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Chemical modification with 5,5'-dithiobis-(2-nitrobenzoic acid) shows that histone H3 cysteines 
110 (chicken) or 96 and 110 (calf) are completely protected in native chromatin and core 
particles but become unmasked simultaneously during a salt induced dissociation. In  whole histone 
extracted from chicken erythrocyte chromatin, H3 Cys-110 residues experience a uniform environ­
ment at 2 m  NaCl and pH 5.5. In whole histone extracted under the same conditions from calf 
thymus, H3 Cys-96 provides a more accessible thiol group than Cys-110. At higher pH values a 
conformational heterogeneity is induced causing a partial exposure of both cysteine side chains. 
The kinetic approach described in the present work provides a highly sensitive means to probe
the homogeneity of H3 containing protein complexes.

Introduction

It has recently been found that the chromatin of 
simple [ 1 ] and higher eucaryotes [2 ] is organized 
into a similar subunit structure. Each subunit (nu- 
cleosome) comprises 155 — 240 base pairs of DNA 
which are coiled about a histone core of an octa- 
meric structure, i. e. (H4 ) 2 (H3 ) 2 (H2 a ) 2 (H2 b ) 2 

[3]. The combination of H3 and H4 histones, pos­
sessing the most conserved amino acid sequences, 
provides the major structural determinants of the 
core particle [4].

While cysteine has been detected in the H4 frac­
tion of echinoderms [5] and in H2b like histones 
from testis [6 , 7], this amino acid generally appears 
to be restricted to the H3 histone where it constitutes 
the major contribution (70% in rat thymus) to the 
total thiol content of the cell nucleus [8 ]. With the 
exception of yeast [9], a cysteine in position 110 
has been preserved evolutionary. One of the few 
mutations that have occurred in histone H3 concerns 
residues 96 which is Ala (60%) or Ser (40%) in 
pea embryo [ 1 0 ] or an additional cysteine in mam­
mals more advenced than rodents [ 1 1 ].

Little is yet known about the biological role of 
H3-cysteines and whether they become oxidized dur­
ing any state of chromosomal activity. It has been 
claimed earlier that interpolypeptide disulfide bonds
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A bbrevia tions:  PhM eSOsF, phenylmethylsulfonyl fluoride; 
(NBS)2 , 5,5'-dithiobis-(2 -nitrobenzoic acid ); NBS0-, 5-thio-
2 -nitrobenzoic acid (thiophenolate anion).

contribute to the folding of metaphase chromosomes 
[ 1 2 ]. Hence, the conservative cysteine residue 110 
was expected to be exposed and this assumption 
seemed to gain support from reactivity studies of 
the cysteines in calf thymus chromatin towards 
(NBS) 2 [13]. Very recent findings, however, show 
that Cys 1 1 0  sulfhydryls may be buried, i. e. in 
close contact within a single nucleosome as to allow 
a covalent linkage even between H3 molecules of 
the same protein core [14].

The aim of present investigation was to clarify 
whether the conservative cysteine 1 1 0  is indeed 
accessible in chromatin or can be activated reflect­
ing its possible function. It is attempted to assign 
reactivities towards (NBS) 2 of cysteines 110 and 
96 by comparing histones and chromatin from 
chicken erythrocytes and calf thymus. It will be 
further shown that thiol reactivity is strongly af­
fected by histone-histone interactions and that the 
kinetic method applied may efficiently be used to 
probe the conformational homogeneity of complexes 
containing histone H3. An equivalent information 
is difficult to obtain by spectroscopic means which 
may always yield composite data from molecules in a 
variety of conformations (cf. discussion in ref. 15).

Experimental

Materials

Native calf thymus chromatin (/i260 = 55.1; 
^ 260/^280  = 1-67; 1.03 x 10- 4  M  thiol groups (deter­
mined according to Ellman [16])) was obtained 
as described previously [17] except that the pre­
paration included extensive washings with 0.3 M
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NaCl, 0.2 m M  PhMeS03F to remove thiol containing 
proteins other than H3. For the preparation of a 
native whole histone complex, chromatin was ex­
posed to 2 M  NaCl, 0.1 M  sodium phosphate, pH 7 
and freed from DNA by centrifuging at 45 000 rpm 
for 18 h in a Beckman 50 TI rotor. Alternatively, 
whole histone was obtained by acid extraction ac­
cording to Ref. [18] with a recent modification 
[19] and freeze dried for storage. Histone H3 was 
isolated according to Johns [20] and purified to 
a thiol content of 93% of the theoretical value on 
carboxymethyl cellulose (2 .5 x 2 0  cm) by stepwise 
elution with 0.01 M  HC1 (H2a impurities) and 
0.02 M  HCl (H3). Histones other than H3 were iso­
lated from whole histone by hydrophobic chromato­
graphy [21] on Sepharose containing a C-10 alkyl 
chain (1 .5 x 4 0  cm). From this column, histone HI 
was eluted by 50 m M  sodium citrate of pH 4; the 
histones H2b, H4 and H2a were then eluted in a 
sequential manner by 50 m M  sodium acetate of 
pH 4, while H3 stayed bound under these condi­
tions.

The corresponding components from chicken 
erythrocytes were isolated as follows: 3 1 of chicken 
blood were supplied with 300 ml 0.14 M  NaCl, 
50 m M  EDTA during the collection in a local 
slaughter house. Erythrocytes were pelleted at 
1000 X  g and 2 °C for 30 min and were repeatedly 
washed with and centrifuged from 0.32 M  sucrose, 
15 m M  MgClo, 0.2 m M  PhMeS03F under the same 
conditions. Following the resuspension in 0.14 M  

NaCl, 5% Triton X-100, nuclei were set free by several 
bursts from an Ultra Turrax (Janke and Kunkel KG) 
and pelleted as above. After several washings with 
the isucrose-MgCl2-PhMeS03F medium, the white 
nuclear pellet was converted to native chromatin 
( ^ , 6 0  = 61*5; A26J A 280= 1 .6 9 ;  5.7 x  10-5 m  thiol 
groups). Core particles were prepared, essentially 
as described by Olins et al. [22]. The fraction 
used corresponded to their fraction vx and had an 
S°20w value of 11.3 in 100 m M  kCI.

Kinetic measurements

A Zeiss PMQ 2 spectrophotometer was linked to 
a thermostat and connected with a Servogor S re­
corder. All measurements were performed at 10 °.
2 ml of a solution of 0.1 M  sodium phosphate pH 7.0 
containing 50 juu histone H3 and various amounts 
of NaCl were equilibrated together with a corre­
sponding blank which was free of protein. The re­

ference cuvette was used to adjust the photometer to 
A4 i2 =  0  and the sample cuvette to zero the recorder. 
Then equal additions of (NBS) 2 (i . e . 100/4 of a 
stock solution containing 12 mg (NBS)2/ml of the 
corresponding buffer) were made to both cuvettes 
and the photometer was readjusted to ^ 4 1 2  = 0  as 
before. At the end of a run, both cuvettes were sup­
plied with 500 //l of a 10 m  urea solution for the 
determination of the final A412 value.

Usually, the reference showed a negligible in­
crease of absorbance during a kinetic run; where 
necessary, corrections for an increased turbidity of 
the sample were made by separately monitoring the 
A500 values and considering the wavelength depen­
dence of straylight.

Results and Discussion

The relative reactivities 
of cysteine residues 96 and 110

It has been shown by *H NMR spectroscopy [23] 
and chemical modification studies [24, 25] that the 
largely hydrophobic carboxyterminal half of histone 
H3 is the primary site of histone-histone interac­
tions. As cysteines are only located in this segment, 
a kinetic marker directed to their thiol groups should 
provide detailed information about particular inter- 
histone contacts.

It is now well established that the native histone 
mixture, properly extracted from chromatin at high 
salt (2 M  NaCl) forms structures which are very 
similar to those in the nucleosome core particle: At 
neutral or slightly alkaline pH a tetramer or octamer 
containing one or two species each of the inner his­
tones has been detected [15, 26, 27]. At slightly 
acidic pH (5.5) and high salt Weintraub et al. [27] 
reported homotypic complex formation between the 
arginine-rich (H3/H4) and the slightly lysine rich 
(H2 a/H2 b) histones, respectively.

In order to compare the relative SH reactivities 
of Cys 96 and 110 in calf thymus or chicken erythro­
cyte whole histone, we chose the conditions of high 
salt and pH 5.5. Native chromatin was prepared 
from Micrococcus nuclease digests of chicken 
erythrocyte and calf thymus nuclei, adjusted to 2 M  

NaCl, pH 5.5 and the bulk of DNA was removed 
by ultracentrifugation. The remaining histones had 
a content of 1 or 2 mol cysteine per 65 000 d of 
protein, i. e. the amount calculated for the respec­
tive H3 constituents. These materials were used to
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Fig. 1. Correlation of thiol reactivities in whole histone from chicken erythrocytes and calf thymus at pH 5.5. Whole histone 
from calf thymus ( # )  and chicken erythrocytes (O) was dissolved in H 20 , placed in acetylated dialysis tubes [28] and 
dialyzed against the reaction medium (0.1 m  sodium phosphates, 2 m  NaCl, pH 5.5). For comparison, a run on core particles 
from chicken erythrocyte chromatin is included ( + ) •

monitor thiol reactivities and the results are shown 
in Fig. 1 . The same experiments were performed 
with a preparation of core particles, which contain 
the four inner histones besides a 140 base pair 
segment of DNA and with aoid extracted histones 
which had thoroughly been reconstituted (slow in­
crease in ionic strength by dialysis). Interestingly, 
almost superimposable time courses were found in 
all three cases which were clearly distinct, however, 
from acid extracted histones used without reconstitu­
tion (not shown).

If our data are presented in a semilogarithmic 
manner (Fig. 1 ); reaction at Cys 110 (chicken) is 
seen to proceed in accord with a single rate constant 
(k = 29 min- 1  M -1 cf. top trace). A single reactivity 
for a distinct cysteine is obviously highly indicative 
of a conformational homogeneity. On the other 
hand, calf thymus histones yield a nonlinear time 
course as expected for nonequivalent cysteines (bot­
tom trace): a very fast component (k =  490 min- 1  

M _1) is apparent besides reactivities in the range 
observed with the chicken histones. If one accepts 
that a unique conformation has been established as 
in the previous sample, this finding must mean that 
of the two cysteines of calf thymus histone H3, 
Cys 96 provides the more reactive thiol group, 
whereas Cys 110 reacts more slowly like that in

chicken histone H3. We could substantiate this as­
sumption by a reproduction of the respective time 
course using histone H3 from calf thymus which 
had been supplemented with the H4 fraction or all 
the residual histones from chicken (not shown).

The previous assignment of Cys 110, as belong­
ing to the high reactivity class [13, 29] was found 
to be based upon simple model considerations on an 
isolated H3 molecule, i. e. the probability of Cys 96 
or 1 1 0  to be located in an a-helix or coil segment 
was estimated from the nature of the neighbouring 
residues [13, 30] and location in a coil segment was 
assumed to decrease reactivity. These considerations 
did not take into account any mode of self- or cross­
interaction. Isolated histone molecules with an elab­
orate secondary structure may exist at 0.05 — 0.1 M  

NaCl but they are of no biological significance. Our 
data suggest that distinct microenvironments for 
the cysteines are a property of the native complex 
at pH 5.5 and for this case assignments should be 
reversed.

More complicated complexes involving histone H3

At pH 6 . 8  — 7.0, calf thymus whole histone dis­
plays an almost 1 : 1  ratio between the slow and 
fast reacting set of thiols. Formerly, this has sug­
gested to others [13] and to us [19] distinct re­
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Fig. 2. Conformational heterogeneity revealed by thiol reactivities at pH 7. A) Whole histone from calf thymus ( # )  and 
chicken erythrocytes (O ) was reconstituted as above by dialysis against 0 .1  m  sodium phosphate, 2  m  NaCl, pH 7.0. A , A  
composition of the fast phase of the reaction, calculated by subtracting the extrapolated line (i . e. ordinate values of “ — 
from the observed time course ( # ,  0 )>  cf • ref. 31. B) Purified histone H3 from calf thymus was treated and reacted as the 
whole histones in Fig. 2 A.

activities for cysteines 96 and 110. The extension 
of our work to histones from chicken erythrocytes 
now offers the opportunity to reduce the complexity 
of the system by observing the behaviour of cys­
teine 110 alone (Fig. 2). Surprisingly, neither chro­
matin nor core particles or a reconstituted mixture 
of histones was apt under these conditions to yield 
a homogeneous reaction. In fact, the only obvious 
difference between comparative runs on the histones 
from calf and chicken was a relative increase of the 
fast component in the former case. We therefore 
conclude, that at pH 7, the thiols at positions 96 and
1 1 0  are both contributing to the fast and slow phase 
of the reaction, respectively.

An even more striking feature of the reaction at 
pH 7 is an enormeous retardation of the over-all 
kinetics if compared with pH 5.5 (note the different 
time scales in Figs 1 and 2). This trend is opposed 
to the normal pH-effect [32] indicating that rate 
constants are not governed by the degree of thiol 
deprotonation but rather respond to steric factors. 
In a separate reconstitution experiment we were 
able to demonstrate that the relative inaccessibility 
of the cysteines reflects the occupancy of the H3 
binding domains by two different histones, i. e. 
histones H4 and H2 a were necessary to mimic the 
traces in Fig. 2 A (note the time course in Fig. 2 B 
for pure histone H3). This is in accordance with the 
concept of a “heterotrypic tetramer” (H2a-H3-H4- 
H2b) at pH 7 derived by Weintraub [27], with 
specific contacts of H3 towards H4 and H2a.

Detection of stable conformational constituents 
in a complex histone mixture

In Fig. 2 A we have applied the method of suc­
cessive substractions [31] in order to resolve the 
composite kinetics into its constituents. It is seen 
that there are about 50% of slowly reacting thiols if 
two cysteines are present (calf thymus histones, cf. 
ref. 13) and 65% if residue 110 of H3 is the only 
cysteine (chicken erythrocyte histones). In both 
cases, the fast phase of the reaction in itself is het­
erogeneous.

We have carried out a large number of corre­
sponding analyses under a variety of ionic condi­
tions. Our results are summarized in Fig. 3 which 
reflects the fraction of slowly reacting thiols depen­
dent upon the ionic strength. The comparison be­
tween calf thymus histone H3, whole histone from 
calf thymus and chicken erythrocytes shows a re­
markable constancy in the distribution between fast 
and slowly reacting thiols if complete histone mix­
tures are used, in contrast to histone H3 alone 
where this parameter is a continuous function of 
ionic strength (cf. also ref. 32). It is our conclusion 
that in deficient mixtures a continuous shift occurs 
between various nonspecific aggregation states while 
the majority of a core histone mixture assembles 
to form a stable low reactivity complex which en­
dures all but the very lowest ionic strength. This 
stable complex may be the heterotypic histone te­
tramer described by Weintraub et al. [27].
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Fig. 3. Effect of ionic strength (I) upon the fraction of 
slowly reacting thiols at pH 7. The distribution between the 
fast and slowly reacting set of thiols was determined as in 
Fig. 2. Data published by Hyde and W alker [13] have been 
replotted correspondingly and are added for comparison 
(© ) .  A , calf thymus histone H3; O - ©  calf thymus whole 
histone; O» chicken erythrocyte whole histone.

What are the reasons for an involvement of his­
tone H3 in more than one complex at pH 7 ? In 
principle, we could have to deal with two or more 
subfractions of H3 as observed in calf thymus [33] 
and pea embryo [10]. In this case however, one 
would expect a similar heterogeneity for the com­
plex at pH 5.5. It therefore appears conceivable 
that those 65% H3 molecules which react slowly 
(Fig. 3, top trace) have met interacting partners at 
pH 7 with which they associate to a stable complex. 
The remaining 35% would then be engaged in var­
ious low stability aggregates (cf. the heterogeneity 
of the fast phase in Fig. 2 A ). Our observation that 
complex mixtures arise at pH 7 but not pH 5.5 
(cf. Fig. 1 and 2  A) could therefore mean that het­
erogeneity is brought about by modified (phospho- 
rylated, acetylated or methylated) protomers of H2a 
or H2b, i. e. histones not associated with H3 at 
lower pH value.

On the thiol accessibility 
in native chromatin preparations

Both cysteines of calf thymus histone H3 are 
located in a nonbasic region of 31 amino acid

residues (84 — 114) which in the nucleosome is part 
of a compact protein core. The NH2 terminal seg­
ment 1 — 83 is very basic and has the highest po­
tential for an interaction with DNA. There are other 
clusters of basic amino acids beyond residue 118 
which may also be involved in binding of DNA 
phosphates [34]. These considerations may lead to 
the prediction that thiol accessiblity should be unaf­
fected by the presence of DNA but this matter has 
remained controversial:

Exposure of nucleosomes from trout testis to a 
20-fold excess of p-hydroxymercuribenzoate in 10mM 
Tris-HCl yields only little reaction at the single H3- 
cysteine in position 110 [35]. The corresponding 
residue in calf thymus nucleohistone (solubilized by 
shearing), however was reported to be freely aces- 
sible to (NBS) 2 in 0.7 mM sodium phosphate, while 
Cys 96 appeared to be buried below 0.7 M  NaCl 13. 
In our hands, titrations of native chromatin or core 
particles had consistently led to at most a minor 
increase of the Ail2 value which was fully accounted 
for by the development of some turbidity. A reinves­
tigation of these experiments (performed at pH 7) 
yielded the results depicted in Fig. 4: No incorpora­
tion of NBS occurs into native calf thymus chromatin 
below 0.2 M  NaCl. The insoluble nucleohistone exis­
ting between 0.14 and 1 M  NaCl shows progressively 
more reaction as the upper limit is approached. We 
noted a quantitative conversion of both thiols be-

Fig. 4. Influence of DNA upon thiol reactivities. Nucleo- 
protein (,4260 =  55) was adjusted to 0.02 M sodium phosphate 
pH 7.0 or 5.5 by dialysis. 3 ml portions were supplied with 
solid NaCl to the indicated concentration and (NBS) 2 was 
added to a ratio of 27 mol/mol H3. Maximal modification 
was determined in solutions containing 2 M NaCl, 4 M urea. 
All samples were left for 4 days at 4 °C before A 412 values 
were read. — #  —, — O -  > calf thymus or chicken erythro­
cyte chromatin, modified at pH 7; prior to analysis, the 
samples were clarified by centrifugation. — <C> —, core parti­
cles from chicken erythrocyte chromatin, modified at pH 5.5; 
direct measurements.
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tween 1 and 2 M  NaCl where solutions become less 
turbid due to the dissociation of the components. 
Chicken erythrocyte chromatin displayed a related 
ionic strength dependence and it is hence believed 
that Cys 1 1 0  and Cys 96 become exposed simultane­
ously rather than in a sequential manner. Qualita­
tively similar results were also obtained with core 
particles which (due to the absence of histones HI 
and/or H5) offered the advantage of being soluble 
at any ionic strength making possible a direct col­
orimetric observations.

Conclusions

In the physiologically quiescent chromatin of 
chicken erythrocytes as well as in interphase chro­
matin derived from calf thymus, H3-thiol groups 
are found to be buried at physiological ionic 
strength. This result also pertains to core particles 
from both sources which are devoid of the so called 
“linker regions” , including histones HI and H5. If 
cysteines 96 or 110 become accessible during any 
phase of the cell cycle, their exposure must be trig­
gered by histone modification or another structural 
alteration of the chromatin subunit. It has recently 
been speculated that a specific H3-phosphorylation 
occuring just before metaphase might bring about 
the rearrangements required [36].

To obtain an incorporation of NBS-groups into 
the H3 fraction, the electrostatic interactions be-
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