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PROTEINS OF TRANSCRIPTIONALLY ACTIVE AND INACTIVE 

CHROMATIN FROM FRIEND ERYTHROLEUKEMIA CELLS 
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Department of Pharmacology, The University of Michigan Medical School, 

Ann Arbor, MI 48109, USA 

SUMMARY 

Transcriptionally active and inactive chromatin fractions were prepared from control and dimethyl 
sulfoxide (DMSO)-treated murine erythroleukemia cells by the DNase II technique of Gottesfeld 
et al. (Proc natl acad sci US 71 (1974) 2193). The active and inactive chromatin fractions from 
control and DMSO-treated cells had essentially the same total histone content, but the active 
chromatin fractions from both control and treated cells contained significantly less Hl histone. The 
amount of non-histone protein was similar in the corresponding chromatin fractions of control and 
treated cells. For both treated and control cell chromatin, however, the content of non-histone 
protein was consistently lower in the inactive fraction, P,, than in the active fraction, SI. No signifi- 
cant differences were observed between the polyacrylamide gel banding patterns, as determined 
by Coomassie blue staining, of histone or non-histone chromatin proteins of the corresponding 
fractions from treated and control cells. However, dual radioisotope labeling studies indicated an 
increased incorporation of radioactive amino acids into a 50 000 D polypeptide of unfractionated 
chromatin and a 23 000 D polypeptide of active chromatin (S,) from DMSO-treated cells. 

Friend murine erythroleukemia cells, which 
resemble pro-erythroblasts, can be stimu- 
lated to differentiate by the addition of di- 
methyl sulfoxide (DMSO) to their growth 
medium [l-3]. Differentiation includes: (i) 
the production of hemoglobin [ 1, 21; (ii) 
morphological changes, such as a decrease 
in the nuclear : cytoplasmic ratio and in the 
overall size of the cells [l]; (iii) production 
of erythrocyte membrane-specific antigens 
[4]; (iv) increase in the activities of &amino- 
levulinic acid synthetase and carbonic an- 
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hydrase [5-71; and (v) an accumulation of 
globin mRNA which occurs prior to the ap- 
pearance of hemoglobin [8-lo]. It is pres- 
ently thought that the latter primarily repre- 
sents a transcriptional event [8, 91. Since 
chromatin-associated proteins are thought 
to play a regulatory role in gene transcrip- 
tion, one might expect changes to occur in 
the content or turnover of chromatin-as- 
sociated proteins in DMSO-treated erythro- 
leukemia cells. 

The ability to detect alterations in regula- 
tory elements involved in gene activation 
may be enhanced by the preparation of ac- 
tively transcribed chromatin fractions. 
Since the first attempt by Frenster et al. 
[ 111, several procedures have been devised 
to accomplish this goal. These schemes rely 
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on the fragmentation of chromatin into able differences in the incorporation of 
small pieces by physical shearing or nu- radiolabeled amino acids into histones and 
clease digestion followed by column chro- specific non-histone proteins in DMSO- 
matography or differential centrifugation to treated erythroleukemia cells. 
separate the chromatin fractions (recently 
reviewed in ref. [ 121). Transcriptionally ac- 
tive chromatin has been found to (i) contain MATERIALS AND METHODS 

higher specific activity nuclear RNA after G rowth and stimulation of cells 
pulse labeling [ 11, 13, 141; (ii) have a higher The T3-Cl-2 clone of Friend murine erythroleukemia 

in vitro template activity (measured by ad- cells, established by lkawa & Sugar10 [3], was obtained 
from the NIH through the courtesy of Dr Philip Leder. 

dition of E. coli RNA polymerase) [13-161; c 11 e s were grown for 120 h in RPMI-1640 (Gibco) sup 

(iii) be enriched in NHCP and deficient in plemented with 10 % fetal calf serum. The culture me- 
dium to be added to the “treated” group was adjusted 

histones, particularly HI [16, 171. The to 1.2% DMSO (v/v, Mallinckrodt) before the cells 

DNase II digestion technique of Gottesfeld were added. Control and DMSO-treated cultures at- 
tained final densities of 1.4~ 1W cells/ml and 9.5~ W 

et al. [ 161 produces active chromatin with cells/ml, respectively, and had viabilities (determined 

several unique characteristics. The putative by erythrosin B dye exclusion) greater than 90 %. More 
than 90 % of the cells in the treated cultures were ben- 

active fraction, besides possessing most of zidine-positive [21] at 120 h, in contrast to the controls 

the previously mentioned features of active which contained less than 1% benzidine-positive cells. 
Periodic assays of this cell line for mycoplasma con- 

chromatin, consists of a distinct tissue- tamination, using the uridine phosphorylase assay of 

specific subset of non-repetitive DNA se- Levine [22] and PPLO broth cultures, were negative. 

quences compared to unfractionated 
Preparation andfractionation of 

chromatin [16, 181. Furthermore, Gottes- 
feld et al. [19] have recently shown that 

chromatin 
Chromatin was prepared by a modification of the 

both transcriptionally active and inactive procedure of Huang & Huang [23]. All steps were per- 

chromatin contain “subunits” of nucleo- formed at OX’C. CelIs were homogenized in 0.5 M 2- 
methyl-3,Cpentanediol, 1 mM Cat& 0.1 mM piper- 

protein. The nuclease resistant structures azine-N,N&s(2-ethane sulfonic actd) (PIPES), pH 

of inactive chromatin are DNA-histone 6.Wl.5, with Dounce hand homogenizers. The nuclear 
fraction was pelleted at 400 g for 10 min, washed three 

complexes resembling v bodies; however, times with 0.25 M sucrose, 5 mM MgCl,, 5 mM /3- 

those from active chromatin are complexes mercaptoethanol, 10 mM Tris (pH 7.2), and centri- 
fuged as before. Nuclei prepared in this manner were 

of DNA, RNA, histone and non-histone free of cytoplasmic tags, as observed by phase contrast 
protein. This method also allows one to ob- microscopy. The nuclei were then disrupted by resus- 

tain relatively large pieces of DNA (average 
pension in a solution containing 75 mM NaCl and 24 
mM EDTA (pH 7.0). The material was pelleted at 

double-stranded chain length of approx. 700 12 000 g for 10 min. The sample was then washed twice 
with each of the following series of buffers: 50 mM Tris 

nucleotide pairs) from chromatin under (pH 8.0), lo mM Ttis (pH 8.0), then 5 mM Tris (pH 

ionic conditions which permit minimal pro- 8.0). Finally, the pellet was washed once with 1 mM 
Tris (pH 8.0) and centrifuged at 31000 g for 15 min. 

tein exchange [16, 201. These results sug- The resultant viscous purified chromatin had protein/ 

gest that there is some difference in the a5% of the total cellular DNA RNA/DNA ratios of 2.60 : 0.16 : 1 .OO and contained 70- 

structural organization of active and inac- Chromatin was fiactionatedby a modification of the 
tive chromatin. The rationale for the studies procedure of Gottesfeld et al. [16] after an overnight 

dialysis against 1000 ml of 25 mM sodium acetate (pH 
presented in this manuscript is based on the 6.6) at 4°C. The chromatin was resuspended with a 
assumption that a difference in chromatin Dounce homogenizer (5-10 strokes with a tight pestle) 

and adjusted toArg= 10. DNase II (Worthington), dis- 
structure would be reflected in chromatin solved in 25 mM sodium acetate, was added to a con- 

proteins. With the use of the DNase II centration of 100 U/ml, and the suspension was stirred 
for 5 min at 23°C. The incubation was stopped by ad- 

method, we find that there are some detect- justing the pH to 7.5, chilling on ice, and centrifuging 
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at 27 500 g for 20 mitt at 4°C. The pellet (P,) which con- 
tained 8ti8% of the DNA was frozen immediately at 
-20°C. A 0.2 M MgCI, solution was added drouwise 
to the rapidly-stirring supematant to attain a concen- 
tration of 2 mM MgC&. The stirring was continued for 
another 30 min at 4°C and the suspension was then 
centrifuged as before. The pellet (P2, 7-9% of the 
DNA) was frozen immediately, and the supernatant 
(S,), which contained only 3-5% of the DNA, was 
centrifuged at 234000 g for 24 h at 4°C in a Beckman 
SW 50.1 rotor. 

Estimation of the transcriptional activity 
of chromatin fractions 
Control and treated cells were pulsed separately for 10 
min at 3PC with [Y]uridine (447 mCi/mmole, New 
England Nuclear) at 5 &/ml and [3H]uridine (20 Ci/ 
mmole, Nuclear Dynamics) at 10 &i/ml, respectively. 
The pulse was terminated by the addition of ice-cold 
0.15 M NaCl solution to each culture and centrifuga- 
tion at 400 g for 10 min at 4°C. The cell pellets were 
then washed separately three times with cold 0.15 M 
NaCl solution, mixed together, and the various chro- 
matin fractions prepared as described above. Unfrac- 
tionated chromatin (UC) and chromatin from Pi, P, 
and Sz were precipitated with ice-cold 10% trichloro- 
acetic acid (TCA), washed once with 10% TCA, hy- 
drolysed by heating at 80°C for 20 min, and recentri- 
fuged. Aliquots of this final supernatant were taken for 
DNA assays and radioactivity determinations. DNA 
was determined using the diphenylamine procedure of 
Burton [24] with calf thymus DNA as standard. Sam- 
ples were counted in 10 ml of Scintisol (Isolab): 8% 
2,5-diphenyl-oxazole (PPO)-toluene (1: 6) in a Packard 
Tri-Carb liquid scintillation spectrometer. Each frac- 
tion was corrected for quench and “C to 3H cross-over 
by comparison with auenched standards. usine com- 
puter programs developed by P. Schwartz land J. 
Drach at the University of Michigan Dental Research 
Institute. 

Extraction and electrophoresis of 
chromatin-associated proteins 
Histones were extracted from chromatin fractions of 
control and treated cells with ice-cold 0.25 N HCl for 
2 h at 4°C. De-histonized chromatin was pelleted at 
3 1000 p; for 30 mitt at 4°C. The volumes of each super- 
natant-were measured, and aliquots were taken to 
determine the total amount of histone using the Lowry 
method 1251 with bovine serum albumin as standard. 
The remainder of the supematant was concentrated 
on dry sucrose, then dialysed against a solution of 0.9 
N acetic acid and 15 % sucrose overnight at 4°C. His- 
tones were electrophoresed on 15% polyacrylamide 
gels containinn 2.5 M urea and 0.9 N acetic acid as de- 
&bed by Pa&yim & Chalkley [26]. 

Lipids were removed from the histone-extracted pel- 
lets bv washinn once with each of the following sol- 
vents: 80 % ethanol, 0.1 N HCl; 50 % chloroform;50 % 
methanol: 75 % ethanol. 25 % ether. The samules were 
centrifuged between each wash at 3 1000 g for-20 mitt at 
4°C. After lipid extraction, the non-histone chromatin 

proteins (NHCP) of each fraction were extracted from 
the pellets (after dispersion with a Tekmar Tissumizer) 
with a solution containing 1% sodium dodecyl sulfate 
(SDS), 4 M urea, 10 mM NaH$O, (pH 6.9), and 5 mM 
/3-mercaptoethanol by heating to 100°C for 5-10 min 
and then shaking for 3 h at room temoerature. The 
DNA in each fraction was pelleted at 198000 g for 24 h 
at 15°C. The volume of each supematant was meas- 
ured, and aliquots were taken to determine the total 
amount of NHCP. Greater than 85 % of the chromatin- 
associated proteins of fractions UC and P, and >95 % 
of those of P2 and S2 were extracted by this procedure. 
The remainder of each samnle was concentrated on 
dry sucrose at room temperature, then dialysed against 
25 mM Tris (DH 8.3). 0.19 M elvcine. 0.1% SDS over- 
night at 4°C.‘.The NHCP weredlectrophoresed on dis- 
continuous SDS-polyacrylamide gels as described 
by Laemmli [27]. 

Dual radioactive isotope-labeling of 
chromatin-associated proteins 
Control cells were labeled with a PC%mino acid mix- 
ture (New England Nuclear) at 3.6 &i/ml, and the 
treated cells were exposed to 8 &i/ml of a PHltino 
acid mixture. Both sets of cultures were incuba?ed for 
2 h at 37°C. The incubation was terminated by chilling 
on ice and centrifuging at 400 g for 10 mitt at 4°C. The 
cells were washed separately three times with 208 ml 
of ice-cold balanced salt solution. Finally, the cells 
were resuspended in 0.15 M NaCl, pooled, and centri- 
fuged as before. 

Chromatin was prepared in the presence of sodium 
bisultite and fractionated as described above. In this 
case the total SZ supematant was lyophilized prior to 
extraction. Histones and NHCP, extracted from the 
various chromatin fractions, were electrophoresed on 
Panyim-Chalkley and Laemmli gels, respectively. The 
gels were fractionated into 1 mm slices with a Mickle 
gel slicer. Each slice was allowed to swell for 48 h at 
37°C in a counting vial containing 15.0 ml of a 6% Pro- 
tosol (New England Nuclear), 8% PPO, toluene cock- 
tail. The gel slices were counted and corrected for 
quench and cross-over as described above. The mo- 
lecular weights of the NHCP were estimated by com- 
parison with the following standard proteins run on 
companion gels: /3-galactosidase (130 000 D), bovine 
serum albumin (68000), ovalbumin (43000), calf thy- 
mus Hl histone (23 000). 

Determination of possible artifacts 
due to protease activity 
Experiments were performed to determine the effects 
of urotease inhibitors on the electronhoretic profiles 
of histones and NHCP. In one experiment,- 1 mM 
phenylmethane sulfonyl fluoride (PMSF) in 5 % propa- 
no1 was added to all buffers used in the preparation of 
chromatin. In the second, sodium bisultite was added 
to the 0.25 M sucrose and the NaCl-EDTA solutions 
at a 50 mM concentration. The 50 mM Tris buffer was 
adjusted to 5 mM sodium bisulfite. All other buffers 
were not altered, in order to avoid changes in the ionic 
strength. 

The possibility of contaminating proteolytic activity 
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Table 1. Specific activities of rapidly- 
labeled nuclear RNA in chromatin fractions 
from control and I .2 % DMSO-treated T3- 
Cl-2 cells 
Radioactive labeling of the RNA, isolation of chro- 
matin fractions and determination of radioactivity and 
DNA in each fraction are described in Methods. Sz 
pel and Sz sup refer to the pellet and supematant 
which resulted after the chromatin in the entire Sz frac- 
tion was centrifuged at 234000 g for 24 h at 4°C. Rel. 
spec. act. are dpm/pg DNA values normalized with 
respect to UC 

Spec. act. 
(dpmlw3 DNA) Rel. spec. act. 

Fraction Control Treated Control Treated 

UC 433 120 1.00 1.00 
P, 62 32 0.14 0.21 
P* 128 38 0.29 0.32 
SP pel 830 218 1.91 1.82 
sz sup 483 133 1.11 1.11 

of the commercial DNase II enzyme preparation was 
explored in two ways. In the first, the ability of the 
DNase preparation to degrade chromatin-bound his- 
tone Hl was examined. Chromatin was prepared from 
T3-Cl-2 cells grown in the presence of [*H]amino acids 
at a concentration of 0.1 pCi/ml. Aliquots of the 
chromatin were incubated at 23°C with active DNase II 
or with enzyme previously inactivated at 90°C for 15 
min. The concentrations of chromatin and DNase II 
and the incubation conditions were identical to those in 
the fractionation protocol. The incubations were 
stopped at various time points by the addition of equal 
volumes of ice-cold 0.5 N HCl. Histones were extract- 
ed from each active and inactive enzyme sample and 
compared on SDS polyacrylamide gels as described by 
Weber & Osbom [28]. The gels were sliced and 
counted as described above. 

In the second approach to this problem, active 
DNase II was incubated for various periods of time 
with [sH]L-amino acid-labeled Burkitt lymphoma cell 
chromatin at 37°C. Proteolytic activity was followed 
by the release of acid soluble radioactivity as described 
by Weisenthal & Ruddon [29]. 

RESULTS 

Transcriptional activities of chromatin 
fractions 

The transcriptional activities of the various 
chromatin fractions were estimated by in- 
cubating control and treated cells for 10 min 
with [“Cl and [3H]uridine, respectively (ta- 
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ble 1). A short pulse was used in order to 
label high molecular weight nuclear RNA, 
which presumably contains precursor 
mRNA molecules. The S, pel fraction in 
both control and treated groups exhibited 
the highest specific activity. These frac- 
tions were nearly twice as active when com- 
pared with the UC samples. In contrast, 
fractions P, and P2 of control and treated 
groups had specific activities 0.1-0.3 that of 
UC. Although the S, fraction (S, pel + Sz 
sup) represented only 34% of the total 
chromatin DNA from control and treated 
cells, it contained approx. 50% of the total 
radioactivity (data not shown). 

Protein composition of chromatin 
fractions 
The content of histone and NHCP in the 
various chromatin fractions is shown in ta- 
ble 2. The ratio of histone to DNA was con- 
stant in all fractions and was not significant- 
ly affected by DMSO treatment. In con- 
trast, the ratio of NHCP to DNA was con- 

Table 2. Protein to DNA ratios of chro- 
matin fractions from control and I.2 % 
DMSO-treated T3-Cl-2 cells 
Histone quantity was taken as the total amount of pro- 
tein extracted from the chromatin fractions by 0.25 N 
HCI. NHCP was determined as the amount of protein 
removed by 1% SDS, 4 M urea, 10 mM NaI&PO, (pH 
6.9) plus residual protein bound to DNA and not ex- 
tracted by this process. The amount of residual pro- 
tein for UC and P, was < 15 % of the total protein re- 
moved, while that of the P, and S, fractions was <5 %. 
Ratios are expressed as a mean +S.E.M., and are 
based upon 4-6 separate chromatin preparations 

HistonelDNA 
Frac- 
tion Control Treated 

NHCPlDNA 

Control Treated 

UC 1.36+0.21 1.35f0.15 2.55kO.69 1.54kO.43 
PI 1.38kO.20 1.17f0.04 2.08zbO.70 0.91 +O. 14 
P* 1.37kO.23 1.55f0.29 040~0.12 0.49f0.09 
SE 1.28zbO.23 1.22kO.19 1.74kO.21 1.88kO.33 
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sistently lower in chromatin fraction Pz as 
compared with other fractions. 

There were no differences in the poly- 
acrylamide gel banding patterns of histones 
from corresponding fractions of control and 
treated cells (fig. 1 a, b). Furthermore, with- 
in each control and treated group, the his- 
tones from UC, Pr, and P2 were identical. 
The histone patterns of control and treated 
Sz, although identical with each other, were 
markedly different from those of the other 
fractions. The most striking difference was 
the absence of the usual amount of Hl his- 
tone. In the Sz fractions there were two 
bands with mobilities slightly slower than 
Hl histone. One of the slower migrating 
bands was also visible in the UC, P1, and Pz 
fractions. A number of higher molecular 
weight polypeptides were also evident in 
both Sz fractions, including material which 
remained at the top of the gels. 

NHCP isolated from chromatin fractions 
of control and treated cells were examined 
by electrophoresis on discontinuous SDS- 
polyacrylamide gels. Differentiation in- 
duced by DMSO did not result in observ- 

Fig. I. Gel banding patterns of his- 
tones isolated from chromatin frac- 
tions of control and 1.2 % DMSO- 
treated cells grown in culture for 
120 h. 

Histones from: (a) control cell 
chromatin fractions; (b) treated cell 
chromatin fractions; (c) treated cell 
chromatin fractions which were 
isolated in the presence of sodium 
bisultite. Electrophoresis was con- 
ducted on gels measuring 0.6 x 7.5 
cm as described in Methods. Direc- 
tion of migration is top to bottom, 
and the major histones are indicated 
at the right of gel set (c). Fifteen pg 
of protein was layered for UC, PI 
and P,; 25-30 pg of protem for Sz. 
Gels were stained for 4 h with 
0.25 % Coomassie Brilliant Blue, 
45 % methanol, 10 % acetic acid and 
destained in 7.5 % acetic acid, 5 % 
methanol at WC. 

able differences in the banding patterns of 
NHCP (fig. 2a, b). In both control and 
treated groups, the patterns from UC and P1 
were nearly identical. This was not unex- 
pected since P1 contained the majority of 
the DNA. The Pz fraction differed from UC 
and P, in that there were fewer low mo- 
lecular weight bands on the gels. NHCP of 
transcriptionally active chromatin (S,) from 
control and treated groups were similar to 
each other, containing prominent bands at 
68000,400OO and 23000-30000D. 

[3H] and [14C]amino acid-labeled 
chromatin-associated proteins 

The dual isotope technique was employed 
in order to provide a more sensitive analysis 
of alterations in histones and NHCP from 
chromatin fractions prepared from control 
and 1.2 % DMSO-treated cells. The UC, P1, 
and Pz histone profiles were nearly identical 
(fig. 3a-c). All three fractions exhibited two 
major radioactive bands in the H 1 region. In 
the treated sample, the band in the usual H 1 
position had a higher specific activity than 
that of the slower-migrating second band. 
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Fig. 2. Gel banding patterns of NHCP isolated from 
chromatin fractions of control and 1.2% DMSO- 
treated cells grown in culture for I20 h. NHCP from 
(a) control cell chromatin fractions; (b) treated cell 
chromatin fractions; (c) treated cell chromatin frac- 
tions which were isolated in the presence of 1 mM 
PMSF. Electrophoresis was performed on gels meas- 
uring 0.6~9 cm as described in the Methods. Direc- 
tion of migration is top to bottom, and the approximate 
mol. wt indicated on the right of gel set (c) are multi- 
plied by a factor of 1 x 104. 100-300 pg of protein was 
layered; all gels within each set contained the same 
amount of protein. The gels were stained with Coo- 
massie Brilliant Blue, as described in fig. 1. 

This relationship was reversed in the con- 
trol cell sample. Histones H3, H2b, and 
H2a were not well resolved and migrated as 
a single broad band. The S, histone patterns 
(fig. 3d) from control and treated cells, al- 
though similar to each other, were marked- 
ly different from the profiles of the other 
fractions. The radioactivity contained in the 
l&tone bands was lower than that of two 
slower migrating polypeptides (fractions 18- 
23 and fractions 36-39). These two peaks 
corresponded in molecular weight to 
stained bands described earlier for the Sz 
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histones (fig. 1). In addition, approx. 25% 
of the radioactivity in the S2 fraction of both 
groups was found in the first gel slice. 

The profiles of radioactively labeled 
NHCP isolated from the four chromatin 
fractions are shown in fig. 4. For the most 
part, the NHCP from UC and P1 resembled 
each other (fig. 4a, 6). There were promi- 
nent peaks at 50 000,63 000, and > 104 000 D 
in both chromatin fractions from control 
and treated cells. The most striking differ- 
ence was the increased incorporation of 
radiolabel into the 50000 D band of the UC 
and P, chromatin fractions from treated 
cells. The P2 fraction also contained several 
distinct radiolabeled polypeptides (fig. 4c), 
and there were some differences between 
control and treated samples. The prominent 
50000 D band observed in the UC and P1 
samples from treated cells was not present 
in PZ. The NHCP in S, from control and 
treated cultures were similar to each other 
but different from UC, P1, and PZ. S, con- 
tained a number of radioactive bands in the 
20 000-30 000 D range. There was increased 
labeling of a 23 000 D polypeptide in the 
treated sample. 

Lack of significant proteolytic activity 
in the DNase II preparation and 
Friend cell chromatin 

Because the absence of the Hl histone in S, 
as well as the observed differences in 
NHCP might be explained by proteolytic 
degradation [29, 301, the DNase II prepara- 
tion and unfractionated Friend cell chroma- 
tin were examined for protease activity. 
Proteolytic contamination of the commer- 
cial DNase II, which could possibly be car- 
ried along into the S2 supematant, was 
checked by two methods. The DNase II en- 
zyme was incubated with UC from T3-Cl-2 
cells for 5 min and 6 h at 23°C (fig. 5). The 
amount and distribution of labeled histone 
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Fig. 3. Abscissa: gel slice no.; ordinate: % of total dpm 
on each gel. 

tions. Control cell samples (A-A); treated cell sam- 

Electrophoretic profiles of radiolabeled histones 
ples (O-O). Procedures for double-isotope analysis 
of the radiolabeled histones are described in Methods. 

isolated from chromatin fractions of control and 1.2 % The total 3H+14C radioactivity layered on each gel was 
DMSO-treated cells grown in culture for 120 h. His- 20000 cpm. Major histones are indicated at the top of 
tones extracted from (a) UC; (b) P,; (c) Ps; (6) S2 frac- (a) and (c). 

isolated from 5 min and 6 h incubations, 
with or without active DNase II, were es- 
sentially identical. Since Hl is the histone 
most susceptible to proteolytic attack in 
chromatin [29, 301, the lack of significant 
degradation of Hl histone at either 5 min or 
6 h of incubation indicates that the DNase II 
preparation as well as purified Friend cell 
chromatin were relatively free of significant 
protease activity. The DNase II preparation 
was also checked for protease activity by 
the release of acid-soluble counts from Bur- 
kitt lymphoma cell chromatin proteins after 
various periods of incubation at 37°C. Re- 
lease of acid-soluble counts was 0.34% af- 

ter 5 min and 7.6% after 6 h of incubation. 
Finally, the effect of protease inhibitors on 
the gel banding patterns of chromatin pro- 
teins was examined. Sodium bisulfite did 
not alter the amount of Hl histone in 
treated Sz chromatin (fig. 1 c), nor did isola- 
tion of treated cell chromatin in the pres- 
ence of the serine protease inhibitor PMSF 
(1 mM) significantly alter the NHCP band- 
ing patterns obtained (fig. 2~). 

DISCUSSION 

The specific activities of the nascent RNA 
in the S, chromatin fractions from both con- 
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2.0 

1.a 

10 30 JO 40 50 60 70 so 90 10 20 30 40 50 60 70 80 90 

Fig. 4. Abscissa: gel slice no.; ordinofe: % of total dpm Control cell samples (A-A); treated cell samples 
on each gel. (0- - -0). Procedures for double-isotope analysis of the 

Electrophoretic profiles of radiolabeled NHCP iso- radiolabeled NHCP are described in the Methods. 
lated from chromatin fractions of control and 1.2 % Total 8H+1C radioactivity layered on each gel was 
DMSO-treated cells grown in culture for 120 h. NHCP 100000 cpm. Molecular weight values indicated at the 
extracted from (a) UC; (b) PI; (c) Pp; (d) So fractions. top of (a) and (c) are multiplied by a factor 1 x 109. 

trol and treated Friend cells suggest that 
these fractions are the most transcriptional- 
ly active (table 1). On the other hand, the P1 
and P2 fractions appear to represent tran- 
scriptionally inactive chromatin. These 
results support those of Gottesfeld et al. 
[16], who have shown that the S, fraction 
from rat liver chromatin not only has the 
highest in vitro template activity but is also 
enriched for DNA sequences coding for cel- 
lular RNA. The S2 fraction of Friend cell 
chromatin which comprises 5 % of the DNA 
contains about 50% of the total [3H]uridine 
counts incorporated into nuclear RNA dur- 
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ing the 10 min pulse. This suggests that the 
S, fraction prepared by the DNase II meth- 
od is enriched for actively transcribed DNA 
sequences; it does not contain all the ac- 
tively transcribed regions. 

Analysis of the protein component of 
chromatin from control and DMSO-treated 
T3-Cl-2 cells indicates that nearly equiva- 
lent amounts of histones are present in ac- 
tively and inactively transcribed fractions 
(table 2). Similarly, with the exception of 
Pz, there are no significant differences in 
NHCP/DNA ratios of the various chroma- 
tin fractions. These protein to DNA ratios 
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10 20 30 30 60 70 60 90 

Fig. 5. Abscissa: gel slice no.; ordinate: % of total dpm 
on each gel. 

Absence of proteolytic activity in the DNase II en- 
zyme preparation. Unfractionated chromatin from T3- 
Cl-2 cells was incubated with active (+- - -e) or heat- 
inactivated (El-El) DNase II enzyme for: (a) 6 h, or 
(b) 5 min. Incubation conditions, extraction and 
electrophoresis (on 0.8~ 10 cm gels) of histones are 
described in the Methods. Total radioactivity layered 
on each gel was between 20 000-30000 cpm. 8049 % 
and 9443% of the total radioactivitv layered was re- 
covered in the gel slices for the 6 h and 3 min incuba- 
tions, respectively. 

are not significantly affected by the pres- 
ence of contaminating DNase II since the 
chromatin in all fractions is pelleted during 
the fractionation procedure. Furthermore, 
bands corresponding to the two major 
bands seen on SDS gels of an SDS-treated 
DNase II preparation do not appear on the 
SDS gels of NHCP preparations from the 
chromatin fractions (data not shown). Basic 

non-histone proteins (acid-extractable) do 
not appear to contribute significantly to the 
histone/DNA ratios of unfractionated 
chromatin, P, and Pz, since these samples 
contain very little material which does not 
migrate as one of the five major histone 
bands on acetic acid-urea polyacrylamide 
gels (fig. la, b). The histone fraction from 
SZ, however, does appear to contain acid- 
extractable non-histone proteins. The gels 
from S, histone fractions contain distinct 
protein bands with mobilities less than Hl 
histone, plus material that remains at the 
top of the gels (fig. la, b). It is unlikely that 
any of these other polypeptide species re- 
present DNase II enzyme since: (i) the 
chromatin in each fraction was pelleted 
from solution at least once; and (ii) they 
correspond to material which is radioac- 
tively labeled in vivo (figs 1, 3). Some of 
these bands may represent the high mobility 
group (HMG) non-histone proteins which 
frequently contaminate acid extracts of 
chromatin [31]. If this is the case, the 
NHCPlDNA ratios of the active S, frac- 
tions would actually be higher and the his- 
tone/DNA ratios lower than that indicated 
in table 2. 

The gel banding patterns of the Sz his- 
tones also indicate a lack of Hl histone in 
both control and treated SZ fractions (fig. 
1 a, b). This deficiency is probably not due 
to proteolytic degradation since: (i) at the 
ionic strength (25 mM sodium acetate) and 
pH (6.6) of the buffer used during the isola- 
tion of Sz, chromatin-associated protease 
activity is reported to be minimal [30, 321; 
(ii) the protease activities of T3-Cl-2 chro- 
matin and the DNase II enzyme preparation 
are negligible (fig. 5); and (iii) the use of 50 
mM sodium bisulfite does not prevent the 
absence of Hl histone (fig. 1 c). The effec- 
tiveness of sodium bisdfite as a histone 
protease inhibitor has recently been called 
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into question when used in the presence of 
high salt-urea solutions (i.e. 2 M NaCl, 5 M 
urea, pH 8.0) [32]; however, bisulfite has 
been shown to be an effective protease in- 
hibitor at the pH and ionic strengths utilized 
in the present study [30, 331. Finally, the 
lack of Hl histone has also been observed 
in active chromatin isolated by other tech- 
niques [14, 171. This finding is consistent 
with experiments implicating Hl histone in 
the restriction of template activity [34] and 
condensation of chromatin [35]. 

Double isotope labeling procedures were 
employed in order to provide a more sensi- 
tive means of detecting alterations in 
chromatin proteins after DMSO stimula- 
tion. Incorporation of radioactive amino 
acids into the histones of both control and 
treated groups (fig. 3) indicates that histone 
synthesis is still occurring although the cul- 
tures are apparently in a stationary growth 
phase (data not shown). Since the bulk of 
histone synthesis is coupled to DNA syn- 
thesis, this incorporation may be due to a 
small population of dividing cells. The high- 
er specific activity of the treated cell his- 
tones may reflect a slightly larger percent- 
age of dividing cells in the treated cultures. 
The apparently reduced radioactivity of the 
major histones in the S, fraction is most 
likely due to the higher percentage of the to- 
tal radioactivity found in gel slice 1 and 
slices 18-23 (fig. 3d). The identity of the 
labeled polypeptides in the S, histone frac- 
tion represented by slices 1, 18-23, and 36 
39 (fig. 3d) is not certain. Some of these 
may be HMG proteins as noted above. In 
addition, modified forms of histones, for 
example, dimeric forms of histone H3 [36] 
and phosphorylated forms of HI histone 
[37, 381, have been shown to have a de- 
creased electrophoretic mobility. It is also 
noteworthy that a low level of radioactivity 
is present in the usual HI histone position 

Expti Cell Res 107 (1977) 

of the electropherogram of the S, histone 
fractions (fig. 3d). Thus, although Hl his- 
tone is not detectable by Coomassie blue 
staining (fig. l), a small amount does ap- 
pear to be present. 

NHCP bands resolved by SDS-polyacryl- 
amide gel electrophoresis have not been 
definitively identified, but they probably 
represent a mixture of structural proteins, 
nuclear enzymes, and gene regulatory pro- 
teins. The latter subset of proteins could 
contain those NHCP involved in the tran- 
scription of globin mRNA in DMSO-stimu- 
lated cells. While there are no remarkable 
differences between banding patterns of the 
NHCP from the chromatin of treated and 
control cells detected by staining with Coo- 
massie blue (fig. 2), several differences are 
observed between the profiles of radioac- 
tively labeled NHCP from control and 
treated chromatin fractions (fig. 4). The 
most prominent alterations are the increases 
in radioactivity of a 50 000 D polypeptide in 
the treated cell UC and P, fractions (fig. 4a, 
b) and a 23 000 D polypeptide in the treated 
S, fraction (fig. 4d). It should be noted that 
Peterson dz McConkey [39] also observed 
a significant increase in a 25 000 D non-his- 
tone protein isolated from DMSO-stimu- 
lated erythroleukemia cells and identified 
by two-dimensional gel electrophoresis. 

The significance of the elevated incorpo- 
ration of labeled amino acids into the 50000 
and 23 000 D polypeptides is not currently 
evident. Although it is attractive to specu- 
late that these polypeptides are involved in 
the apparently altered gene transcription of 
the DMSO-treated Friend cell, there is cur- 
rently little evidence to support this. The 
possibility that the observed alterations of 
NHCP are related to a small difference in 
the proliferative state of the treated and 
control cultures, which the differences in 
histone synthesis seem to support, has not 
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been ruled out. The observed differences in 
labeled NHCP banding patterns are not lik- 
ely to be the result of differential proteolytic 
degradation since the treated and control 
cells were pooled prior to chromatin isola- 
tion. Moreover, 1 mM PMSF does not ap- 
pear to significantly alter the banding pat- 
terns of NHCP from treated cells (fig. 2~). 

Since DMSO-stimulation of these cells 
also results in the accumulation of type C 
virus particles in intra-cytoplasmic vacu- 
oles, on cell membranes, and in the culture 
fluid [40], an alternative explanation for the 
increased incorporation of radioactivity in- 
to certain NHCP peaks is that this repre- 
sents an increased synthesis of virus-spe- 
cific proteins. This question has not yet 
been examined directly, but two factors 
argue against this explanation: (i) viral par- 
ticles are located primarily in the cytoplasm 
of the cell [40]; and (ii) electrophoresis of 
the proteins from purified Friend virus on 
SDS-polyacrylamide gels indicates that the 
predominant viral polypeptides have mo- 
lecular weights of 14000, 17000, 19000, 
34000, 93000, and 150000 D [41]. These 
proteins do not correspond to those radio- 
active peaks in the NHCP fractions which 
exhibit marked differences between control 
and treated samples. 

A next step will be to purify sufficient 
amounts of the NHCP whose synthesis ap- 
pears to be elevated in DMSO-treated 
Friend cells for further biochemical char- 
acterization. It will be of interest to deter- 
mine, e.g. by chromatin reconstitution stud- 
ies, whether this or other NHCP from the 
active chromatin fraction of treated cells 
can induce the in vitro synthesis of globin 
mRNA by chromatin which does not nor- 
mally transcribe the globin message. The 
question whether there is a detectable shift 
in the globin gene from the inactive to the 
active gene pool, as determined by the 

DNase II method, during DMSO stimula- 
tion is under investigation (manuscript in 
preparation). 

A preliminary report of this data was presented at the 
annual meeting of the American Association for Can- 
cer Research. Mav 4-8. 1976. 

This research was supported by NIH Grant CA- 
12765. Data were calculated with the help of the Uni- 
versity of Michigan Medical School fund for com- 
puting. 
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