in nucleosome isolation experiments:
adventitious binding of some small high mobility group proteins
to isolated nucleosomes has been found (Jackson et al., 1979).
In our experiments, disulfide bonds are formed between pro-
teins as an early step in the preparation of nuclei, before much
opportunity arises for rearrangement of elements. Indeed,
many of the disulfide bonds may exist before the nuclei are
released from the Friend erythroleukemia cells. Then, using
two different extraction procedures in which the bulk of the
protein released is histone, we look for cross-linked proteins.
Thus, we are using the sulfhydryl group of histone H3 as a
“hook” to pull out a particular set of nonhistone proteins that
interact with the histone.

One difficulty with our approach is that we do not have the
means to quantitate the relative proportions of proteins on the
two-dimensional electrophoretograms. The staining intensity
of the off-diagonal spots of histone H3 appear to the eye to
be much heavier than the spots of nonhistone proteins with
which they are vertically aligned. However, since the spots
of histone H3 appear on electrophoretograms only in con-
junction with the spots of nonhistone proteins, there is no need
to postulate the existence of other complexes of histone H3,
either with itself or with other, unstained elements. Most
probably, the nonhistones are less effectively stained with
Coomassie blue than the histone is. Also, we have been unable
to determine the proportion of the histone which is cross-linked
to the nonhistone proteins. The gels are heavily overloaded
for the histones so that the cross-linked proteins can be de-
tected. Clearly, only a small fraction of H3 is cross-linked,
since the bulk of H3 is found on the diagonal of the electro-
phoretograms; proteins on the diagonal have not been cross-
linked. Though the fraction of the histone in contact with these
nonhistone proteins is small, the association of these elements
must be regularly repeated in order for the cross-linking to
be detected at all. The cross-linking can be taken as evidence
for specialized structures found at particular locations.

Another difficulty is that neither of our procedures extracts
all of the histone. Consequently, we cannot draw any con-
clusions about the cross-linked, nonhistone proteins that are
not extracted. Since we see no evidence of differential ex-
traction between histones H2A, H2B, H3, and H4, we guess
that nucleosomes may differ in terms of the elements that
anchor them to the underlying nuclear structure.

The profile of the released proteins depends upon the pro-
tocol followed to prepare the extract. In extracts that contain
nucleosomes, i.e., both the DNA and histones, the major
cross-linked, nonhistone protein found is protein A. By con-
trast, cross-linked protein A is only marginally detectable in
the off-diagonal region of a two-dimensional electrophoreto-

GREBANIER AND POGO

gram of a high salt extract of DNAase I treated nuclei; the
four prominent cross-linked proteins are B, C, D, and E.

The differences in the pattern of released nonhistone proteins
may be caused by the involvement of different kinds of bonds
to stabilize the normal interactions between proteins in the
nucleus. During the isolation of nucleosomes, the release of
the histones results from conformational changes in the DNA
caused by the lower ionic strength; in nuclei which have been
extensively digested with DNAase I, the histones are not re-
leased in hypotonic solutions. When the DNA is only partially
digested, as with micrococcal nuclease, the tight association
between the DNA and the histones results in the release of
most of the histones from the nuclear structures in hypotonic
EDTA. Relatively little nonhistone protein is released though.
In the extensively digested nuclei, solubilization of proteins
by high salt is the result of disruption of electrostatic inter-
actions between polypeptides. Many nonhistone proteins are
released, as well as a large fraction of the histones.

Because the EDTA and high salt extracts have fewer non-
histone proteins than the whole nuclei have, the two-dimen-
sional electrophoretograms of the extracts are more easily
interpreted. These electrophoretograms still have a back-
ground which can be presumed to be caused by disulfide bonds
involving H3 and a variety of nonhistone proteins. Individu-
ally, these oligomers are not sufficiently abundant to appear
as distinct spots on the gel; together they create a blurriness
in the picture. Nevertheless, in the various two-dimensional
electrophoretograms, distinct spots in the streak of H3 can be
seen to be vertically aligned with proteins A and E and with
the group B, C, and D. These results confirm the association
of these five nonhistone proteins with histone H3.

The difference in the extractability of A as compared with
B, C, D, and E is intriguing and may reflect some aspect of
their localization within the nucleus. Electron microscopy
shows the nucleus to be heterogeneous in appearance; the
nucleolus is a distinct structure within the nucleus, and regions
of diffuse and condensed chromatin can be distinguished as
well. Undoubtedly, at an even finer level, there is further
heterogeneity which may require a biochemist’s tools for
elucidation. As has been shown in immunofluorescence studies
using polytene chromosomes from Drosophila salivary glands
and antibodies against specific nonhistones, some proteins are
found throughout the chromosomes while others are restricted
in location (Silver & Elgin, 1978).

In earlier work from this laboratory (Grebanier & Pogo,
1979), protein A was seen to have certain distinctive char-
acteristics, Its cross-linking after incubation with 2-imino-
thiolane was altered when the nuclei were treated with
DNAase I first; cross-linking of other nonhistone proteins was
not affected. Also, protein A was seen to be cross-linked to
a much greater extent in nuclei from undifferentiated cells than
in those from differentiated cells. In the present study, protein
A is found to be the only disulfide cross-linked protein ex-
tracted with the nucleosomes. The selectivity of extraction
may reflect some specialized structural or functional role of
the protein.

At our present state of knowledge, however, it would be
presumptive to attribute any particular functional significance
to the properties of the proteins we have studied. Their
proximity to histone H3 suggests that they may have important
roles, and their differential extractability provides some hint
of specialized localization. Clearly, much work remains to be
accomplished before a full understanding will be reached.

A further question must be raised: which form or forms
of histone H3 are involved in these disulfide bonds? In all of
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the H3 variants found in the mouse, residue 110 is a cysteine,
but in one variant a second cysteine is present at position 96
(Franklin & Zweidler, 1977). In a nucleosome, the two H3
molecules can be arranged so that the two cysteines at position
110 are close to each other (Camerini-Otero & Felsenfeld,
1977; Dietrich et al., 1978; Zama et al., 1978). Our obser-
vation of the ready formation of the H3-H3 homodimer by
simple oxidation of nuclei could be taken as evidence to support
this aspect of a model of the positioning of histones within the
nucleosome. To account for the formation of disulfide bonds
between H3 and the nonhistone proteins, one could postulate
either that the cysteine at position 96 in one H3 variant is
involved or else that bonds can form between nonhistones and
the cysteine at position 110 on molecules of H3 which are in
special conformations. Unfortunately, we have not yet been
able to answer this question because of technical difficulties.
The nonhistone proteins have not been solubilized under
conditions appropriate for electrophoretic separation of the
histone variants. Further, the impossibility of adding reducing
reagents during preparation of our cross-linked samples can
only confuse the issue by causing an increase in the number
of apparent variants (Zweidler, 1978).

One observation would tend to support the involvement of
the cysteine at position 96, but the evidence is by no means
conclusive. On the two-dimensional electrophoretograms of
the EDTA or salt extracts, we see relatively large amounts
of protein running on the diagonal that correspond in mobility
to the off-diagonal spots A-D. The on-diagonal protein has
not been cross-linked, even when H,0O, has been added to
ensure oxidizing conditions. Yet, the nonhistone protein ap-
pears to be tightly associated to the histone, since it is extracted
together with the histone and appears together with it on
sucrose gradients. Possibly, the nonhistone may be bound to
the histone and the association stabilized by the formation of
a disulfide bond when the histone H3 has a cysteine at position
96.

That many of these disulfide bonds may exist within the
intact cell is interesting. Of the proteins we have discussed,
only protein E is not bound by a disulfide bond if the nuclei
are isolated in the presence of iodoacetate; the other cross-links
are found under these conditions. Thus, the disulfide cross-
linking we have been studying may occur naturally.

Added in Proof

In recent experiments we reduced the potassium iodoacetate
concentration to 2.5 mM.
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