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Abstract-The influences of two naturally occurring psychoactive cannabinoids (A9-tetrahydrocanna- 
binol and AX-tetrahydrocannabinol), of a psychoactive cannabinoid metabolite (ll-OH-A9-THC), and 
of a nonpsychoactive cannabinoid (cannabinol) on the composition, metabolism, and structure of human 
(HeLa cell) chromatin were examined. The effects of all four cannabinoids on the composition and 
synthesis of chromosomal proteins were studied by pulse-labeling with [3H]leucine. The relative amounts 
of both histones and nonhistone chromosomal proteins remained unaffected, but a decrease in 
[‘Hlleucine incorporation into both histones and nonhistone proteins was observed. Post-translational 
acetylation and phosphorylation of chromosomal proteins were studied in cannabinoid-treated cells by 
pulse-labeling with [-H]acetate and [32P]. Variations were observed in (3H]acetate incorporation into 
histones and [3’P] incorporation into both histones and nonhistone chromosomal proteins. Pancreatic 
DNase I digestion of chromatin from cannabinoid-treated HeLa cells failed to demonstrate any drug- 
induced alteration in DNA-protein interactions. 

Evidence from several laboratories indicates that 
cannabinoids influence a broad spectrum of behav- 
ioral [l-3], physiological [4-51, and biochemical pro- 
cesses [6-271. The biological processes that are influ- 
enced by cannabinoids are, at least in part, a 
reflection of drug-induced perturbations at the cel- 
lular and molecular levels. Cannabinoids have been 
shown to affect membranes [28], chromosomes 
[4,5,29,30], cell proliferation [l, 6,14,17], nucleic 
acid and protein synthesis [ 1,6,14,17], and hormone 
activity [31-331. Because such processes involve 
complex and interdependent biochemical events 
requiring modifications of gene readout, it is impor- 
tant to assess the action of cannabinoids on the 
properties of the genome. 

In eukaryotic cells the genome is a nucleoprotein 
complex, referred to as chromatin, consisting pri- 
marily of DNA and two classes of chromosomal 
proteins-histones and nonhistone chromosomal 
proteins. The histones have been shown to play a 
key role in the packaging of DNA into nucleosomes, 
structures that resemble beads on a string, under the 
electron microscope. Several lines of evidence also 
suggest that histones may be responsible for the 
nonspecific repression of genetic sequences. 
Although some of the complex and heterogeneous 
nonhistone chromosomal proteins are probably 
involved in genome structure and in a broad spec- 
trum of enzymatic activities that occur at the level 
of the genome, other components of these proteins 
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may determine the availability of genetic sequences 
for transcription. The structural and functional 
properties of chromatin have been reviewed exten- 
sively [34-391. We approached the question of can- 
nabinoid-induced effects on genome structure and 
function by examining drug-induced changes in the 
composition and metabolism of chromosomal pro- 
teins and by assessing the influence of cannabinoids 
on chromatin structure. 

MATERIALS AND METHODS 

Cell culture 

Exponentially growing (log phase) HeLa S3 cells, 
a hypotetraploid line of human cervical carcinoma 
cells, were grown in suspension culture as described 
previously [27]. 

Drug administration 

Cannabinoids and their administration are 
described in the preceding paper [40]. 

Extraction of histones 

Chromatin was isolated as described previously 
[27,41,42]. The chromatin.was extracted four times 
with 2ml of 0.4N H2S04 for 30min, each time at 
4” in a glass Dounce homogenizer with a tight fitting 
pestle. The homogenate was centrifuged in a Beck- 
man JS-13 rotor at 12,OOOg for 30min after each 
extraction. Two volumes of 95% ethanol at 4” were 

added to the pooled mineral acid supernatant frac- 
tions, and the histones were allowed to precipitate 
for 12 hr, the histones were then collected by cen- 
trifugation at 12,OOOg for 30min. The supernatant 
fraction was decanted and the precipitated histones 
were dried in a 100% N2 atmosphere. 
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Polyacrylamide gel electrophoresis of total chromo- 
somal proteins 

For the electrophoretic fractionation of total 
chromosomal proteins, 8.75% sodium dodecylsul- 
fate (SDS)-polyacrylamide slab gels were prepared 
by the method of Laemmli [43]. A Bio-Rad Lab- 
oratories (Richmond, CA) slab gel electrophoresis 
apparatus was used. 

was added, and the radioactivity was assayed In ;I 
Beckman liquid scintillation counter. The specific 
activity of each histone band was expressed a\ cpm 
per unit area (as reflected by optical density). 

Composition of chromosomal prott~itt~ 

Samples were electrophoresed for approximately 
6.5 hr at 30 milliamps per slab using an electropho- 
resis buffer containing 0.192 M glycine-0.1% (w/v) 
SDS-O.025 M Tris base (pH 8.2-8.3). After electro- 
phoresis, the slab gel was fixed in 12.5% (w/v) tri- 
chloroacetic acid (TCA)-40% (v/v) ethanol-7% 
(v/v) acetic acid at room temperature for 12 hr. The 
slab gel was then stained in 0.1% (w/v) Coomassie 
Brilliant Blue-40% (v/v) ethanol-7% (v/v) acetic 
acid for 5 hr (a linear relation exists between the 
protein concentration and the amount of Coomassie 
Blue dye bound to the gel). The slab gel was then 
diffusion destained in 20% (v/v) ethanol-7% acetic 
acid and scanned in a Beckman Acta CII spectro- 
photometer at 600 nm. The areas under the optical 
density profiles were integrated with a compensating 
polar planimeter (Kueffel & Esser Co., Morristown, 
NJ) to determine the amounts of protein in discrete 
molecular weight regions of the gels. 

Exponentially growing HeLa S; cells were cxpo~cd 
to one of several micromolar concentrations of ;I 
cannabinoid in the culture medium for IO hr. An 
untreated control and a vehicle (9Sci ethanol)- 
treated control were used. The cells \\ere pelleted 
by centrifugation at 500~ for 5 min. resuspended at 
a 15-fold higher cell density in Earle’\ balanced salt 
solution containing Ii &iinil or I -Icucine-14.5.‘f I] 
(62Ciimole. SchwarziMann. Orangeburg. NY) ilncl 
2% fetal calf serum, and then pulselabeled for I .i min 
at 37”. Nuclei and chromatin \t,erc isolatccf ;I\ 
described previously. An aliquot of the chromatin 
sample was used for the electrophoretic fractionation 
of total chromosomal proteins on ti.7Sf,i polyc~vl- 
amide slab gels according to the method of Laem~;lli 
[43]. Histones were extracted from the remainder 
of the chromatin and fractionated by electrophore~i\ 
on 15% polyacrylamidc slab gels according to ttic 
method of Panyim and Chalkley [43]. Optical densit\, 
scans and radioactivity profiles were obtained ad 

used to calculate spec& activitic\. 

For analysis of radioactive isotope incorporation 
by the various polypeptide bands, the gels were 
frozen on dry ice and sliced into 2 mm fractions with 
a Hoeffer (San Francisco, CA) gel slicer. The slices 
were solubiiized in 400 ~1 of 35% hydrogen peroxide 
overnight at 37”, Triton X-lOO-toluene scintillation 
fluid was added, and the radioactivity was assayed 
in a Beckman liquid scintillation counter. The spe- 
cific activity of a particular molecular weight region 
of a gel was obtained by dividing the total counts 
per minute (cpm) of the region into the area of that 
region in the optical density profile. 

Post-translationul tttodifiuui0tf.s 01’ c~/t~ottro\ottttrl 
proteins 

Polyacrylamide gel electrophoresis of histones 

Histones were fractionated electrophoreticalty 
with respect to charge and molecular weight on 159 

polyacrylamide acetic acid-urea slab gels according 
to the method of Panyim and Chalkley 1441. The 
stacking gel was polymerized with 0.0063% (W/V) 

ascorbic acid. 0.0002% (w/v) FeSO,, and 0.00197~ 
(v/v) hydrogen peroxide as catalysts. A Bio-Rad 
Laboratories slab gel electrophoresis apparatus was 
used. 

After electrophoresis, the slab gels were fixed and 
stained simultaneously in 0.1% (w/v) amido black 
in 40% (v/v) ethanol-7% (v/v) acetic acid for 12 hr. 
The slab gels were diffusion destained in 35% (v/v) 
ethanol-7% acetic acid. The gels were also spectro- 
photometrically scanned at 600 nm. The areas under 
the optical density profiles were integrated with a 
compensating polar planimeter to determine the 
amounts of protein corresponding to each histone 
region of the gels. 

Exponentially growing HeLa S, cells were treated 
with various micromolar concentrations of canm- 
binoids in the culture medium for IOhr. An 
untreated control and a vehicle (95’; ethanol)- 
treated control were used. The cells were pctleted 
by centrifugation at 500~ for 5 min. To study acc- 
tylation of chromosomal proteins. the cells wt‘rc 
resuspended at a l5-fold higher cell density in Earle’s 
balanced salt solution containing 30 @Yi/ml of sodium 
acetate[‘H] (0.74 Ci/mmole. SchwarziMann) ancf 3°C 
fetal calf serum and, then were pulse-labeled for 
30 min at 37”. To study phosphorylation of chromo- 
somal proteins, the cells were initially grown for IO hl 
in the presence of cannabinoids in supplemented 
Joklik-modified Eagle’s Minimal Essential Medium 
containing one-tenth the normal amount of phos- 
phate and, then, resuspended (at a higher cell den- 
sity) in the same medium and pulse-labeled with 
200 &i/ml of carrier-free [“PI in water (50 mCi!ml. 
New England Nuclear Corp., Boston. MA) for 
30min at 38”. Nuclei and chromatin were isolated 
as described previously. An aliquot of the chromatin 
sample was used for the elcctrophoretic fractionation 
of total chromosomal protein> on 8.75”i po1yacr!- 
famide slab gels according to the method of Laemmli 
1431. Histones were extracted from the remainder 
of the chromatin and were fractionated by rlectro- 
phoresis on 15%’ polyacrylamide slab gels accordinp 
to the method of Panyim and Chalkley 1441. Optical 
density scans and radioactivity profiles were obtained 
and used to calculate specific activities. 

For analysis of radioisotope incorporation into the In the phosphorytation btudieh, some ol the 
various histone bands, the gels were frozen on dry 
ice and sliced into 2 mm fractions. The slices were 

Laemmh gels were treated with TCA according to 
the method of Bhorjee and Pederson [45] in order 

solubilized in 400 ~1 of 35% hydrogen peroxide over- 
night at 37”, Triton X-lOO-toluene scintillation fluid 

to hydrolyze [“PIlabeled nucleic acids that might 
have coelectrophoresed with the chromosomal pn- 
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teins. The gels were incubated in 5% (w/v) TCA at 
90” for 30 min, and the were washed twice for 3 hr 
in 1 liter of 5% (w/v) TCA at 23” to remove the 
hydrolysis products. The gels were then washed for 
12 hr in 7.5% (v/v) acetic acid before proceeding 
with the procedures as described above. 

Digestion of chromatin with deoxyribonuclease I 

Pancreatic deoxyribonuclease 1 (DNase I. Sigma 
Chemical Co., St. Louis, MO) was used as a probe 
to study DNA-protein interactions in chromatin 
samples isolated from exponentially growing HeLa 
S3 cells exposed to 30pM A’-THC in the culture 
medium. Both untreated and vehicle (95% ethanol)- 
treated controls were used. Chromatin samples were 
resuspended in double distilled water to 2SG300 pg 
DNA/ml (determined by measurements of the 
absorbance at 26Omm); in a given set of assays all 
of the chromatin samples contained equal amounts 
of DNA per ml. To lOO$ of chromatin was added 
10,ul of buffer LO.01 M Tris-HC1 (pH7.4)-0.01 M 
NaCl-3 mM MgClJ containing eleven times the 
desired final concentration of DNase I. The samples 
were then incubated at 37” for 3+I hr. At the desired 
times, digestion was stopped by the addition of 900 /tl 
of cold 8.4% (v/v) perchloric acid (PCA), and the 
samples were centrifuged at 1,400g for 10 min to 

deposit the acid-precipitated, undigested chromatin. 
The supernatant fractions were aspirated and the 
precipates were dissolved in 1 ml of 0.1 N NaOH. 
The amounts of DNA hydrolyzed in the supernatant 
fractions and the amounts of undigested DNA in the 
resuspended precipitates were determined by 
measurement of the absorbance at 260nm. 

Two types of digest studies were performed. In 
one study the DNase 1 concentration was kept con- 
stant at 50,~giml and individual digestions carried 
for various time periods up to 33 hr. the results 
being plotted as per cent DNA digested versus diges- 
tion time. In the other. the DNase I concentration 
was varied from IO-’ ’ to 10” pgiml and all the diges- 
tions contrived for 90 min; the results were plotted 
as percent DNA digested versus log,,, of the DNase 
I concentration in @ml. 

RESULTS AND DISCUSSION 

Nonhistone chrornosornal proteins 

We employed two methods for fractionating 
chromosomal proteins. Total chromosomal proteins 
were fractionated according to molecular weight by 
electrophoresis in the high resolution, one-dimen- 
sional, SDS-8.75%> polyacrylamide gel system of 
Laemmli [43] using a Tris-glycine buffer. The rela- 
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Fig. 1. Absorbance (Am-) and radioactivity (---) profiles of polyacrylamide gel electrophoresis of 
total chromosomal proteins extracted from HeLa S3 cells pulse-labeled with 15 &i/ml of [‘HJleucine 
for 15 min after treatment with cannabinoids for 10 hr. The following cannabinoid concentrations were 
used: 10 PM As-THC (c), 30 FM A9-THC (d), 15 PM ll-OH-A”-THC (e). 15 PM CBN (f). Control (a) 
and vehicle-treated (b) samples did not contain cannabinoids. The abscissa is divided into six molecular 
weight groups: (1) 200,000-150.000; (2) 150.000-100.000: (3) 100,00~70.000: (1) 70.00~50.000; (5) 
50,000-35,000; (6) 35,000-17,000. Each mark on the ordinate represents 1 per cent of total gel 
radioactivity and corresponds to 245 cpm in (a) , 209 cpm in (b). 192 cpm in (c), 204 cpm in (d), 213 

cpm in (e), and 213 cpm in (f). Approximately 40 @g protein was loaded for each sample, 
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Fig. 2. Specific activities (as percent of vehicle-treated control) of the different molecular weight groups 
of total chromosomal protein extracted from HeLa S3 cells pulse-labeled for 15 min with 15 @3/ml 01 
[jH]leucine after 10 hr exposure to the individual cannabinoids. The following concentrations were 
used: none (control) (a), none (vehicle-treated control) (b), 10 PM A*-THC (c), 30 lrhl A”-THC (cl). 
15 PM ll-OH-A”-THC (e), and 15 PM CBN (f). Samples were electrophoresed in 8.75cC polyacrylamidc 
slab gels, and the absorbance and radioactivity profiles were used to calculate the specific ackvitv of 
each of six molecular weight groups: (1) 200,00@150,000; (2) 15O.OO~~lOO,Oo(): (3) IOO,OO(~~O.~)OO; 
(4) 70,000-50,000; (5) 50,00@35,000; and (6) 35,00~17.000. Results are plotted as the mean + average 
deviation for two independent determinations. Each sample contained approximately 40 ~lg protein. 
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Fig. 3. Specific activities (as percent of vehicle-treated control) of different molecular weight groups 
of total chromosomal proteins extracted from HeLa S1 cells exposed for 10 hr to cannabinoids and then 
pulse-labeled in the presence of the same cannabinoid concentrations with 15 &i/ml of [‘Hlleucine. 
The following concentrations of cannabinoids were used: none (control) (a), none (vehicle-treated 
control) (b), 10pM As-THC (c), 30pM AY-THC (d), 15 PM ll-OH-A’-THC (e), and 15 pM CBN (f). 
Samples were electrophoresed in 8.75% polyacrylamide slab gels, and the absorbance and radioactivity 
profiles were used (as described in Materials and Methods) to calculate the specific activity of each of 
six molecular weight groups: (1) 200,00~150,000; (2) 150,OW100,000; (3) 100,00(~70,000: (3) 70,00& 
50,000; (5) 50,000-35,000: (6) 35,000-17,000. R es&s are plotted as the mean k average deviation for 

two independent determinations. Each sample contained approximately 40 ug protein. 
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tive mobilities of polypeptides in this gel system are 
directly proportional to the logarithms of their mol- 
ecular weights. The SDS-8.75% polyacrylamide 
Laemmli gel system fractionates nonhistone chromo- 
somal proteins into a variety of bands ranging from 
approximately 200,000 to 17,000 in molecular 
weight, but histones are resolved into only three 
bands-two bands corresponding to HI and one band 
(which moves with the solvent front) containing the 
four remaining histones (H3, Hzb, H,a, Ha). For this 
reason, histones were fractionated with respect to 
charge and molecular weight on 15% polyacrylam- 
ide-acetic acid-urea gels according to the method 
of Panyim and Chalkley [44]. Acetic acid-urea gels, 
28 cm in length, can resolve each of the five histones. 

To assess the effects of various cannabinoids on 
chromosomal protein synthesis, the specific activities 
of the proteins were measured. HeLa S? cells were 
exposed for 10 hr to the following cannabinoid con- 
centrations: 30 PM A8-THC, 10 PM A’-THC, 15 PM 
ll-OH-A9-THC, or 15pM CBN. We found that 
these concentrations depressed the proliferative 
capacity of HeLa S3 cells by 3G40 per cent. The 
cells were then resuspended in Earle’s balanced salts 
solution and pulse-labeled with 15 @J/ml of 
[‘Hlleucine for 15 min. Total chromosomal protein 
was extracted from drug-treated cells and from 
untreated and vehicle-treated cells and fractionated 
in SDS-polyacrylamide slab gels. Figure 1 shows 
radioactivity and absorbance profiles of the stained 
gels. To study and compare the specific activities, 
the total chromosomal protein was divided into six 
molecular weight groups: (1) 200,00~150,000; (2) 
150,000-100,000; (3) 100,00~70,000; (4) 70,00@ 
50,000; (5) 50,00&35,000; and (6) 35,000-17,000. 
There are various peaks within each molecular 
weight group and each peak may contain many dif- 
ferent proteins of similar molecular weight. There- 
fore, caution is required in the interpretation of any 
change observed, because a charge reflects the net 
change of many protein species within a group rather 
than the alteration of individual proteins. Compo- 
sition of the total chromosomal protein with respect 
to the six molecular weight groups in cannabinoid- 
treated samples and in untreated and vehicle-treated 
controls was similar. As shown in Fig. 2. however. 
the specific activity of each of the six molecular 
weight groups varied widely when expressed as a 
percentage of the specific activity of the protein 
extracted from the vehicle-treated cells (72-282 per 
cent for AX-THC, 75-175 per cent for A”-THC, 62- 
173 per cent for ll-OH-A’THC. and 55-165 per cent 
for CBN). The highest molecular weight group (1) 
markedly increased in specific activity (165-282 per 
cent of vehicle) in all drug-treated samples, while 
the lower molecular weight groups (2-5) displaved 
generally varied decreases in their specific activities. 
These results may reflect changes in the rate of 
synthesis or turnover of total chromosomal proteins. 
The lack of a change in the relative composition of 
the proteins, however, suggests a change in turnover 
rather than a relative increase or decrease in the 
accumulation of any one particular molecular weight 
group of chromosomal proteins. 

The same experiment was done with cells pre- 
treated with cannabinoids for 10 hr. None of the 

cannabinoids caused significant changes in the rela- 
tive composition of the six molecular weight groups 
of chromosomal protein. There were significant 
changes in specific activities, however, and these 
changes differed somewhat from those previously 
obtained with cannabinoid-pretreated cells pulse- 
labeled in the absence of cannabinoids. These dif- 
ferences may be attributable to a loss of cannabinoids 
prior to pulse-labeling in the former experiment, or 
to an acute effect of the vehicle and/or drug (super- 
imposed on 10 hr of pretreatment) during the pulse- 
labeling in the latter procedure. Figure 3 shows that 
there was a generalized cannabinoid-induced 
decrease in the specific activities of all molecular 
weight groups when expressed as a percentage of the 
specific activity of the chromosomal protein 
extracted from vehicle-treated cells. Only A”-THC 
caused a significant increase in specific activitiy of 
the proteins of molecular weight groups 1 and 2 (165 
and 125 per cent of vehicle respectively). These 
results, as in the previous stpdies. indicate a can- 
nabinoid-induced change (generally a decrease) in 
the net turnover of the various molecular weight 
groups of chromosomal proteins. The wide variation 
in specific activities of the various molecular weight 
groups of chromosomal proteins treated with the 
same cannabinoid suggest that this effect was not 
due to a generalized cannabinoid-induced decrease 
in the amount of [‘Hlleucine made available to the 
cell. 

These cells have been exposed to cannabinoids for 
10 hr but have been pulse-labeled for only 15 min. 
Therefore, the effects of cannabinoids on the relative 
amounts of chromosomal proteins must be referable 
to the entire time during which the cells were treated 
with the drug. The incorporation of [‘Hlleucine into 
chromosomal proteins, however, must be referable 
only to the effects observed during the 15 min of 
pulse-labeling. From the area of the optical density 
scans we can, thus, estimate the relative composition 
(not the absolute amounts) of the chromosomal pro- 
teins affected by 10 hr of treatment with cannabi- 
noids. Changes in the specific activity, on the other 
hand, give the relation between the newly syn- 
thesized chromosomal proteins (pulse-labeled for 
15 min) and the chromosomal protein already pres- 
ent (affected by 10 hr of cannabinoid treatment). A 
decrease in specific activity, therefore, could result 
from any one of several possible cannabinoid- 
induced effects, among which are decreased syn- 
thesis of chromosomal protein, increased breakdown 
of newly synthesized chromosomal protein, and 
decreased transport into the nucleus of the cell, the 
converse would apply to an increase in specific 
activity. These considerations apply to the pulse- 
labeling experiments of nonhistone chromosomal 
proteins just described and to the [“Hlleucine pulse- 
labeling experiments of histone proteins that follow. 

Histones 

The effects of cannabinoids on the composition 
and metabolism of histones were studied as follows. 
Exponentially growing HeLa Si cells were pretreated 
for 10 hr with cannabinoid concentrations of 10 ,uM 
A’-THC, 30 PM A.“-THC, 15 PM ll-OH-A’-THC or 
15 PM CBN, concentrations that bring about approx- 
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Fig. 4. Absorbance (Ah,,,,-) and radioactlvity (---I profiles of acetic acid-urea-15% polyacrylamide 
gel electrophoresis of histone proteins (H,. H?. Hzb, Hza. H,) extracted from HeLa S3 cells pulse-labeled 
with 15 &i/ml of [3H]leucine for 15 min after treatment with cannabinoids for 10 h. The following 
cannabinoid concentrations were used: 10 HIM A”-THC (c). 30 uM A”-THC (d). 15 I’M 1 I-OH-A”-THC 
(e), and 15 FM CBN (f). Each mark on the ordinate represents 5 per cent of total gel radioactivity and 
corresponds to 996 cpm in (a), 1026 cpm in (I~). 739 cpm in (c), 718 cpm in (d). 1038 cpm in (e). and 

X74 cpm in (f). Approximately 120 /~g protein was loaded for each sample. 

abcdef 

Fig. 5. Specific activities (as percent of vchiclc-treated control) of hiatone ppteins (Ht. 111. Hzb, Hza. 
HJ) extracted from HeLa S? cells p&c-lahclcd for I.7 min with 15 /cC‘i/ml [ FI]leucinc for 15 min. The 
following concentration5 of cannabinoids wcrc used: none (control) (a). none (vehicle-trcatcd control) 
(b), 10 uM AX-THC (c). 30 ,uM A”-THC (d). IS !IM 1 I-OH-Aq’-THC (cl. and I5 IBM CBN (f). Sample? 

were electrophoresed in acetic acid-urca-15c/r polyacrylamidc \lab gels. and the absorbance and 

radioactivity profiles were used to calculate the specific activity of each histone protein. Results are 

plotted as the mean t average deviation of two indcpcndcnt determinations. Each sample contained 
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imately the same decrease in the proliferative 
capacity of HeLa S3 cells. The cells were washed. 
resuspended in Earle’s balanced salt solution, and 
pulse-labeled with 1.5 $Xml of [iH]leucine for 
15 min. Histones were extracted from drug-treated 
cells and from untreated and vehicle-treated cells, 
and fractionated by electrophoresis in acetic acid- 
urea-15% polyacrylamide slab gels. The radioactiv- 
ity and absorbance profiles of the amido black- 
stained gels (Fig. 4) were divided into five major 
histone classes: H,, Hi, H?b, Hza, and H, which were 
used to calculate the percentages of total histone and 
the specific activity for each class of histones. None 
of the four cannabinoids caused significant changes 
in the relative compositions of the five histones. As 
shown in Fig. 5, however, the specific activities of 
the histones varied for the different histone classes 
when expressed as percent of the specific activity of 
histones extracted from vehicle-treated cells (56-105 
per cent for A*-THC, 52-83 per cent for A”-THC, 
53-94 per cent for ll-OH-A’-THC. X-107 per cent 
for CBN). In general, a decrease in specific activity 
was brought about by most of the cannabinoids; 
histones H,, Hzb and Hza exhibited the most marked 
decrease. The lack of a change in the relative com- 
position of the histones, along with the decreases in 
specific activity, suggests a cannabinoid-induced 
change (generally a decrease) in the synthesis of 
histones. 

Similar studies were carried out with cells pre- 
treated with cannabinoids for 10 hr but with the 
pretreatment concentrations of cannabinoids present 
in the pulse-labeling medium. The cannabinoids did 
not produce significant changes in the relative com- 

‘position of the five histone classes. But, as was also 
observed in the chronic cannabinoid treatment 
experiments just described, the cannabinoids pro- 
duced a generalized decrease in the specific activities 
of the different histone classes (,Fig. 6) when 
expressed as percent of the specific activity of the 
corresponding histones extracted from vehicle- 
treated cells (X-82 per cent for AH-THC, 61-80 p&r 
cent for A’-THC, 65-84 per cent for 1 I-OH-A’-THC. 
and 75-99 per cent for CBN). Only 1 l-OH-A”-THC 
caused a significant specific activity increase in H, 
(144 per cent of vehicle). Thus, the results of this 
latter study also suggest a cannabinoid-induced 
change (generally a decrease) in the synthesis of 
histones. 

In evaluating the histone pulse-labeling experi- 
ments, one must consider the possibility of a can- 
nabinoid-induced alteration in the binding of newly 
synthesized, radiolabeled histones to DNA and chro- 
matin, which would lead to differences in their 
extractability and, therefore, to variations in specific 
activity. Such changes in the preferential release or 
restriction of histones may. in part, reflect subtle 
cannabinoid-induced variations in post-translational 
histone modifications. 

The composition and metabolism studies just 
described suggest that cannabinoids do not alter the 
relative composition of either histones or nonhistone 
chromosomal proteins associated with the genome. 

All four cannabinoids. however, bring about various 
changes (mostly decreases) in the apparent rates of 
synthesis and/or turnover of both histones and non- 
histone chromosomal proteins. Since chromosomal 
proteins have been implicated in the packaging, 
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Fig. 6. Specific activities (as percent of vehicle-treated control) of histone proteins (H,, Hi, H:b, Hza, 
H4) extracted from HeLa Sj cells exposed for 10 hr to cannabinoids and then pulse-labeled in the 
presence of the same cannabinoid concentrations with 15 &i/ml of [‘Hlleucine for 15 min. The following 
cosncentrations of cannapbinoids were used: none (control) (a), none (vehicle-treated control) (b), 10 FM 
A -THC (c), 30pM A -THC (d), 15 FM 11-OH-A’-THC (e). and 15 PM CBN (f). Samples were 
electrophoresed in acetic acid-urea-15% polyacrylamide slab gels, and the absorbance and radioactivity 
profiles were used to calculate the specific activity of each histone protein. Results are plotted as the 
mean 5 average deviation of two independent determinations. Each sample contained approximately 

120 pg protein. 
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structure, and functional integrity of the eukaryotic 
genome, alterations of this type can affect the struc- 
tural and functional properties of the genome and, 
thereby, impair the normal patterns of gene expres- 
sion essential, in a restricted sense, for regulation 
of cell proliferation and, in a general sense, for 
biological viability. Again, as with the cell growth 
studies, the psychoactive index of the cannabinoids 
does not appear to be directly related to their effects. 

Post-translational nmiifications of chromosornal 
proteins 

Acetyfation. We have also examined the influence 
of cannabinoids on two post-translational modifi- 
cations of chromosomal proteins-acetylation of his- 
tones and phosphorylation of histones and non- 
histone chromosomal proteins. These reversible. 
enzyme-catalyzed modifications of chromosomal 
proteins have been implicated in mediating chromo- 
somal protein-DNA as well as chromosomal pro- 
tein-chromosomal protein interactions that may, in 
part, be responsible for determining the availability 
of genetic sequences for transcription. Hence. 
chromosomal protein acetylation and phosphoryl- 
ation may play a central role in structural as well as 
functional properties of the gcnome (reviewed in 
Refs. 46 and 47). 

To study the effects of cannabinoids on histone 

acetylation, exponentially growing HeLa S, cells 
were pretreated for 10 hr with cannabinoid concen- 
trations of 10 PM AR-THC, 30 PM A’-THC, 15 PM 
ll-OH-A’-THC. or 15pM CBN. The cells were 
washed, resuspended in Earle’s balanced salt sol- 
ution, and then pulse-labeled with 30,uCi/ml of 
[‘HIsodium acetate for 30min. Histones were 
extracted from drug-treated, untreated. and vehicle- 
treated cells. and were fractionated by electropho- 
resis in acetic acid-urea-15% polyacrylamide gels. 
Figure 7 shows the radioactivity and absorbance 
profiles of the stained gels. These profiles were used 
to calculate the specific activity for each class of 
acetylated histones-HI, H2b. H2a. and I~&. Figure 8 
shows the specific activities of the acetylated histones 
expressed as percent of the specific activity of ace- 
tylated histones extracted from vehicle-treated cells. 

There was a generalized cannabinoid-induced 
decrease in the specific activities of the acetylated 
histones when expressed as a percentage of those 
from vehicle-treated cells (48-79 per cent for Ax- 
THC, 51-73 per cent for A”THC. 7&Yh per cent for 
II-OH-A”-THC. and 57-75 per cent for CBN). 
These changes varied significantly among ail four 
classes of acetylated histones extracted from cells 
treated with the same cannabinoid and, therefore, 
cannot be caused by a decrease in the [‘HIacetate 
made available to the cell. If the latter were true. 

H3 Hzb%s HL( HI H3 H2bHza t-4 
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Fig. 7. Absorbance (AtiN, -) and radioactivity (---) profiles of acetlc acid-urea-15% polyacrylamide 
gel electroohoresis of histone proteins (HI, Hi, H>b. H,a, H4) extracted from HeLa S? cells pulse-labeled 
with 30 &/ml of sodium adetate[‘H] for %I & after treatment with cannabinoids f&r 10 hr. The 
following cannabinoid concentrations were ubed: 10 MM AX-THC (c), 30 fiM A”-THC (d). 15 ,uM 1 I- 
OH-A9 (ve), and 15 PM CBN (f). Each mark on the ordinate represents 5 per cent of total gel radioactivity 
and corresponds to 226 cpm in (a), 211 cpm in (b). 174 cpm in (c). 181 cpm in (d). 195 cpm in (e). and 

175 cpm in (f). Approximately 120 /,q protein was loaded for each sample. 
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one would expect to observe the same amount of 
change in the acetylation of all four histone classes 
extracted from cells treated with the same canna- 
binoid. Our results indicate interference (a decrease) 
with the histone acetylation process brought about 
by cannabinoid treatment of the cells. Cannabinoid- 
induced changes in the structure of the histones may 
modify the availability of acetylation sites and, there- 
fore, alter the gain or loss of acetate groups. Alter- 
natively, the cannabinoids may be affecting the 
histone acetylases or deacetylases. 

The same experiment was repeated with cells pre- 
treated with cannabinoids for 10 hr but with the 
pretreatment concentrations of cannabinoids present 
in the pulse-labeling medium. The specific activities 
of histones extracted from cannabinoid-treated cells 
displayed a generalized decrease when expressed as 
percent of specific activity of acetylated histones 
extracted from vehicle-treated cells (47-95 per cent 
for Ag-THC, 58-94 per cent for A’-THC, 75-80 per 
cent for ll-OH-A’-THC, and 79-98 per cent for 
CBN). It should be emphasized that, in acetylation 
studies, changes in histone acetylation may influence 
the extractability of histones [48-501 and, thus, alter 
their apparent specific activities. 

Phosphorylation. We initially addressed the pos- 
sible influence of cannabinoids on phosphorylation 
of chromosomal proteins as follows. Exponentially 
growing HeLa S3 cells were grown in Joklik-modified 
Eagle’s Minimal Essential Medium containing one- 
tenth the normal amount of phosphate. The cells 
were exposed for 10 hr to cannabinoid concentra- 
tions of 10 PM AX-THC, 30 ,uM A9-THC, 1.5 PM tl- 
OH-A9-THC, or 15 ,uM CBN. The cells were resus- 
pended at a 15-fold higher cell density in the same 

abcdcf 

cannabinoid-containing medium and then pulse- 
labeled with 200 @i/ml of carrier-free 
[32P]phosphate for 30 min. Total chromosomal pro- 
teins were extracted from drug-treated, untreated, 
and vehicle-treated cells and were fractionated in 
SDS-polyacrylamide slab gels. Figure 9 shows the 
radioactivity and absorbance profiles of Coomassie 
Blue-stained gels. These profiles were utilized to 
calculate the specific activity for each molecular 
weight group of proteins. Figure 10 shows that the 
specific activities of these proteins varied widely 
among the different molecular weight groups when 
expressed as per cent of the specific activity of the 
proteins extracted from vehicle-treated cells (95-125 
per cent for A8-THC, 34-57 per cent for A’-THC, 
75-110 per cent for ll-OH-A9-THC, and St-83 per 
cent for CBN). There was no general pattern to 
these changes, except that A’-THC produced the 
greatest depression in the specific activities of most 
molecular weight groups. Although the highest mol- 
ecular weight group (1) exhibited the largest can- 
nabinoid-induced increases in specific activities (up 
to 826 per cent of vehicle for A’-THC and 286 per 
cent of vehicle for AX-THC), these extremely large 
increases could be due to the presence of [“PI- 
labeled nucleic acids that might have co-electro- 
phoresed with chromosomal proteins 1511. The 
radioactivity and absorbance profiles of Fig. 9 sup- 
port this possibility by showing high levels of radio- 
activity (perhaps due to the presence of [32P]-labeled 
nucleic acid) and low amounts of protein in the high 
molecular weight group (1). An alternative expla- 
nation would be the magnification of experimental 
errors in calculating the cpm per unit area ratio for 
such large cpm values associated with a very small 
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Fig. 8. Specific activities (as percent of vehicle-treated control) of acetylated histone proteins (H3, Hzb, 
H2a, HJ extracted from HeLa S3 cells pulse-labeled for 30 min with 30 PCiiml of [-H]sodium acetate 
after 10 h of exposure to cannabinoids. The following concentrations of cannabinoids were used: none 
(cgontrol) (a), none (vehicle-treated control) (b), 10 FM AX-THC (c), 30 PM A’-THC (d). 15 FM 1 l-OH- 
A -THC (e), and 15 PM CBN (f). Samples were electrophoresed in acetic acid-urea-1576 polyacrylamide 
slab gels, and the absorbance and radioactivity profiles were used to calculate the specific activity of 
each histone protein. Results are plotted as the mean + average deviation of two independent 

determinations. Each sample contained approximately 120 pg protein. 
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Fig. 9. Absorhancc (AHH,-) and radioactivity(---) profiles of polyacrylamidc gel clectrophoresia of 
total chromosomal proteins cxtractcd from HeLa Sx cclfs exposed for 10 hr to cannabinoids and then 
pulse-labeled in the presence of the same callnabinoi~i concentrations with 200 Ci!ml of “P for 30 min. 
The following cannabinoid concentrations were used: none (control) (a). none (vehicle-treated control) 
(b), 10pM A”-THC (c), 30yM A”-THC (d). iS!cM II-OH-A,“-THC (e). and 15uM CBN (f). The 
abscissa is divided into five molecular weight groups: (1) 200.00~~150,000; (2) 1.50.000~90,000; (3) 
YO,OO@-55,000: (4) 5S.OO(M0.000; and (5) 30,000-17,Ot)O. Each mark on the ordinate represents I per 
cent of total gel radioactivity and corresponds to 150 cprn in (a). 13.5 cpm in (b). I27 cprn in (c). 56 cpm 
in (d), 1 I7 cpm in (e). and 126 cpm in (f). Approxtmately 8O[(g protein \vas loaded for cnch sample. 

area (small amount of protein) of the absorbance 
profile. The overall changes in specific activities of 
drug-treated cells suggest a cannabinoid-induced 
alteration in the phosphorylation and perhaps 
dephosphoryiati~~n processes of total chr(~nlosoIn~~l 
proteins. These changes in phosphor~/i~~tion varied 
significantly among all five molecular weight groups 
of chromosomal proteins extracted from cells treated 
with the same cannabinoid and. therefore. cannot 
be attributed to a generalized decrease in the amount 
of “P made available to the cell. 

To assess further the possibility that “P-labeled 
nucleic acid might have ho-el~ctrophoreseci with the 
chromosomal proteins, the same amounts of 
chromosomal proteins from the experiments just 
described were fractionated in SDS-polyacrylamide 
gels, but the gels were treated with 5% TCA in order 
to hydrolyze “P-labeled nucleic acids. There was a 
sign~~cant decrease in the amount of r~ldi~)activity 
present in the high molecular weight group of 
chromosomal polypeptides (group 1). indicating that 
there may have been .“P-labeled nucleic acid present 
in this group in the previous experiment. Acid treat- 
ment, however, did not alter the amount of radio- 
activity present in the gel regions corresponding to 
groups 2-S chromos~~~nal p(~l~/peptides. It appears. 

therefore, that cannabinoids influence phosphoryl- 
ation of several molecular weight classes of chromo- 
somal polypeptides (groups 2-S) and that, although 
there also appear to be some cannahinoid-induced 
alterations in the ph;~sphoryIation of the higher mol- 
ecular weight chromosomal proteins (class I). the 
presence of nucleic acid in this higher molecular 
weight region of our acrylamide gels precludes ;I 
quantitative assessment of the phenomenon. 

To investigate the effects of carmabinoids on 
histone phosphoryiation, exponential,ly growing 
HeLa Si cells were grown in J(~klik-I~lodlhed Eagle’s 
Minimal Essential Medium containing one-tenth the 
normal amount of phosphate. The cells were exposed 
for 10 hr to cannabinoid concentrations of IO/IM 
A”-THC. 30 PM A’-THC. IS uM I I-OH-A’-TtlC‘. 
or 15uM CBN. They were then resuspended at a 
15fold higher cell density in the same cannahinoid- 
maintaining medium and then pulse-labeled with 200 
,&Ymi of carrier-free [ ~~P~phosphat~ for 30 min. 
Histones were extracted with dilute mineral acid 
from drug-treated, untreated, and vehicle-treated 
cells as described previously 1491 and were fraction- 
ated in acetic acid-urea-15% polyacrylamide slab 
gels, As expected, oniy histones H, and H>b were 
ph~~sphorylated to a signi~cant extent. Figure 1 I 
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Fig. IO. Specific activities (as percent of vehicle-treated control) of different molecular weight groups 
of total chromosomal proteins extracted from HeLa SJ cells exposed for IO hr to cannahinoids and then 
pulse-labeled in the presence of the same cannabinoid concentrations with 20O~Ciiml of “P. The 
following concentrations of cannabinoids were used: none (control) (a), none (vehicle-treated control) 
(b), 10 FM A*-THC (c), 30 .uM A9-THC (d), 15 PM ll-~H-A~-T~~C (e). and 15 PM CBN (f). Samples 
were electrophoresed in 8.75% polyacry~amide slab gels, and the absorbance and radioactivity profiles 
were used to calculate the specific activity of each of five molecular weight groups: (1) 200,0~15~,000; 
(2) 150,~~~,000; (d) 90,00@55,000; (4) 55,00~30.000: and (5) 30,00~17,000. Results are plotted 
as the mean 2 average deviation of two independent determinations. Each sample contained approx- 

imately 80 pg protein. 

shows the specific activities of the phosphorylated 
histones, expressed as per cent of the specific activity 
of phosphorylated histones extracted from vehicle- 
treated cells. We observed a generalized cannabi- 
noid-induced decrease in the specific activities of the 
phosphorylated histones when expressed as percent 
of those from vehicle-treated cells (73-90 per cent 
for A*-THC, 27-35 per cent for A9-THC, 61-71 per 
cent for ll-OH-A9-THC, and 58-71 per cent for 
CBN). As was the case with total chromosomal 
protein phosphorylation, A9-THC caused the largest 
decreases in the specific activities of the phosphoryl- 
ated histones. The changes in specific activities varied 
significantly between both classes of phosphorylated 
histones treated by the same cannabinoid and cannot 
be caused by a generalized decrease in the 3’P made 
available to the cell. Therefore, our results indicate 
an interference (decrease) with histone phosphoryl- 
ation brought about by cannabinoid treatment of the 
ceils. It is possible that the cannabinoids, and espe- 
cially A9-THC, cause decreases in phosphorylation 
by interfering with the nuclear protein kinases 
responsible for phosphorylation [52-541 or by 
increasing the activity of the dephosphorylating 
enzymes. Alternatively, the cannabinoids may divert 
utilization of [“‘PIphosphate into other levels of cel- 
lular metabolism, such as into the synthesis of cyclic 
AMP. 
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Fig. 11. Specific activities (as per cent of vehicle-treated 
control) of phosphory~ated histones (H,, H2b) extracted 
from HeLa S3 cells exposed to cannabinoids for 10 hr and 
then pose-labeled in the presence of the same cannabinoid 
concentrations with 200 @Z/ml of 12P for 30 min. The fol- 
Iowing cannabinoid concentrations were used: none (con- 
trol) (a), none (vehicle-treated control) (b), 10 ,uM A’-THC 
(c), 30 PM A9-THC (d), 15 PM ll-OH-A9-THC (e), and 
1.5pM CBN (f). Samples were electrophoresed in 15% 
acetic acid-urea polyacrylamide slab gels, and the absorb- 
ance and radioactivity profiles were used to calculate the 
specific activity of each histone protein. Results are plotted 
as the mean * average deviation of two independent 
determinations. Each sample contained approximately 

135 pg protein. 
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Fig. 12. DNase I digestion [at constant (panel a) and at various (panel b) DNase I concentrations] of 
chromatin isolated from HeLa S3 cells exposed to 30 PM A’-THC. Panel a: Chromatin samples containing 
25-30 ng DNA were incubated at 37” with 50 ,ug/ml of DNase I for various time intervals up to 3.5 hr. 
The percentage of chromatin digested was calculated from the amount of DNA hydrolyzed and the 
amount of nondigested DNA, as determined by spectrophotometric measurements at 260 nm. Results 
are plotted as the per cent chromatin digested at various time intervals. Each point is the mean of 
duplicate digestions. Control (O), vehicle-treated (0). and A,‘-THC-treated (A) samples were used. 
Panel b: Chromatin samples containing 2.5-30 pg DNA were incubated for YO min at 37” with various 
concentrations of DNase I ranging from IO-’ ’ to IO” ngiml. The percentage of chromatin digested was 
calculated from the amount of DNA hydrolyzed and the amount of nondigested DNA, as determined 
by spectrophotometric measurements at 260 nm. Results are plotted as per cent chromatin digested at 
various DNase I concentrations. Each point is the mean of duplicate digestions. Control (0). vehicle- 

treated (0). and AY-THC-treated (A) samples were used. 
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Since cannabinoids (decrease) phosphorylation of 
histones and nonhistone chromosomal proteins, it 
is reasonable to assume that cannabinoid-induced 
post-translational modifications of chromosomal 
proteins may, at least in part, be involved with the 
alterations in genome structure and function. With 
the data presently available, however, it would be 
presumptuous to postulate the primary level at which 
the drugs are acting. Yet it is interesting to note 
that, as with other parameters we have assayed, 
there appears to be no correlation between the psy- 
choactive effects of the cannabinoids and their influ- 
ences on cellular and molecular processes. 

Influence of cannabinoids on chromatin structure 

Cannabinoid-induced alterations in acetylation 
and phosphorylation of chromosomal proteins are 
compatible with drug-induced modifications in the 
genome. We used nucelases as probes to study the 
relative interactions between DNA and chromo- 
somal proteins. 

The rate of digestion of chromatin-DNA, by 
DNase I, is dependent on the degree of binding of 
proteins to DNA. It is possible therefore to study 
the relative rates of digestion of DNA in chromatin 
as a means of distinguishing relative differences in 
chromatin structure that may be related to canna- 
binoid treatment. Chromatin was isolated from 
exponentially growing HeLa S3 cells exposed to 
30 FM concentrations of A’-THC and from untreated 
and vehicle-treated control cultures. Chromatin 
samples containing 25-30 pgiml of DNA were incu- 
bated at 37” with 50 pg/ml DNase I for various time 
intervals up to 3.5 hr. The percentage of chromatin 
digested was calculated from the amount of DNA 
hydrolyzed and from the amount of non digested 
DNA measured by spectrophotometric measure- 
ments at 260nm. Figure 12(a) shows the results 
plotted as percent chromatin digested versus time 
of incubation. There appeared to be no differences 
in either the rate or total amount of digestion of 
chromatin (80 per cent) among the drug-treated. 
untreated, and vehicle-treated samples. 

To confirm these findings, the chromatin digestion 
was repeated with various DNase I concentrations 
(from 10e2-’ to 1O’ygiml) and all digestions were 
carried out for 90 min. Figure 12(b) shows the results 
plotted as percentage of chromatin digestion versus 
the log to the base 10 of DNase I concentration in 
pg/ml. Again, there appeared to be no differences 
in the amount of chromatin digested by various 
DNase I concentrations among the drug-treated, 
untreated, and vehicle-treated samples. 

These results suggest that A9-THC (at a 30,uM 
concentration) does not alter the DNA-protein 
interaction in chromatin assayed by chromatin diges- 
tion with pancreatic DNase I. The crucial question, 
however, is of a qualitative rather than of a quan- 
titative nature-are specific genetic sequences pre- 
ferentially nuclease sensitive following treatment 
with psychoactive and nonpsychoactive cannabi- 
noids? This question is readily approached by ana- 
lyzing nuclease-sensitive and insensitive DNA 
sequences, utilizing probes for specific genetic 
sequences-complementary DNA and cloned genes. 
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