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The sensitivity of the mouse cr-globin gene to micrococcal nuclease and its 
nucleosomal repeat were studied in three different functional states of the 
gene: inactive in EAT cells, potentially active in uninduced MEL cells and 
active in induced MEL cells. The results show that: l.The nuclease sensitivity 
of the gene diff;rs in the three different functional states. 2.Both the 
coding and the 5-flanking regions of the induced actively transcribed gene 
show a typical nucleosomal repeat pattern. 3.Hypersensitive sites for micro- 
coccal nuclease and for an endogenous nuclease appear upstream of the gene 
after induction of differentiation. ,qx; Ac3dt,ni,. l'i..S,, ,111 

The data concerning the nucleosomal structure of transcribing nonribosomal 

chromatin are controversial. Several studies support the idea that active genes 

are organized in nucleosomes (l-4), while other data show the absence of nuc- 

leosomal repeat in active heat-shock genes (5,6), in immunoglobulin genes (7), 

and a disturbed repeat in the yeast galaktokinase gene (8). Evidently, more 

studies on different models are needed to draw a clear picture of the nucleo- 

somal organization of active genes in chromatin. 

In the present report we have studied the sensitivity to micrococcal nuc- 

lease and the nucleosomal repeat of the mouse a-globin gene in three different 

functional states: inactive in Ehrlich ascites tumor cells, potentially active 

in murine erythroleukemia (MEL) cells, and actively transcribed in induced 

MEL cells. The results show that the conformation of the a-globin chromatin 

changes upon induction, as demonstrated by its increased nuclease sensitivity, 

but its nucleosomal repeat pattern is preserved. At the same time, in induced 

MEL cells several nuclease hypersensitive sites appear - one close to the 

5/-flanking region of the ol-globin gene, and others from 1 kb up to about 

100 kb away from the gene. 
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MATERIALS AND METHODS 

Friend MEL cells, clone F4N, were grown in Eagle's minimum essential 
medium (Gibco) supplemented with 10% fetal calf serum. For induction of hemo- 
globin synthesis, exponentially growing cells were treated with 2% dimethyl- 
sulfoxide for 5-6 days. The percentage of induced cells, as determined by the 
benzidine reaction (9), was about 80% after 6 days of induction. The viability 
of the cells was de/termined by the trypan blue dye exclusion and was about 
90%. Ehrlich-Lettre hyperdiploid ascites tumor (EAT) celis were propagated in 
albino mice and collected 8 days after inoculation. Nuclei of all cellular 
types were isolated as previously described (10). 

For nuclease digestion one volume of the nuclear suspension (about 30 A260 
units/ml) was mixed with two volumes of the digestion buffer (0.2M sucrose, 
80 mM NaCl, 10 mM tris-HCl (pH8), 1 mM CaC12) and 5-7 enzyme units of micro- 
coccal nuclease (Sigma, 90 U/mgJ were added per 1 A 

?bl 
unit of nuclei. The 

digestion was carried out at 25 C for different per s of time and the reac- 
tion was stopped by EOTA and cooling on ice. Acid-soluble products were deter- 
mined in aliquots from the incubation mixture and DNA from thg acid-insoluble 
pellet was extracted twice with 0.67 N HC104 for 10 min at 80 C. DNA was de- 
termined by the optical density, assuming 1 A 
Isolation and purification of DNA was as prev 

unit equal to 50 pg of DNA. 
?@sly described (10). 

For quantitative determination of nuclease sensitivity of the oc-globin 
gene, DNA from the nuclease digests was applied to filters, hybridized to the 
labelled ONA probe from the coding region as described below, and the radio- 
activity retained on the fil&ers was measured. To this end, aliquots of 15 pg 
of DNA,heat-denatured at 100 C for 10 min, were applied either to nitrocel- 
lulose filters (II), or to Zetabind filters (kindly supplied by AMF, Inc., 
Cuno, Microfiltration Products Division, Meriden, Conn., USA; control experi- 
ments showed that Zetabind filters retained more DNA than nitrocellulose). 
Radioactivity was measured inaLKB Ultrobeta 1210 scintillation counter using 
a toluene/Triton Xl00 scintillation cocktail (12). The value obtained for the 
control filters, containing aliquots of denatured salmon sperm DNA, was sub- 
stracted from all the other values. The percentage of hybridization was calcu- 
lated from the proportion of filter-bound radioactivity of digested to undi- 
gested nuclear DNA. The nuclease sensitivity of the a-globin gene was finally 
expressed as a ratio of the percentage of remaining hybridizable sequences to 
the percentage of remaining total DNA. 

DNA (20 pg per lane) was fractionated by electrophoresis in 1.2% agarose 
slab gels in 20 mM Na-phosphate buffer, pH 7.5, 1 mM EDTA. In each lane 0.1 pg 
of Hind III-digested A-phage ONA were included as internal standards. After 
electrophoresis DNA was denatured and transferred to nitrocellulose filters 
by Southern blotting (13). 

As hybridization probes Hinfl restriction fragments of the a-globin gene 
(A and B in Fig.1) were isolated as described (14) from the plasmid pML2 con- 

taining a 2.1 kb genomic fragment of the adult mouse cu,-globin gene (kindly 
provided by Dr.Rougeon, Qst.Pasteur, Paris). The probes were labelled by 
nick-translation with [01 PI-dCTP (Amersham kit PB 5100) to a specific radio- 
activity of I-2.10 dpm/Mg. 

Fig. 1 Scheme of the 2.1 kb genomic fragment containing the mouse a-globin 
gene. EcoRl ( 1 ) and Hinfl ( 7 ) restriction sites; EcoRl linkers (0 0 ). 
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Rrehybridization, hybridization and washing of the nitrocellulose filters 
were carried out as described (10) and of the Zetabind filters as prescribed 
by the manufacturer. 

Tovisualizethemolecular-weight standards, the filters were rehybridized 
with radioactive X-phage DNA after washing three times with boiling 0.1 xSSC, 
0.1% SDS and cooling down to room temperature. 

The dry filters were autoradiographed for 4 to 10 days at -7O’C on HSII 
X-ray films (ORWO) with an itensifying screen EU-B3-U4.2 (USSR). 

RESULTS 

The sensitivity to micrococcal nuclease digestion was defined as degrada- 

tion of the sequences to fragments which cannot hybridize to the labelled 

DNA probe. As shown in Fig.2, the sensitivity of the a-globin gene depended 

on its functional state. The inactive gene in EAT cells was digested at the 

same rate as total DNA while the rate of digestion of the gene in MEL cells 

was much greater than that of bulk chromatin. Moreover, the active gene in 

induced MEL cells was digested more rapidly than the potentially active gene 

in uninduced cells. 

The repeat lengths of total chromatin from EAT, uninduced and induced MEL 

cells were evaluated from the plots of nucleosome number vs DNA length, measu- 

red on the electrophoregrams (not shown). The values obtained were 16822 bp 

for MEL cells (both induced and uninduced) and 181+- 2 bp for EAT cells. 

To study the periodic structure of the cr-globin gene, DNA from the nuclear 

digests was fractionated on agarose gels and subjected to blot-hybridization 

of the ol-globin chromatin to digestion with micrococcal 
from EAT cells &HI-), uninduced (N) and induced 

(-O-m-) MEL cells. Hybridization witn the DNA probe from the coding region 
on Zetabind filters. 
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12 34 ,234 1 2 3 4 1234 

&he coding region. 
3 Hybridization of fractionated DNA from nuclear digests to the DNA probe 

Nuclei from induced (A), uninduced (B) MEL cells and 
EAT cells (C) digested with micrococcal nuclease to 1, 3, 6 and 9 % acid- 
soluble products (1 to 4). Total DNA from MEL cells (D) digested with 0.7, 
1.2, 2.7 and 5.3 U of micrococcal nuclease per mg DNA (1 to 4)for IO min at 
25 c. 

with two labelled probes - from the 5/-flanking region and from the coding 

region of the gene (A and B in Fig.1). As seen in Fig.3, hybridization with 

the coding region produced a typical nucleosomal repeat pattern in all three 

types of cells. DNA fragments up to pentamers only could be distinguished in 

MEL cells, while higher oligomers were present in the digests of EAT cells. 

No periodicity of the nucleosomal type could be observed in the autoradio- 

graphs of naked DNA from MEL cells digested with micrococcal nuclease. 

To avoid incorrect evaluations of DNA mobilities due to overloading of the 

gels used for blot-hybridization, the size of a DNA band was calculated from 

autoradiographs containing internal standards of Hind III-digested A-phage 

DNA. This permitted to establish that the repeat length of the coding region 

of the ol-globin gene was 1672 5 bp for both induced and uninduced cells, i.e. 

identical to that o-f the total chromatin. Similarly, in EAT cells the gene 

showed a longer repeat - 176: 5 bp - practically the same as in total chromatin 

Hybridization with the 5'-flanking region of the gene gave the same results 

(Fig.4): a clear nucleosomal repeat in all three types of cells and repeat 

lengths the same as those of the corresponding total chromatin. Specific of 

this probe was the detection of several sharp bands of high-molecular weights, 

xhich could be observed only in the nuclear digests of induced MEL cells 
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Fig. 4 Hybridization of fractionated DNA from nuclear digests to the DNA pro- 
be from the 5'-flanking region. Nuclei from induced (A), uninduced (B) MEL 
cells, EAT cells (C) and total DNA from MEL cells (D),digested as in Fig. 3. 

5 Hybridization of autodigested nuclear DNA to the DNA probe from the 
i&king Legion. Nuclei from unindiced (A) and induced (B) MEL cells incu- 
bated at 25 C in the digestion buffer for 0, 10 and 40 min (1 to 3). 

(Fig.LIA). They appeared early in the course of digestion, then their intensi- 

ties gradually changed and finally they disappeared. Thus, an optimal extent 

of digestion was needed for their detection. No such bands could be found in 

EAT cells, in uninduced MEL cells or in naked DNA. 

A DNA fragment of about 1 kb, hybridizing to the 5iflanking probe only, 

was produced by endogenous nucleolysis of induced MEL cells (Fig.5). 

DISCUSSION 

Our results show that micrococcal nuclease can distinguish between three 

different functional states of the a-globin gene, in agreement with the data 

for the p-globin gene of MEL cells (15,16). This demonstrates that some struc- 

tural changes take place in the oc-globin chromatin to make it potentially 

active and then active after induction. The increased nuclease sensitivity of 

the gene in induced differentiated cells as compared to uninduced MEL cells 

is a good indication that the bulk of the cells have their oc-globin gene in 

an actual state of transcription. 

The observation of a repeat hybridization pattern,on the other hand,shows 

that although the active cu-globin gene is digested at a higher rate than the 

potentially active or inactive genes, still the basic difference in nuclease 
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protection between core and linker DNA is preserved. This result cannot be due 

to hybridization to the inactive ~3 and o(4 pseudogenes. EcoRl restriction frag- 

ments of these genes gave under our experimental conditions a cross-hybridiza- 

tion with the labelled probe IO times less intensive as autoradiographic sig- 

nal than the a-globin gene (not shown). 

The finding of a nucleosomal repeat in the coding region of the active 

a-globin gene is in disagreement with data concerning some other types of 

active nonribosomal genes - heat-shock (5,6) and immunoglobulin (7) genes,but 

is in accordance with the observed repeat in the active P-globin gene of MEL 

cells (4), and in the active ovalbumin gene (2). A reasonable explanation of 

this controversy would be that the preservation of the nucleosomal repeat 

should depend on the rate of transcription. Some reversible conformational 

changes in the nucleosome may occur only when it interacts with the polymera- 

se. These changes could be very transient and will remain undetected by the 

enzyme when the rate of initiation is low enough, or may become a permanent 

state of the transcribed chromatin when this rate is very high (6,21). 

It is also worth noting that the length of the repeat of the oc-globin gene 

coincided with the value for the bulk chromatin in both EAT and MEL cells, 

and was not affected by the induction process. The total chromatin repeat 

length of our cells is shortened, compared to the repeat lengths reported for 

some mouse tissues: 190 bp for spleen (4) and 195 for liver (17). This is 

especially true for our MEL cell line (168 bp) but a similarly shortened 

repeat length (174 bp) was found for another MEL cell Line (4). 

It has been reported that the repeat length of the B-globin gene in MEL 

cells is longer than that of bulk chromatin and some other inactive genes and 

it was argued that an increased repeat length may be an intrinsic property of 

active or potentially active genes (4).Since the developmental control of the 

events leading to the expression of the a-globin gene seems to be different 

from that of the p-globin gene and the two genes reside in different chroma- 

tin domains (18) it should not be surprising that their repeat lengths are dif- 
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ferent. However, in the light of our data the validity of the idea that activa- 

tion of a gene is related to a longer repeat is strongly questioned. 

The presence of several sharp nonnucleosomal DNA bands arising from the 

cu-globin gene in induced MEL cells only,(Fig.4) demonstrates the appearance 

of nuclease hypersensitive sites in the differentiated cells. The existence 

of DNAse I-hypersensitive sites was found to be a universal feature of genes 

which are active or have a history of transcription (19). Our data show that 

there is one hypersensitive site close to the 5/-end of the a-globin gene (bet- 

ween our probes A and B in Fig.1) which is recognized by an endogenous nucle- 

ase and by the micrococcal nuclease. In this region a DNAse I-hypersensitive 

site has been reported for the same gene (20). The endogenous nuclease recog- 

nizes also a second site, upstream of the globin gene, which is about 1 kb 

away from the first. The other nuclease hypersensitive sites recognized by the 

micrococcal nuclease are located far away - up to 100 kb - from the gene, and 

might be related to the activation in the differentiated cells of other genes 

clustered upstream of the cu-globin gene. 
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